
proton exchange or if it can undergo proton 
exchange \vithout dissociation, we moni- 
tored the signal at mass 48 (dashed 111le). 
This Inass corresponds to D C O O D t  from 
D C O O D  monomer and to I D C O O H ) H f  
from doubly proton-exchanged duner. T h e  
fast arrival tunes in the mass-48 svectrum 
indicate that the signal arises mostly from 
contalnlnant D C O O D  mononler in the  in- 
cident beam scattering inelastlcally froln 
the  acid, and not  from (DCOOD) ,  reac- 
tions with the acid leading to thermally 
desorbing D C O O D  or (DCOOH), .  T h e  
three spectra demonstrate that only directly 
scattered dilners survive intact, whereas 
trapped dilners undergo both dissociation 
and proton exchange before the monomers 
desorb from the  acid. 

These experilnents reveal that reactions 
kvlth H L S 0 4  nearly always accompany the  
thermal accomlnodation of formlc acid 
lnonolners and dinlers o n  the surface of 
sulfilric acid. W e  expect che~nlcal  reactions 
to follow trapping if H,SO, molecules with- 
111 the  collision zone can reorient rapidly 
enough to hvdroeen bond to the formic acld 

u , - 
lnonomer or dimer before thermal motions 
propel the molecules back into the gas 
phase (16).  Subsequent proton transfer 
W O L I ~ ~  then occur elther withln an  interface 
that is a few molecules thick or be delayed 
until the forlnlc acid molecules diffuse 
deever Into the acld. T h e  obse r~a t ion  of 
proton exchange in collisions between for- 
mic acid molecules and sulfilric acid unnlies 
that solvation and protonation may often 
be intermediate steps In the trapping and 
desorption of protlc gas species. 
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The Morphogenesis of Bands and Zonal Winds 
in the Atmospheres on the Giant Outer Planets 

James Y-K. Cho and Lorenzo M. Polvani 

The atmospheres of Jupiter, Saturn, Uranus, and Neptune were modeled as shallow 
layers of turbulent fluid overlying a smooth, spherical interior. With only the observed 
values of radius, rotation rate, average wind velocity, and mean layer thickness as model 
parameters, bands and jets spontaneously emerged from random initial conditions. The 
number, width, and amplitude of the jets, as well as the dominance of anticyclonic 
vortices, are in good agreement with observations for all four planets. 

D e s p i t e  vast differences in chenllcal corn- 
position, ther~nodynamic properties, physl- 
cal size, rotation rate, and orlentation, the  
atmospheres of the four Jovian planets ex- 
hlbit a remarkable similarity in their band- 
ed appearance and the  associated strong 
zonal (east-west) winds. This unexpected 
simllaritv is a t  oresent a rnalor u~lanswered 
question ( 1 ,  2 ) .  Here we address this ques- 
tlon w t h  a single unifying dynamical 
fralnework to determine how many of the  
observed large-scale features of the Jovian 
atmospheres can be captured by a very sun- 
ple physical model. 

W e  assumed that the  Iovian atmo- 
spheres can be  nodel led with a nearly ~nvis-  
cid, hydrostatically balanced, thin layer of 
turbule~lt  fluid under the  i~lfluence of grav- 
itational and Coriolis forces. T h e  lnotlon of 
such a fh11d (3)  1s governed by the shallow- 
water equations 

a h  
- - C . (hv) = 0 
iit 

where v is the horizontal velocity, t is time, 
h is the  height of the  fluid, f = 2Rsin (F is 
the  Coriolls parameter, g 1s the gravitational 

Program In Apped  Mathematcs and Department of Ap- 
pled Physics, C o l ~ ~ m b a  Unverst)), New York, NY 10027, 
USA 

acceleration, CL is the rotation rate of the 
nlanet. cc is the latitude. and k 1s the  unit , ,  
vector llornlal to the surface of the  sphere. 
For all four olanets, h is taken startine from - 
just below the  vlsible cloud decks at a n  
auuroximatel~; 1000-mbar level; thls 1s the 
level a t  whicll the planetary radius 1s corn- 
~non lv  measured. Eouations 1 and 2 were 
solvei in spherical geolnetry w1th the use of 
a high-resolution, pseudospectral, parallel 
code (4) .  Similar equations have been used 
to model latitudinally confined features, 
principally Jupiter's Great Red Spot,  in all- 
nular and channel geometries (5). In  con- 
trast, we extend the  shallow-water model to 
colnprlse the entire planetary surface and 
apply it to all four planets. 

T h e  computations presented here are ini- 
tialized with a random turbulent flow. T h e  
initla1 vortlclty of this flow (Fig. 1A)  1s the 
same for all four ulanets, and the results are 
insensitive to the scale of the Initla1 vorticlty 
structures, provlded it is chosen to be small. 
These computations, performed at a grid res- 
olutlon of 0.7", are essentially inviscid since 
Inore than 97% of the i~lltial energy is con- 
served throughout the evohltion. 

T h e  advantage of using thls sunlple model 
is that only five parameters need to be spec- 
ifled (Table 1): R, g, the planetary radius a, 
the characteristic veloclty scale L', and the 
mean height of the fluid layer H. T h e  overall 
amplitude of the initial energy spectrum is 
co~ltrolled by L'; the Rhines scale (6 )  LD is 
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set by U ,  a, and R; and the deformation 
radius L,, is determined by g, H, and R (7). 
Using for each planet the parameters in Ta- 
ble 1, we numerically integrated the equa- 
tions starting from the initial condition 
shown in Fig. 1A for 300 planetary rotations, 
well beyond the time when a stationary state 
was reached in all cases. 

Latitudinal bands spontaneously self-or- 

ganized for all four of the planets without the 
use of any kind of forcing. Studies in restrict- 
ed (8) and nonspherical(9) geometries have 
used forcing to obtain and sustain bands, and 
the only unforced study in spherical geome- 
try (10) did not obtain bands because of the 
infinite L,, in that model (4). 

The formation of a globally banded pat- 
tern from random initial conditions is ap- 

Fig. 1. (A) The initial vorticity, 5 = k-Vxv, used in our computations for all four planets (Table 1). (B) The 
potential vorticity q after 20 planetary rotations for Jupiter parameters. (C) Potential vorticity q after 240 
planetary rotations for Jupiter parameters. (D) Potential vorticity q after 240 planetary rotations for 
Neptune parameters. Red indicates positive values, and blue indicates negative values. 

parent in the potential vorticity field ( I  I ) 
after only 20 planetary rotations for the 
Jupiter parameters (Fig. 1B). Robust zonal 
bands persist for long times (Fig. lC), long 
after the flow pattern has become station- 
ary. Several large, coherent vortices are 
spontaneously produced and persist embed- 
ded in the bands, a feature not produced in 
previous studies. 

For Neptune as well, zonal structures 
appear early and eventually become station- 
ary (Fig. ID), but the large-scale pattern is 
different from that in Fie. 1C. Onlv three - 
bands appear in the case of Neptune: The 
main one is very broad and centered around 
the equator, implying that over a large frac- 
tion of the spherical surface, the potential 
vorticity is well homogenized. This homog- 
enization has previously been assumed (12) 
whereas here it is shown to be a natural end 
state of the turbulent shallow-water dynam- 
ics. The striking difference between Fies. 
1C and 1D is a-direct consequence of tvhe 
fact that the ratio Lda is much greater for 
Neptune than it is for Jupiter. The ratio 
Lp/a is at least five times as large as Lda  for 
both planets; this shows that L /a, and not 
Lda,  controls the number otbands (4). 
which is roughly m / L p  

I I I I a -7 
- Jupiter - - 

Saturn ---- 
Uranus ......... - - 

Neptune 
- - 

- 
-- -__-__ --______----- ..----.. - - 

I I I I I -4 
0 50 100 150 200 250 300 

Time (planetary rotations) 

Fig. 3. The skewness of the vorticity 5 as a func- 
tion of time. The initially zero value becomes neg- 
ative for all four planets, showing the dominance 
of anticyclonic vortices. 

Fig. 2. The observed zonal wind profiles of (A) Jupler (solid) and Satum (dashed) and (B) Uranus (solid) and Neptune (dashed) from (15). The corresponding 
profiles for (C) Jupiter (solid) and Satum (dashed) and (D) Uranus (solid) and Neptune (dashed) from our computations after 300 planetary rotations. 
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Table 1. Physlca parameters used In our model. 
Values from ( I ,  15). 

a 2 d R  g U H 'lanet (1 O7 m) (hours) (m/s2) (m/s) (1 O3 m) 

Jup~ter 7.1 9.9 23 50 20 
Saturn 6.0  10.7 9 300 40 
Uranus 2.6 1 7 . 2  9 300 35 
Neptune 2.5  17.9 11 300 30 

Alternating potential vorticlty grad~ents 
(Fig. 1)  indicate the presence of strong zonal 
iets, as in the observat~ons: l u ~ i t e r  and Saturn , , , L 
have multiple jets and a prograde (eastward) 
equatorial xvind (Fig. 2A), whereas Uran~ls 
and Neptune have large retrograde (xest- 
ward) equatorial n ~ n d s  (Fig. 2B). Our shal- 
loxv-water computations (Fig. 2, C and D) 
capture the approxinlate number, ~vidth, and 
amplitude of the observed zonal winds for all 
four planets. Preclse, quantitative agreenlent 
is neither sought nor expected, given the sim- 
pl~city of this model. The  lnlportant point is 
that the values in Table 1 alone are sufficient 
to determine the gross features of the zonal 
w~nds. One feature that the nlodel seenls un- 
able to reproduce 1s the directloll of the equa- 
torla1 jets for Jupiter and Saturn, ~ n d ~ c a t ~ n g  
that a Illore ~ o ~ l l ~ s t ~ c a t e d  ~llodel IS necessary 
for those two   la nets. Furthermore, our ~nodel  
predicts that more a~lt~cyclones than cyclones 
(1 3) are to be found on all four planets. This 
asylnnletry is deplcted by the skenrness of the 
vorticity field (Flg. 3). The  negatlve h a s  1s 
observationallv  ell established for Tuniter 

2 L 

(14) but IS no; as robustly determ~ned for the 
other ulanets. 

In  conclusion, our study strongly sug- 
gests that,  however different the Jovian 
planets may be, their characteristic banded 
appearance is a direct consequence of the 
intrinsic shallow-water dynamics they all 
share. 
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A Magnetic Signature at lo: Initial Report from 
the Galileo Magnetometer 

M. G. Kivelson, K. K. Khurana, R. J. Walker, C. T. Russell, 
J. A. Linker, D. J. Southwood, C. Polanskey 

During the inbound pass of the Galileo spacecraft, the magnetometer acquired 1 minute 
averaged measurements of the magnetic field along the trajectory as the spacecraft flew 
by lo. A field decrease, of nearly 40 percent of the background jovian field at closest 
approach to lo, was recorded. Plasma sources alone appear incapable of generating 
perturbations as large as those observed and an induced source for the observed 
moment implies an amount of free iron in the mantle much greater than expected. On 
the other hand, an intrinsic magnetic field of amplitude consistent with dynamo action 
at lo would explain the observations. It seems plausible that lo, like Earth and Mercury, 
is a magnetized solid planet. 

Jupiter's moon Io has repeatedly surpr~sed 
planetary scientists. First, 10's orbital posi- 
tion was unexpectedly found to control 
decanletr~c r a d ~ o  emission from Jup~ter 's  ion- 
osphere (1) .  Early explanat~ons suggested 
that the e~llissions were generated by mag- 
netlc fleld-aligned currents l lnk~ng  10 and 
Jupiter (2).  These Ideas were refined and 
linked to Alfvenic disturhances eenerated bv - 
the interact~on of the flowing plasnla of JLI-  

p~ter's ~llagnetosphere 1 ~ 1 t h  an  electrically 
c o n d u c t ~ ~ l g  Io (3,  4). After the dlscover~es of 
a large cloud of neutral sod~um surround~ne " " 

Io (5) and of a torus of ~onlzed sulfur enclr- 
cling Jupiter at the distance of Io's o r b ~ t  (ti), 
Voyager 1 found volcanic plumes distr~buted 
o n  the surface of the  noon (7). T h e  Voyager 
1 lllagnetonleter detected lllagnetlc pertur- 
bations of -5% of the ambient jovian mag- 
netic field (-1900 n T )  as it crossed Io's 
nlagnetic flux tube ahout 11 RIL> (radius of 10, 
1821 km) below Io (8), thereby conflrnling 
the presence of a field-aligned current flow- 
ing several thousand kilonleters awav fro111 u 

the spacecraft and carrying more than 10" A 
into the jovian ionosphere. 

T h e  Galileo spacecraft flew by lo  o n  7 
December 1995; its closest approach was 
a t  17:45:58 U T  (un~versa l  t ime) a t  an  
a l t ~ t u d e  of 898 km (9 ) .  Particles and fields 
data from the  pass recorded o n  the  space- 
craft tape recorder w ~ l l  be analyzed in the  
early summer of 1996. However, survey 
data (10)  read out directly from the  mag- 
netometer's (1 1 )  internal memory were 
returned in  late Dece~nber  1995. All  three 
colllponents of the  background jovian 
f ~ e l d  measured o n  Galileo's trajectory 
through the  plasma toms followed predic- 
t lo~ l s  based o n  a recent extension (12)  of 
Voyager-epoch magnetic field models ( 1  3 )  
but In the  wake of lo  ( tha t  1s do\vnstream 
in the  flow of torus plasnla corotatlng with 
Jupiter),  t he  field magnitude decreased by 
695 n T  in  a background of 1835 n T  (Fig. 
1 ) .  Per turbat~ons of the  field along the  
spacecraft's trajectory were principally an-  
t~paral le l  to the  nlodel l o v ~ a n  field (Fig. 
2).  T h e  field rotated slightly, but the  
b e n d ~ n g  \vas no t  \\.hat ~vould be produced 
if the  field had been pushed outward 
around Io but rather that  caused bv a field 

~ n w a r d  toward 10. Indeed, the  pel- 
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