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Abstract

The temperatures in Jupiter’'s stratosphere, as measured by the Galileo Atmosphere Structure Instrument (ASI), show fluctuations that
have been interpreted as gravity waves. We present a detailed description of these fluctuations, showing that they are not likely to be due
to either measurement error or isotropic turbulence. These fluohsashare features with gravity waves observed in the terrestrial middle
atmosphere, including the shape and amplitude of the power spectrum of temperature with respect to vertical wavenumber. Under the gravity
wave interpretation, we find that wave heating or cooling is likely to be important in Jupiter’s upper stratosphere and unimportant in the lower
stratosphere.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction tuations have also been reported in the middle atmospheres
of Titan and the other giant planets (e@aqoray et al., 1998;

The Atmosphere Structure Instrument (ASI) on the Sicardy etal., 1985; Roques et al., 199he quantitative

Jupiter’s stratosphere that vary on scales ranging from 50 kmParative planetology. The ASI data combine high vertical

to the limit of the resolution (2—4 kypoint). Temperature resolution with a large range of altitudes, permitting a more

variations on scales lessah a scale height have also been detailed examination of the statistics of Jupiter’s stratosphere

seen in stellar occultatiorf§rench and Gierasch, 1974)d  than previously possible. _

radio occultationgLindel et al., 1981) Interpretations of Ve describe the ASI meastments and errors in Sec-

these small-scale temperatwariations include turbulence ~ tON 2. In Section3, we present a statistical analysis of

(Jokipii and Hubbard, 1977)gravity waves(French and Jupiter's stratosphere, with interpretation. The results are

Gierasch, 1974pr planetary-scale, longer-lived phenomena Q|SS(:ust'§ed5|n Sectiok and our conclusions are summarized

(Allison, 1990; Friedson, 1999 quantitative character- N Sections.

ization of the temperature or density variations is key for

interpreting the data in terms of the underlying dynamics. > Observations

Furthermore, as stratospheric temperature and density fluc-~

The Galileo probe entered Jupiter’'s atmosphere at a lat-

* Corresponding author. Fax: (303)-546-9687. itude of 6.5 North in December 1995. The temperatures
E-mail addresslayoung@boulder.swri.edfL.A. Young). presented hereF{g. 1) are based on the deceleration of
1 Deceased. the probe measured by two axial accelerometers on the At-
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mosphere Structure Instrument (ASI) during the probe en- this entire region is referred to as either the middle at-
try phase, before parachute deploymeseiff and Knight, mosphere or the stratosphere; the interface between this
1992; Seiff et al., 1998hereafter S98). The measurements region and the thermosphere is usually referred to as the
made by the ASI are presented in detail in S98. We expandmesopause, again in analogy with terrestrial terminology.
on S98 here by including an analysis of the statistical errors For the remainder of the paper, we will refer to this radia-
in the densities and temperatures at the smallest scales.  tive region as the stratosphere. By this definition, Jupiter's
In this paper, we concentrate on Jupiter's atmosphere be-stratosphere, as measured by the ASI profile, extends from
tween the troposphere (dominated by convection) and thethe tropopause at 28 km (280 mbar) to the mesopause at
thermosphere (dominated by conduction). This region is ~ 350 km ¢~ 0.001 mbar). The altitudes in this paper are
dominated by radiative processes, and corresponds to thejefined relative to the 1 bar level, and are identical to those
stratosphere and mesosphere in the terrestrial atmosphergrom s9s.
Since Jupiter, unlike Earth, has no well-defined stratopause, The ASI used two axial accelerometers, denatednd

72 (S98). S98 determined that there was no systematic dif-

e SN ference between the temperature profiles measured by the
s o &7 ’ ] two accelerometers, and presented onlyzthéata. Because
3005_ R E this paper is concerned with the statistics of temperature and
T f ¥, ] density fluctuations at the smallest scales, we analyze data
s f & ] from both accelerometers. Wecinde the stratospheric data
s 200F . E used here ifables 1 and 2
5 :‘5’ For much of this paper, we limit our analysis to the re-
L > ] gion between 90 and 290 km, where the mean tempera-
< oo E ture (i.e., a vertically smoothed temperature) is essentially
;r ] isothermal. This avoids the sharp gradients just above and
2 ] below this isothermal zone, which would otherwise compli-

cate the characterization of dations of temperature from a
background mean. The probe velocity within this range ex-
ceeded Mach 1 (S98), so buffeting of the probe contributed
negligibly to the measured deeeation. The solid points in
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Fig. 1. Overview of Jupiter’s thermal profile derived from the Galileo ASI
during the entry phase (open circleShis paper concentrates on the region
between 90 and 290 km (filled circles).

Table 1

Accelerometer data for sensor

Fig. 1indicate this 90—290 km range. Other characteristics

Time before start Vertical Altitude Density Pressure Temperature Molecular Fractional accele-
of descent mode velocity z (km) p (kg/m3) p (mb) T (K) weight ration resolution
1(s) vz (km/s) © €a
—147742 474605 326453 Q01311E-06 09387E-03 1960 2275 11E-03
—147117 474619 322399 Q1487E-06 01069E-02 1971 2279 96E—-04
—146.492 474632 318354 Q1717E-06 01218E-02 1948 2.282 84E-04
—145867 474644 314320 Q1901E-06 01386E-02 2006 2285 T7E-04
—145242 474655 310294 02115E-06 01572E-02 2047 2289 71E-04
—144617 474665 306278 02362E-06 01778E-02 2076 2292 65E—-04
—143992 474675 302272 02816E-06 02014E-02 1975 2295 57E-04
—143367 474682 298275 Q3780E-06 02320E-02 1696 2297 47E-04
—142742 474688 294288 04318E-06 02688E-02 1721 2298 42E-04
—142117 474691 290310 Q5409E-06 03132E-02 1602 2299 35E-04
—141492 474691 286342 06679E-06 03687E-02 1528 2301 29E-04
—140867 474688 282384 Q7803E-06 04345E-02 1543 2302 80E-03
—140242 474681 278435 Q09250E-06 05124E-02 1535 2303 68E—03
—139617 474671 274496 Q1040E-05 06013E-02 1604 2305 61E-03
—138992 474656 270566 Q1211E-05 07024E-02 1609 2305 53E-03
—138367 474635 266646 Q1501E-05 08250E-02 1525 2.306 43E-03
—137.742 474606 262736 Q1805E-05 09742E-02 1498 2.306 36E-03
—137.117 474568 258836 02103E-05 01150E-01 1518 2307 31E-03
—136.492 474522 254946 02424E-05 01353E-01 1550 2307 27E-03
—135867 474467 251066 Q02733E-05 01583E-01 1608 2308 24E-03
—135242 474402 247196 03184E-05 01846E-01 1610 2308 21E-03
—134617 474322 243336 03821E-05 02157E-01 1567 2308 18E-03
—133992 474221 239486 Q04650E-05 02535E-01 15148 2.308 15E-03

(continued on next pagye
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Time before start Vertical Altitude Density Pressure Temperature Molecular Fractional accele-
of descent mode velocity z (km) p (kg/md) p (mb) T (K) weight ration resolution
1(s) vz (km/s) K €a
—133367 474102 235647 05239E-05 02971E-01 1575 2308 13E-03
—132742 473961 231819 06200E-05 03477E-01 1558 2308 11E-03
—132117 473795 228001 Q7092E-05 04062E-01 1591 2308 96E-04
—131492 473605 224194 08153E-05 04729E-01 1611 2308 84E-04
—130867 473377 220398 Q9765E-05 05517E-01 1569 2309 71E-04
—130242 473111 216614 Q01113E-04 06426E-01 1604 2309 62E-04
—129617 472800 212842 Q01315E-04 07484E-01 1581 2309 53E-04
—128992 472436 209082 Q1515E-04 08710E-01 1598 2309 15E-02
—128367 472012 205334 Q1772E-04 01013E+00 1588 2309 13E-02
—127.742 471517 201600 02078E-04 01178E+00 1575 2309 11E-02
—127117 470921 197879 Q02505E-04 01377E+00 15272 2.309 92E-03
—126492 470238 194173 02792E-04 01603E+00 1595 2309 83E-03
—125867 469471 190482 03176E-04 0.1856E+00 1624 2309 73E-03
—125242 468571 186306 Q3778E-04 02153E+00 1583 2309 62E—-03
—124617 467556 183147 04193E-04 02487E+00 16482 2.309 56E—03
—123992 466363 179506 Q05087E-04 02879E+00 1573 2309 46E—-03
—123367 464963 175884 05852E-04 0.3338E+00 1585 2309 41E-03
—122742 463380 172282 06606E-04 0.3856E+00 1622 2309 36E-03
—122117 461598 168703 Q7473E-04 04440E+00 1651 2309 32E-03
—121492 459620 165147 08334E-04 05088E+00 1696 2309 29E-03
—120867 457382 161615 Q09614E-04 05821E+00 1682 2309 25E-03
—120242 454845 158111 Q1096E-03 06654E+00 1687 2309 23E-03
—119617 451981 154635 Q1252E-03 07597E+00 1687 2309 20E-03
—118992 448756 151191 Q1433E-03 08662E+00 1679 2309 18E-03
—118367 444997 147782 Q1708E-03 09907E+00 16118 2.309 15E-03
—117.742 440776 144410 Q1905E-03 01131E+01 1650 2309 14E-03
-117117 436069 141080 02195E-03 01289E+01 1631 2309 12E-03
—116492 430657 137796 02589E-03 01471E+01 1578 2309 11E-03
—115867 424523 134562 02960E-03 01679E+01 1576 2309 94E-04
—115242 417770 131383 03331E-03 01910E+01 15932 2.309 86E—04
—114617 410220 128264 03875E-03 02170E+01 1556 2309 77E-04
—113992 401759 125211 Q04469E-03 02464E+01 1532 2309 68E—04
—113367 392315 122231 05172E-03 02797E+01 1503 2309 62E-04
—112742 381945 119329 05879E-03 03169E+01 1498 2309 57E-04
—112117 370629 116513 06715E-03 03580E+01 14818 2.309 52E-04
—111492 358555 113788 Q7447E-03 04027E+01 1503 2309 49E-04
—110867 345926 111158 08221E-03 04505E+01 1523 2309 A7TE-04
—110242 332806 108626 Q9087E-03 05012E+01 1533 2309 46E—-04
—109617 319193 106195 Q1012E-02 05553E+01 1525 2309 44E-04
—108992 305194 103368 Q01108E-02 06125E+01 1537 2309 43E-04
—108367 291193 101646 Q1195E-02 06717E+01 1562 2309 44E-04
—107.742 277300 99528 Q01284E-02 07325E+01 1585 2309 44E-04
—107.117 263602 97511 Q1385E-02 07950E+01 1595 2309 A5E—-04
—106492 250191 95594 Q01486E-02 08587E+01 1606 2309 46E—-04
—105867 237100 93774 Q1604E-02 09239E+01 1601 2309 ATE-04
—105242 224298 92048 Q1740E-02 09909E+01 15832 2.309 48E—-04
—104617 211923 90413 Q1859E-02 0.1059E+02 1583 2309 50E-04
—103992 200064 88865 Q1988E-02 01128E+02 1577 2309 53E-04
—103367 188715 87401 02130E-02 01198E+02 1563 2309 55E-04
—102742 177867 86015 02283E-02 01269E+02 1544 2309 58E-04
—102117 167547 84705 02432E-02 01341E+02 1532 2309 61E-04
—101492 157847 83467 02564E-02 01412E+02 15312 2.309 65E—04
—100867 148593 82294 Q02784E-02 01485E+02 1482 2309 67E-04
—100242 139827 81186 02943E-02 01559E+02 1472 2309 72E-04
—99.617 131548 80137 03154E-02 01633E+02 1439 2309 76E-04
—98992 123741 79144 Q03344E-02 01708E+02 1419 2309 81E-04
—98.367 116409 78204 Q03545E-02 01783E+02 1398 2309 86E—04
—97.742 109580 77312 Q03711E-02 01858E+02 1391 2309 93E-04
—-97.117 103178 76467 03951E-02 01933E+02 1360 2309 98E-04
—96.492 97129 75664 Q04195E-02 0.2009E+02 1331 2309 10E-03

2 Smoothed in S98 (see text).
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Time before start Vertical Altitude Density Pressure Temperature Molecular Fractional accele-
of descent mode velocity z (km) p (kg/m3) p (mb) T (K) weight ration resolution
1(s) vz (km/s) © €a
—144.930 474660 308285 02234E-06 01675E-02 2066 2290 68E—04
—144.305 474670 304274 02526E-06 01891E-02 2066 2293 61E-04
—143680 474679 300273 Q03432E-06 02166E-02 1744 2296 50E-04
—143055 474685 296280 Q3972E-06 02508E-02 1746 2297 45E-04
—142430 474690 292298 Q4803E-06 02908E-02 1674 2299 38E-04
—141805 474692 288325 Q6058E-06 03406E-02 1556 2300 32E-04
—141180 474690 284362 Q7225E-06 04013E-02 1538 2301 27E-04
—140555 474685 280408 08383E-06 04724E-02 1561 2303 75E-03
—139930 474677 276464 Q09610E-06 05541E-02 1598 2304 66E—03
—139305 474665 272530 01112E-05 06473E-02 1615 2305 58E-03
—138680 474647 268605 Q1368E-05 07596E-02 1541 2305 48E—-03
—138055 474622 264690 01629E-05 08945E-02 1523 2.306 40E-03
—137.430 474589 260785 Q1956E-05 01056E-01 1499 2.306 34E-03
—136.805 474547 256890 02240E-05 01245E-01 1542 2307 30E-03
—136.180 474497 253005 02567E-05 01460E-01 1579 2307 26E-03
—135555 474438 249129 Q2905E-05 01703E-01 1628 2308 23E-03
—134.930 474366 245264 03514E-05 01989E-01 1572 2308 19E-03
—134.305 474276 241410 04161E-05 02330E-01 1555 2308 16E-03
—133680 474167 237565 04911E-05 02733E-01 1545 2308 14E-03
—133055 474039 233731 05670E-05 03200E-01 1568 2308 12E-03
—132430 473887 229908 06590E-05 03741E-01 1576 2308 10E-03
—131805 473709 226096 Q7682E-05 04367E-01 1579 2308 90E-04
—131180 473497 222295 Q9075E-05 05103E-01 1562 2308 T7E-04
—130555 473249 218505 Q1042E-04 05954E-01 1588 2309 67E—-04
—129930 472961 214727 Q1214E-04 06937E-01 1588 2309 58E-04
—129.305 472623 210960 Q1417E-04 08082E-01 1584 2309 16E-02
—128680 472231 207206 01627E-04 09399E-01 1605 2309 14E-02
—128055 471780 203465 Q1886E-04 01091E+00 1607 2309 12E-02
—127.430 471234 199738 02311E-04 01273E+00 1530 2309 99E-03
—126.805 470599 196024 Q02597E-04 01483E+00 1587 2309 89E-03
—126.180 469895 192325 Q2909E-04 01716E+00 1639 2309 80E-03
—125555 469055 188641 Q3556E-04 01994E+00 1558 2309 66E—03
—124.930 468091 184974 03971E-04 02311E+00 1617 2309 59E-03
—124.305 466996 181323 04601E-04 02671E+00 1613 2309 51E-03
—123680 465692 177692 05525E-04 03099E+00 1558 2309 43E-03
—123055 464206 174080 06154E-04 03586E+00 1619 2309 39E-03
—122430 462539 170489 06987E-04 04132E+00 1643 2309 34E-03
—121805 460668 166921 Q7863E-04 04744E+00 1676 2309 31E-03
—121180 458582 163376 Q08858E-04 05427E+00 1702 2309 27E-03
—120555 456210 159858 01025E-03 06205E+00 1681 2309 24E-03
—119930 453508 156367 Q01174E-03 07094E+00 1679 2309 21E-03
—119.305 450485 152907 Q01330E-03 0.8090E+00 1690 2309 19E-03
—118680 446959 149479 Q01598E-03 09257E+00 1609 2309 16E-03
—118055 442941 146088 Q01804E-03 01059E+01 1632 2309 14E-03
—117.430 438497 142737 Q02037E-03 01207E+01 1647 2309 13E-03
—116.805 433447 139429 02392E-03 01377E+01 1600 2309 11E-03
—116.180 427651 136170 Q02787E-03 01573E+01 1568 2309 99E-04
—115555 421183 132963 03147E-03 01793E+01 1583 2309 90E-04
—114.930 414055 129814 03575E-03 02037E+01 1584 2309 82E-04
—114.305 406130 126727 04120E-03 02312E+01 1559 2309 73E-04
—113680 397216 123709 04807E-03 02624E+01 1517 2309 65E—-04
—113055 387333 120767 05502E-03 02975E+01 1502 2309 59E-04
—112430 376451 117907 06325E-03 03367E+01 1479 2309 54E-04
—111.805 364716 115135 Q7085E-03 03798E+01 1490 2309 51E-04
—111180 352275 112457 Q7896E-03 04263E+01 1500 2309 48E-04
—110555 339362 109876 08625E-03 04757E+01 1533 2309 47E-04
—109.930 326047 107395 09523E-03 05278E+01 1540 2309 45E-04
—109.305 312263 105016 Q1058E-02 05834E+01 1532 2.309 44E-04
—108.680 298277 102741 01146E-02 06415E+01 1556 2309 44E-04
—108055 284333 100570 Q01236E-02 07014E+01 1577 2.309 44E-04

(continued on next pagye
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Table 2 €ontinued

Time before start Vertical Altitude Density Pressure Temperature Molecular Fractional accele-
of descent mode velocity z (km) P (kg/m3) p (mb) T (K) weight ration resolution
1 (s) v (km/s) 3 €a
—107.430 270537 98502 Q01332E-02 07630E+01 1592 2309 45E—-04
—106805 256982 96535 01431E-02 0.8260E+01 1604 2.309 46E-04
—106.180 243787 94665 Q01532E-02 08902E+01 1614 2309 A7E-04
—105555 230822 92891 Q01676E-02 09563E+01 1585 2.309 48E—-04
—104.930 218222 91210 Q1791E-02 01024E+02 1588 2309 50E-04
—104.305 206130 89617 01917E-02 01092E+02 1584 2.309 52E-04
—103680 194497 88110 02066E-02 01162E+02 1563 2309 54E-04
—103055 183324 86685 02219E-02 01233E+02 1544 2.309 56E-04
—102430 172673 85338 02366E-02 01305E+02 1532 2309 59E-04
—101805 162695 84063 02478E-02 01376E+02 1543 2.309 63E-04
—101180 153216 82858 02681E-02 01448E+02 1501 2309 66E—04
—100555 144246 81718 02833E-02 01521E+02 1492 2.309 70E-04
—99.930 135745 80638 Q3048E-02 01595E+02 1454 2309 T4E-04
—99.305 127688 79617 03246E-02 01669E+02 1429 2.309 78E—-04
—98.680 120135 78650 03421E-02 01744E+02 1417 2309 84E-04
—98.055 113106 77734 Q3588E-02 01819E+02 1408 2.309 90E-04
—97.430 106513 76865 Q03819E-02 0.1893E+02 1377 2309 95E-04
—96.805 100282 76039 Q4062E-02 01969E+02 1347 2.309 10E-03
—96.180 94429 75255 04266E-02 02045E+02 1332 2309 11E-03
—95.555 88987 74510 Q4430E-02 02120E+02 1330 2.309 12E-03

of the ASI measurements through this range are summarizedrable 3

in Table 3 Measurements characteristics of the Galileo ASI stratospheric data used in
The basic measurement during the ASI entry phase is the!Ms Paper
deceleration of the probe. The error in the measured decel-Altitude rangez (km) 290-90
eration is dominated by the sensor resolution. As described"Ssure range, (mbar) 0.003-10.77
. .. Timerangey (s from start of descent mode) —142)—(104)
in 598, each of the two accelerometers had four sensitiv-| 4, qde ¢) 6.5
ity ranges. The ASI accelerometers began their entry into west longitude, system 1P} 4-3
the stratosphere in range 2, entered into range 3 from 284Number of data points per accelerometer 60
to 211 km. and then finished in range 4 below 211 km Vertical resolution (for one accelerometer), km 3.9-1.6
Vertical velocity, v, (k 6.4-2.5
(S98). Within each sensitivity range the accelerometers havevelr ca V‘? Olf 1y, vz (km/s) 47.5-20.9
. 4 ) elocity, V (km/s) .5-20.
a constant sensor resolution§% 10~%, 3.1 x 104, and Angle of attack ) 7.7-6.9

0.98 ny<® for ranges 2, 3, and 4, respectively, S98). The
fractional acceleration resolutios, (accelerometer resolu-

tion divided by measured acceleration) is giveables 1 and Aq. Similarly, the density resolution is proportional
and 2 Figure 2plots the normalized fluctuation in the de- to the acceleration resolution by the same scale factor. To
celeration fa = (a — a)/a, wherea is the measured ac- 3 very good level of approximation, the fractional density
celeration and is an estimate of the waveless acceleration), resolution €,) equalse,. In analogy withs,, ¢, is the mea-

along with error bars with length, /2. To estimate the wave-  surement resolution of the density divided by the measured
less acceleration between 90 and 290 km, we first calculatedensity.

the waveless temperatur@) as a constant with altitude. Although Fig. 2 shows thatAT does not equalp, we
We then fit a simple exponential function of altitude to the demonstrate below that; ~ e,. For errors in the ther-

observed density to estimate the waveless dengyaé a  mal gradient, we note that, to first order ixp and AT,

function of altitude. An exponential is justified because both §Ap/dz = —dAT/9z + AT/H, given hydrostatic equilib-

the molecular weight and the gravitational acceleration vary rium for an ideal gas. In our dataseT/H « dAT/dz,

by only 1% over this altitude range. Since the probe’s de- anddAT/dz ~ dAp/dz (Fig. 2). Thus, for calculating the

celeration is the product of the atmospheric density and aerror in temperature gradients, it is sufficient to assume

slowly varying scale factor that includes the drag coefficient ¢7 =¢,,.

and the probe velocity (S98), we calculate this scale factor ~ Assuming hydrostatic equilibrium, the pressure atithe

by fitting a fourth-order polynomial to the observed ratio of point (p;) can be expressed as a sum involving observed den-

a/p, and then multiplyingy by this factor to estimata. sities at altitudes higher than thth point (for observations
Because density is proportional to acceleratiop, ~ ordered in descending altitude, densitigs wherej < i).

Aa, whereAp = (p — p)/p is the normalized density fluc-  The temperature at thigh point (7;) can then be calculated

tuations. Figure 2 shows the close relation betweexp from the pressureg() and density ;) assuming an ideal
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Fig. 2. Fractional variations in temgure (solid), density (dashed), and  Fig. 3. Jovian temperature fluctuations between the altitudes of 90 and
acceleration (dotted). For ease of comparison, the negative of the density290 km derived from the; (circle) andzy (square) accelerometer mea-
and acceleration variations are plotted. The full width of the error bars in- syrements during the entry phase of the Galileo ASI. Arrows indicate seven
dicate the digitization error for the acceleration variations; tleestandard points that were smoothed in S98, and miestated here; an eighth point at
deviation is+/12 times smaller than the digitization error. The observed 83,5 km was also reinstated. Error bars represent measurement error, dom-
fluctuations are generally larger than the digitization error. inated by the digitization error (i.e., resolution) of the accelerometers (see
text); the 1o standard deviation is/12 times smaller than the digitization
gas. Combining these into one equation expressing tempera&rror.

ture as a function of densities above the point of interest, one . _

can calculate how the errors in density propagate into the temperature profile; two of the smoothed points ar@or
temperature errors. The fractional temperature resolution atfrom the mean temperature, where is the standard devi-

theith point (7.) can be expressed in terms of the fractional ation of the observed temperatures, and the remaining six

density resolutions,,) as points are< loy from the mean. Similarly, none of the
ic1 2 derivatives arising from the smoothed points are unusual.
62 =¢2 [1_ ﬁ} + 1 Z[ijjﬁgp} , Finally, when thez; temperatures are overplotted with the
oo H; (T; pi)? = Hj " z2 data, the smoothed points no longer appear anomalous
(20— 21)/2, j=o, (Fig. 3). We therefore reinstate all eight points.
dj={(2j—1—2j+1)/2, 0<j<i, (1)
(zi—1—2i)/2, j=i,

3. Analysisand interpretation
wherez; is the altitude,T; is the temperaturefi; is the

pressure scale height, apg is the density of thg'th point. 3.1. Overview of Jupiter’s stratospheric temperature
The error in the temperature and density of the first datum variations
contributes negligibly to the error in the stratospheric tem-

perature. The value of; calculated using Eq(l) differs Table 4summarizes some of the characteristics of this
frome, by only 10%. We therefore takg = ¢, throughout region of Jupiter’s atmosphere, using the normalized tem-
the stratosphere. peratures and measurement resolutions ffafles 1 and 2

Eight data points in the stratosphere that appeared anomWe begin with a qualitative description of the stratosphere.
alous were smoothed for the profile presented in S98. How- A quantitative treatment follows in the remainder of this sec-
ever, these points do not deviate statistically from the meantion.
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Table 4 - : ! .
fom :
Physical characteristics of the Galileo ASI stratospheric data used in this | l-Eﬁ%he_{
paper IR - = oy
Mean temperaturely (K) 158.1 : 5T :
Molecular weightu 2 2.31 :
Gas constantR (J/(kgK))2 3600 250 - _
Gravitational acceleratiorg (m/s?)2 23.1
Ratio of specific heats), /c,® 1.49 i
Scale heightd (km)2 24.6
Adiabatic lapse ratel] (K/km)2 2.11
Brunt—Vaisalla frequencyy (s~ 1)2 0.0176 ;@
Coriolis frequency,f (s~1) 40x10°° = F
RMS temperature variatiom; (K) 5.0 3 500 - i
Thermal gradients o
Mean gradient (Kkm) —0.029+ 0.006 3
Variance (K/km?) 0.98+0.01 C
Skewness (unitless) 424025 %;
Power spectra %
Amplitudea (unitless) y10
Critical wavelengthL,. (km) 30.3 150 -
Small wavelength exponent 3
Large wavelength exponemnt 0
& Evaluated at 190 knu, R, g, andc) /c, from S98, Table 8.
The normalized temperature fluctuations for both ac-
celerometers are shown iRig. 3. Around Jupiter’'s es- 100 : .
sentially isothermal mean ¢ihmal profile between 90 and I ; El?:&" wigEel o ]
290 km,the rOOt-mean-SqUare(rmS) Ofthetemperatureﬂuc- 73\I\I\I\Ii|21I \i\l\Li“I\l\l‘i ICIIII\I\I\‘:HIIIIILIZ"I\I\HIIIz
tuations ¢7) is 5.0 K. This is much larger than the fluctua- Teiriertire Gradient (K7 -

tion that would arise solely from the ASI digitization error.
If the temperature fluctuations were due entirely to the mea- Fig. 4. Temperature gradients in Jupiter's stratosphere, between the altitudes
surement error, the rms variation would only be 0.2 K. of 90 and 290 km dgrived from thg (circle) andz» (square) accelerom_eter
Jupiter’s Stratosphere is not dominated by any single measurements during thg entry phase of_the_ qulleo ASI._Errorbars |nd|cate
] . ' measurement error, dominated by the digitization error (i.e., resolution) of
quasi-monochromatic wave. There appear to be severalhe accelerometers; thedstandard deviation is/12 times smaller than
wavetrains one or two cycles long, with the largest of these the digitization error. Dotted vertical lines indicatel”, wherel” = g/c,
at 90-180 km, but also at 170-210 kny (0 km wave- is the dry adiabatic lapse rate.
length) and at 230-280 km«(20 km wavelength). However,
the overall impression is of a complex collection of varia- we ignore changes in temperature along the probe’s path
tions at a large range of scales, from several km to 60 km, caused by inhomogeneities advected by a mean wind. The
with the larger temperature variations being at larger spatial gradients were derived individually for each of the two ac-
scales. celerometers to avoid artifacts that might be introduced by
Qualitatively, the ASI temperature profile is similar to small differences in temperature or altitude scafégure 4
thermal profiles derived from radio or stellar occultations. In  shows that the gradients thus calculated are bounded on the
particular, Voyager radio occultatiorfsindel et al., 1981) negative side by the adiabatic lapse rate, as expected, and
showed large temperature excursions at the base of Jupiter'slightly exceed the negative of the adiabatic lapse rate on the
stratosphere, and ground-based stellar occultations (e.g.positive side.
French and Gierasch, 19¢howed multi-scale fluctuations The plot of gradient vs. altitude shows a slightly scal-
with small vertical scales in Jupiter's upper stratosphere.  loped character (i.e., rounded at the local minima, pointed at
the local maxima), similar to that of gradients derived from
3.2. Temperature derivatives stellar occultations of Titan’s middle atmosphé&cardy
et al., 1999) The asymmetry of positive vs. negative ther-
Figure 4shows vertical thermal gradients in Jupiter’s at- mal gradients is seen graphically in their histograig (5A,
mosphere, calculated under the assumption that the tempersolid line). We tested the robustness of the histogram in two
ature deviations are mainly attributable to derivatives with independentways. First, we performed a Monte Carlo analy-
respect to height, rather than latitude, longitude, or time. sis by generating 6400 sample temperature profiles, each
This assumption is discussed further at the end of this sec-differing from the measured profile by a uniform random
tion. Because the probe’s velocityable 3 is much larger  distribution with a full-width equal to the derived digitiza-
than the expected wind velocities in Jupiter’s stratosphere,tion error, described in Sectidh The envelope of the his-
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Fig. 5. Histogram of temperature gradients, with widths one-fifth of the adiabatic lapse rafé)( (A) Histogram of temperatures from both accelerometers.
Gray regions represent the uncertainty in each bin from a Monte Carlo simulation of the measurement errors (see text). (B) Histogram usingamk-accele
terz1. (C) Same forzy. Vertical dashed lines indicatg, 0, and—1I". Note that the distribution is skewed, abdunded on the negative side by the adiabatic
lapse rate.

tograms, shown as gray boxesHig. 5A, shows a similarly dlxj — ¥)/013/N, where x is the mean and is the
asymmetric distribution. Second, since the two accelerom- standard deviatiorfPress et al., 1992)The skewness of
eters present us with two independent measurements of thehe distribution is listed iriTable 4 where the error is de-
same portion of Jupiter’s stratosphere, we calculated the his-rived from the difference in the skewness calculated for each
tograms of the gradients fno each accelerometer indepen- accelerometer independently. This skewnes42 & 0.25,
dently (Figs. 5B, 5@. In all three histograms, the adiabatic is only 170 significant. According tdPress et al. (1992)
lapse rate and its negative are indicated, showing again thatoughly 750 measurements of the thermal gradient per pro-

the negative derivatives are bounded by the lapse rate. file (~ 250 m resolution) would be needed for a statistically
Asymmetric distributions of thermal gradients have also significant & 30) measurement of the skewness.
been seen in the middle atmospheres of Ti(Sicardy The observed cut-off at the adiabatic lapse rate is physi-

et al.,, 1999)and the EarthZhao et al., 2003)On these cally meaningful and has analogies in observations of other
bodies, as on Jupiter, the negative gradients are essenmiddle atmospheres, supporting the conclusions of Sec-
tially bounded by the adiabatic lapse rate, with unbounded tion 3.1 that observed temperature and density fluctuations
positive gradients. The asymmetry and the boundednessare not dominated by measurement error. It seems highly
of the gradients suggest that the temperature fluctuationsunlikely that the horizontal gradients or temporal variations
are limited by the onset of convective instability near the would be just such as to give an apparent minimum thermal
altitudes of maximum negative gradient (e.@hao and gradient near the adiabatic lapse rate by chance. We con-
Schoeberl, 1984; Fritts and Dugiton, 1985; Walterscheid  clude that the observed variations are dominated by vertical
and Schubert, 1990rather than by damping that operates gradients. Vertical variabhs dominate over temporal varia-
throughout a fluctuation’s wavelength (e.bindzen, 1981; tions only if (37 /dt) < (8T /3z)(v;), implying (07T /0t) K
Smith et al., 198Y. As discussed in Sectiofy this distinc- 5K/s, so periods range fro > 0.5 s for 3 km waves and
tion has serious implications for the energetics of Jupiter’s P > 3.5 s for 20 km waves. Similarly, because the probe’s
stratosphere. horizontal velocity ¢,) is much larger than its vertical ve-
The asymmetry of the distribution of thermal gradients locity (v;), we conclude that the temperature and density
is quantified by skewness, a unitless measure defined byfluctuations are highly stratified. The observed temperature
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and density variations can only be dominated by the vertical with altitude. Such a sine wave is consistent with gravity
derivatives present in the atmosphere at the time of entry if waves that are undamped, critically damped, or overdamped
(0T /0x) < (0T /dz)(v;/vy), SO that horizontal derivatives by eddy viscosity in an atmosphere with no vertical shear of
are less than 0.3 Km, and the observed structures have as- horizontal wind. In terms of = z — zo, the fitted functions

pect ratios (ratios of horizontal to vertical scales)}08. are:
The derived aspect ratio~(8) is consistent with aspect ) vt o
ratios> 60 on UranugFrench etal., 1982p5-100on Nep- I =b+d{ +q¢" +ae ™" sin(mg), (2a)

tune (Narayan and Hubbard, 1988jnd ~ 140 on Titan dT/dz=d + 2q¢ + ae *[—asin(m¢) +mcosmy)],
(Sicardy et al., 1999)om stellar occultations observed at (2b)
multiple sites. SimilarlyNarayan and Hubbard (1986)s-

cuss evidence of large aspect ratios in the terrestrial upperwherem is the vertical wavenumbed, is the amplitude at
atmosphere as well. Because the aspect ratio is much greatefy, 1/« is the amplitude damping length, ahdd, andg are
than one, we conclude that the observed fluctuations are nothe terms of a quadratic background temperature. We simul-

due to isotropic turbulence. taneously fit Eq(2a)to the temperature profile ar{@b) to
the derivative profile. For all three wavetrains, we attempted
3.3. Identification of prominent wave-like structures various methods to obgtively define the range of altitudes

included, such as minimizing the normalized sum of squared

As mentioned previously, there are several prominent residuals. This proved difficult, reflecting both the inabil-
wave-like structures in the Galileo ASI data of roughly two ity of a sine wave to describe the convective disruption of a
wavelengths long. While one can question the significance wave at the upper end of its altitude range and the difficulty
of a two-cycle “wave,” these wavetrains are among the most in separating a single wave from the ensemble of waves. In
prominent features in the ASlIrstospheric profile, and are  the end, the range of altitudes was chosen by eye.
even more distinct in the thermal gradient profiles. To quan-  The resulting wavetrains are tabulatedable 5and plot-
tify these apparent wavetrains, we fit portions of the data ted inFig. 6. Despite its large amplitude, the lowest-altitude
to the sum of a linear or quadratic background and a sine wavetrain is difficult to characterize because of ambiguities
wave with an amplitude that is allowed to vary exponentially between the wave and changes in the background tempera-
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Fig. 6. Three wavetrains in the Galileo ASI data.
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Table 5
Prominent wavetrains in Jupiter’s stratosphere
A B C
Range in fit (km) 75-175 175-205 240-280
Background temperaturé,(K) 15285+ 0.28 15885+ 0.36 15456+ 0.34
Background gradient/ (K/km) 0.472+0.063 —0.153+0.042 —0.1044+0.027
Background 2nd derivative; (K /km?2) —0.0048+ 0.0013 0 (fixed) 0 (fixed)
Wave amplitude atg, a (K) —1054+0.97 387+0.40 6314042
Altitude of wave phase- 0, zg (km) 10860+ 0.31 19067+ 0.17 26732+ 0.22
Vertical wavelength, = 27 /m (km) 67.93+3.38 1037+0.21 2384+ 0.45
Damping parametes; (km~1) 0.0223+ 0.0019 00018+ 0.0117 —0.0178+ 0.0069
Diffusion timescaler (s™1) 4x10°° 2x 1074 4x10°°
Wavelengths in fitted range 15 2.9 1.7
Suggested interpretation smibly a longlived feature; critically damped undamped
difficult to separate wave gravity wave gravity wave

and background parameters (see text)

ture at the base of the stratosphere. This is the only one of thetrum extends to other atmospheres may help distinguish
three wavetrains considered here for which the backgroundbetween proposed explanations for the universal spectrum.
has a quadratic term. The damping parameter, altitude, andn this section, we present the power spectral density (PSD)
the shape of the background temperature profile are ratherof normalized temperature with respect to vertical wavenum-
sensitive to the range of points included in the fit to the wave- ber.
train (with the amplitude, for example, varying between 9.2 In our altitude range of interest, each accelerometer mea-
and 14.1 K when single data points were added or deletedsured 60 points. We interpated each accelerometer’s data
from the end of the range). Because of the correlation be- onto an evenly spaced grid 6% points between 91.2 and
tween the wave and backgroupdrameters, the main utility ~ 286.3 km altitude, using a cubic spline. The resampling had
of the fit to wave A shown here is that it reproduces the gross a negligible impact on the total variance, the criterion used
structure of the complicated lower stratosphere well, with by Pfenninger et al. (1999pr the validity of resampling.
only six parameters. This will allow a comparison with other To remove the side lobes, we multiply the data by a Hann
measurements of this region (such as radio occultations) andvindow (W = 0.5 — 0.5¢c0$27 (z — zmin)/(Zmax — Zmin)1)»
models of lower stratospheric temperature profiles (such asand then multiply the PSD by/8 to compensate for the
the proposed Quasi Quadrennial Oscillation or QQO, e.g., loss in total power (again followinBfenninger et al., 1999
Friedson, 1999; Li and Read, 200@nd help in interpreting  The power spectrum is calculated By = |r;frj|2Az/N,
thermal emission spectra. whereAz is the vertical spacingy is the number of points,
The upper two wavetrains are much less sensitive to thet; = Z,I(V:‘Ol ATy exgd—2rijk/N] is the Fourier transform
choice of the range included in the fit, with the fitted para- of AT, andt} is the complex conjugate of; (Dewan,
meters varying by 1 or2 when the range was increased 1985) We cafculate the PSD of each accelerometer indi-
or decreased by single data points. The damping parametewridually, to avoid introducing artifacts arising from small
for wavetrain B is consistent with a wave whose ampli- differences in the altitude or temperature scale. We aver-
tude is constant with height over the portion of the wave age the logs of the independent PSDs (Pfenninger, 1999),
used in the fit, suggesting a critically damped wave, while increasing the SNR of the final PSD.
the amplitude of wavetrain C grows approximately inversely ~ The resulting PSD of the normalized temperature pro-
proportionally to the square root of density, suggesting an file (AT) using both accelerometers is shownFiy. 7A.
undamped wave. The reasonableness of these interpretationEhe gray region represents the envelope of the PSD of

is addressed in Sectigh 6400 sample profiles, calculated in the same manner as for
Fig. 5A. The PSD calculated from each accelerometer sepa-
3.4. Power spectra rately Figs. 7B and T) show the same quantitative behavior

as that inFig. 7A. The power spectrum reflects the qualita-

The shape and amplitude of temperature or velocity tive description of Sectio3.1, namely peaks at- 10 and
power spectra due to gravity waves in the terrestrial at- ~ 20—-30 km, which may correspond to the short wavetrains
mosphere are roughly independent of weather, season, anét 170-210 km and at 230-280 km, and a general decrease
region of the atmosphere (e.d/anZandt, 1982, Dewan in PSD at shorter vertical wavelengths.
et al.,, 1984a, 1984b; Smith et al., 198and the under- Periodograms of temperature or normalized density in the
lying mechanism for generating this “universal spectrum” terrestrial atmosphere have been extensively studied using
is a topic of active research (e.gSmith et al., 1987; the modified Desaubies function (e.&mith et al., 1987;
Weinstock, 1990; Hines, 1991; Gardner, 1994; Medvedev VanZandt and Fritts, 1989; Allen and Vincent, 199hich
and Klassen, 19950bserving whether the universal spec- smoothly makes the transition between the low and high
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Fig. 7. Power spectral densities (PSD) of normalized temperature. (A) Average PSD of the two accelerometers. Gray regions represent theueaehtainty
vertical wavelength from a Monte Carlo simulation of the measurement errors (see text). (B) PSD using only accelefo(@t&ame forz,. In all three
plots, the smooth curve is a Desaubies function with parameters choaralagy with terrestrial observation and theory, as described in S&:don

wavenumber portions of the power spectrum. The modified be identical. We take = 0 in Fig. 7 as assumed bgmith

Desaubies function is et al. (1987) for consistency with their value af = 1/10.
N4 (m/my)* We emphasize that the curvefiig. 7is not a fit to the ob-
Par =a—— 1 el 3) served PSD, but a direct application of terrestrial theory to
gomy 1+ (m/m.) the stratosphere of Jupiter via €8).
whereN is the Brunt-Vaisalla frequency,is gravity,s and Figure 7suggests that the power spectrum of tempera-

—t are the power indices for low and high wavenumbers, tures measured by the Galileo ASI is consistent with those
m = 2r /L. is the vertical wavenumbel,. is the vertical  found in the Earth’s stratphere, to within the accuracy of
wavelengthym, is the characteristic wavenumber, ant a the data. This can be tested quantitatively. If the observed
unitless constant. PSD were inconsistent with the nominal values of, m.,

In Fig. 7, we show the modified Desaubies function as and¢, then allowing these to be free parameters would im-
a smooth curve with the nominal parameters derived from prove they? per degree of freedom. However, if we fit a
Earth observations and theory, in whigh= 1/10 (Smith general Desaubies spectrum withm.., andr as free para-
et al., 1987)r = 3 (Dewan and Good, 1986; Smith et al., meters, the parameters do not change more than one standard
1987) andm, = I'or /2 (Collins et al., 1996)The long-  deviation, and the 2 per degree of freedom drops. This sup-
wavelength exponent) is poorly constrained in terrestrial  ports the hypothesis that the gravity wave spectrum is truly
observations. Because the lawwaves are underdamped, universal, applying to atmospheres other than Earth’s. In par-
s depends on the generating mechanism for gravity waves,ticular, the largen tail of Jupiter's PSD, which represents
which may differ between Earth and Jupiter. On Earth, the saturated or breaking region of the spectrum, is consis-
gravity waves are generated by jets, fronts, auroral distur- tent with the often-noteg:—3 dependence.
bances, convection, lightning, and flow over mountains (e.g.,
Gossard and Hooke, 1975; Mayr et al., 199Gith s depen-
dent on the frequency and spatial power spectra of the gener4. Discussion
ating mechanisms. While analogous generating mechanisms
may exist on Jupiter, it is likely that neither the generating Based on the above analysis, we pursue the gravity wave
power spectra nor the relative importance of the sources will interpretation of Jupiter’s stratospheric fluctuations. Below,
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we investigate the effect of breaking waves on the energy (i) using the more general,/ R rather than the constantZ

budget, check plausibility of our interpretations of wave-

appropriate for a pure diatomic gas, (ii) correcting a type-

trains B and C, and compare the observed eddy diffusion setting error in their Eq. (3) that renderedf/H — 1) as

coefficient with that predicted by diffusive filtering theory.

Current theories for the cause and behavior of break-
ing gravity waves include (1) the effect of total wave-
induced wind shear on waves with slow horizontal phase
speedgHines, 1991) (2) the onset of convective instabil-
ity for waves with large temperature derivativll3ewan
and Good, 1986; Smith et al., 19873) damping of waves
where the diffusive timescale (K#is not small compared
with a frequency(Lindzen, 1981; Gardner, 1994pr (4)
the mixing of parcels that do not return to their original
position at the end of a wave periqiVeinstock, 1990;
Medvedev and Klassen, 199%)arameterizations based on
Hines (1991)pr spectral (i.e., multiple wavelength) versions
of Lindzen (1981have both been successfully used in ter-
restrial Global Circulation Models (GCMs). Because of their
simplicity, we concentrate on the spectral Lindzen parame-
terizations.

The energy flux for undamped waves can be simply de-

(Hp/H)~1, and (iii) multiplying byc, to give heating in
erg/(gs) rather than in Ks, for comparison with radiative
heating/cooling irvelle et al. (2001)

The eddy diffusion coefficient for heat transpoK #)
should equal the eddy diffusion coefficient for the ver-
tical diffusion of constituents K;;) (e.g., Strobel et al.,
1985, which can be estimated from the distribution of mi-
nor speciesMoses et al. (20049ummarized measurements
of K,,. If we assume that the reports &f,, at the ho-
mopause refer tp ~ 0.25 pbar, we can fit the reported
diffusion coefficients withK.. = Kop~H/Hp whereKo =
(2.86+0.77) x 10% cn?/s is the eddy diffusion coefficient at
1 mbar,p is the pressure in mbar, atl/ Hp = 0.61+0.12.
The efficiencye is expected to be near uniifritts and
Dunkerton, 1984; Strobel et al., 1985)

AssumingKy ~ K, Q =4.3p %6 Pr—1.7]erg/(g9
for Jupiter’s stratosphere, with in mbar. ForPr < 1.7, the
net effect of the waves is cooling by downward transport of

scribed as the product of the energy density and the verticalpotential temperature, while f&?r > 1.7, the net effect of

group velocity (e.g.Gill, 1982; Lindzen, 199 The situ-

the waves is to heat the atmosphere by direct deposition of

ation becomes more complex when the waves are dampedthe wave energy in the damped waves. Theoretical estimates
On the one hand, as waves are damped, they deposit theibf Pr range from 1 for waves that are damped uniformly

energy locally, much of whichs expected to finally in-

throughout a wave period by pre-existing turbulence fields

crease the thermal energy of the background state. On thqChao and Schoeberl, 1984)Pr > 20 for waves experienc-

other hand, damped waves lead to mixing, which effectively
acts as an increased diffusion coefficient for diffusion of

ing convective instability localized in time and location only
near their minimum thermal gradien€hao and Schoe-

potential temperature. The interplay between these two ef-perl, 1984; Strobel et al., 1985; Fritts and Dunkerton, 1985;
fects has been the subject of recent papers on the effeciyalterscheid and Schubert, 1998)nce uniformly damped
of gravity waves on the thermal structure of Jupiter’s ther- waves should have symmetric thermal gradients, we take the

mosphergYoung et al., 1997; Matcheva and Strobel, 1999; apparent skewness of the thermal gradient distribution as ev-
Hickey et al., 2000Q) In the thermosphere, the effects of jdence thabPr > 1.

mixing are based on molecular processes such as thermal

conduction and molecular diffusion. The equations can be
formidable, but the physics of mixing is straightforward.
The situation is entirely different for breaking waves in

Figure 8shows the heating rate calculated using &J.

for different values oPr, compared with the radiative heat-
ing and cooling rates frontelle et al. (2001)For the range

of Pr considered here, wave heating/cooling is small com-

the stratosphere, dominated by eddy viscosity and eddy con-

duction. The competing heating and cooling processes de-

pend on the value of the eddy Prandtl numifer, the ra-

tio of the eddy diffusion coefficient for momentum to that
for temperature)Strobel et al. (1985and Schoeberl et al.
(1983) discuss the competing effects of energy deposition
and diffusion of potential temperature, giving an equation
for the total heating rate of

Hp 1>} ®

2
where Q is the gravity wave heating rate in €(gs), Ky

is the eddy diffusion coefficient for heat transpartis the
efficiency with which gravity wave energy is converted to
heat,c, is the specific heat at constant presswteis the
gas constantH is the pressure scale height, ath =
K../(0K,./9z7) is the scale height of eddy diffusion. Equa-
tion (4) is derived fronStrobel et al. (1985}heir Eq. (3), by

Ky H

Q:

2cp
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Fig. 8. Estimates of gravity wave heating (solid) or cooling (dashed) com-
pared to radiative heating and cooling frofelle et al. (2001)
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pared with the radiative terms in the lower stratosphere. In an undamped gravity wave,Br < 4 (forw =1 x 10~%) or

the upper stratosphere, wave heating is comparable to or« 28 (forw =6 x 10~%).

larger than radiative heating and cooling fRir> 4.4. Since breaking gravity waves are often postulated to be
Because Jupiter’s stratosphere is in approximate radiativethe source of eddy mixing (e.d-indzen, 1981; Medvedev

equilibrium, it is tempting to conclude that there are unlikely and Klassen, 1995it would be useful if we can show that

to be any additional, large, unbalanced heating or cooling the eddy diffusion coefficient could be calculated from the

processes, including gravity wave heating or cooling. This observed temperature fluctuations. To this end, we employed

reasoning would lead us to place a rather stringent limit on the diffusive filtering theory oGardner (1994)which treats

the Prandtl number d?r < 4.4. However, there are several a spectrum of waves as a superposition of non-interacting

caveats. First, the heating rate depends on both the value antinear waves. In this parameterization, the critical wave-

the vertical derivative of eddy diffusion. According to Moses |ength (L..) and effective eddy diffusion coefficienk() both

etal. (in preparation)x;; may vary its scaleheight through- increase with decreasing pressure, WithHp = 2/(s + 3)

out the jovian stratosphere; for examptgy / H ranges from andK = f(2r/L,)?. Fors in the range between 0 and 1,

0.3t01.06 in their model A. Second, the heating and cooling H/H}, is between 0.5 and 0.67, agreeing with the estimated

rates fromStrobel et al. (19853and Schoeberl et al. (1983)  value of H/Hp = 0.61+ 0.12. Because our analysis calcu-

are based on Lindzen-styledaking gravity wave theory, |ates a single PSD for the entire stratosphere, we have no

with linearized, isolated waves, a constant turbulence field, ghservational information on the variation &f. with al-

andK chosen to just prevent wave growth. The heating rate titude. The value ofL, derived in Sectior8.4 (30.3 km)

under other gravity-wave breaking theories may well be dif- muyst be considered a characteristic value for the stratosphere

ferent. Finally, the gravity wave heating and cooling can be as a whole. Diffusive filtering theory predicy = 1.9 x

balanced by other dynamic heating or cooling. . 10°/(Pr 4+ 1) cn?/s if L, = 30.3 km. For 1< Pr < 20, the
We can now address the identification of wavetrains B predicted eddy diffusion coefficient is larger than the largest
and C as gravity waves. Linear saturation thefiipdzen,  gpserved eddy diffusion over our altitudes of interest. We

1981) predicts the growth or damping of waves in the conclude that the diffusive filtering theory overestimates the
presence of eddy diffusion and vertical shear of horizon- gqqy diffusion coefficients in Jupiter’s stratosphere.
tal background wind. The sheald{o/dz|) is unimportant

whenL, > |duo/dz|(6r H)/N. For the expected shears of
~4.1x 104 s71 (Li and Read, 2000)this is satisfied for

vertical wavelengths> 0.29 km. Therefore, wind shear can
be ignored when calculating theeitical damping coefficient )
for all wavelengths detectable by the Galileo ASI, including ~ OUr results can be summarized as follows:

5. Summary and conclusions

those of wavetrains B and C. (1) Temperature fluctuations in Jupiter’s stratosphere are
Linear saturation theory predicts waves will be critically NOt due to either measurement error or isotropic turbulence.
damped (i.e., constant amplitude) wh&n= w(L./27)3/ Based on analogy with the terrestrial stratosphere, we in-

(2H), whereK = (Ky + Ku1)/2 is the effective eddy dif- terpr.et these fluctuations as due to a spectrum of breaking
fusion coefficient for wave damping ankly; is the eddy gravity waves.
diffusion coefficient for momentum transport (relatecktg (2) While probe accelerometereasurements are highly
by the Prandtl numbePr = Ky /K ). For much smaller ~ sensitive to horizontal variations (which would be aliased
values ofK , the wave will be underdamped, with tempera- as overlarge vertical gradients), occultations are insensitive
ture amplitudes increasing inversely as the square root of theto horizontal density variations (as they average refractivity
density. along a line-of-sight through the atmosphere). The qualita-
The Galileo ASI dataset does not measure the frequencytive agreement between theope and occultation profiles
directly. Under the interpretation that wavetrains B and C could be taken as a validation of these different techniques.
are gravity waves, their frequencies are constrained to be be-  (3) The aspect ratio (ratio of horizontal to vertical scales)
tween the Coriolis frequency (4.0 x 10~° s71) and the of the temperature and density fluctuations-i8.
Brunt—Vaisalla frequencyy (1.7 x 102 s~1). This entire (4) Power spectra of temperature with respect to vertical
range satisfies the argument in Sect®oBthat the observed ~ wavenumber for the terrestrial atmosphere are generally in-
fluctuations are dominated by vertical, not temporal, gradi- dependent of weather, season, and region of the atmosphere.
ents. In the Earth’s atmosphere, the frequency power spec-The ASI observations are consistent with this “universal”

trum is found to be proportional o~ ” for f < w < N, with spectrum, suggesting that it is truly universal, since it ap-
p ~ 5/3 (e.g.,VanZandt, 1982; Fritts, 1989biasing fre- plies to an atmosphere with different values férand g.
guencies towards the low-frequency end of fhi® N range. This further suggests that the underlying physical causes of

For Jupiter, the most likely frequencies are a few times gravity wave saturation are sitar, and that parameteriza-
10~*s1. Wavetrain B is consistent with a critically damped tions developed for terrestrial modeling and observations can
gravity wave, ifPr ranges from 1.3 (foi = 1 x 10~%) to 13 be applied on Jupiter, and presumably elsewhere in the solar
(for w = 6 x 10~%). Similarly, wavetrain C is consistent with  system.
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Based on the interpretation that these fluctuations are duerritts, D.C., 1989. A review of gravity wave saturation processes, effects,
to breaking gravity waves, we suggest that gravity wave and variability in the middle atmosphere. Pure Appl. Geophys. 130,
heating or cooling is probably unimportantin Jupiter's lower _ 343-871.

stratosphere (near 10 mbar) In Jupiter's upper stratos hereFritts, D.C., Dunkerton, T.J., 1984. A quasi-linear study of gravity wave
P ) P PP P saturation and self-acceleration. J. Atmos. Sci. 41, 3272-3289.

(near 3 ubar), wave heatmg or COO“ng IS I'kely to be Impor- Fritts, D.C., Dunkerton, T.J., 1985. Fluxes of heat and constituents due to

tant for moderate values &¥; for Pr < 1.7, waves cause net convectively unstable gravity waves. J. Atmos. Sci. 42, 549-556.
cooling, and fofPr > 1.7, they cause net heating. Gardner, C.S., 1994. Diffusive filtery theory of gravity-wave spectra in
The diffusive filtering theory(Gardner, 1994)cannot the atmosphere. J. Geophys. Res. 99, 20601-20622.

be used to predict eddy diffusion coefficients in Jupiter's Gill, A.E., 1982. Atmosphere—Ocean Dynamics. Academic Press, New
York.

stratosphere, and, by extension, m_the_ stratospheres on th%ossard, E.E., Hooke, W.H., 1975. Waves in the Atmosphere: Atmospheric
other giant planets. If a parameterization can be found or  |nfrasound and Gravity Waves. Their Generation and Propagation. E-
devised that does predict eddy diffusion coefficients on the  sevier, Amsterdam.

Earth and the giant planets, it will prove an important test Hickey, M.P., Walterscheid, R.L., Schubert, G., 2000. Gravity wave heating

for distinguishing among the current competing theories of _ and cooling in Jupiter's thermosphere. Icarus 148, 266-281.
gravity wave saturation Hines, C.0., 1991. The saturation of gravity waves in the middle at-

mosphere. J. Atmos. Sci. 48, 1360-1379.
Jokipii, J.R., Hubbard, W.B., 1977. 3t occultations by turbulent plane-
tary atmospheres: thg Scorpii events. Icarus 30, 537-550.
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