
Condensation sf Methane, Ammonia, and Water 
and the Inhibition of Convection in Giant Planets 

Tristan Guillot 

The condensation of chemical species of high molecular mass such as methane, am- 
monia, and water can inhibit convection in the hydrogen-helium atmospheres of the giant 
planets. Convection is inhibited in Uranus and Neptune when methane reaches an abun- 
dance of about 15 times the solar value and in Jupiter and Saturn if the abundance of water 
is more than about five times the solar value. The temperature gradient consequently 
becomes superadiabatic, which is observed in temperature profiles inferred from radio- 
occultation measurements. The planetary heat flux is then likely to be transported by 
another mechanism, possibly radiation in Uranus. or diffusive convection. 

T h e  visible appearance of the  giant planets 
1s ilominatecl hy the presence of ammonla 
clouils in I u ~ ~ l t e r  a~nd Saturn and methane , 
cloud5 in Uranus and Neptune. Condensa- 
t ion and cnnsequent cloud formation affect 
the  atmosphere's chemical composit~on (1)  
anci spectral appearance ( 2 ) .  The!- also im- 
pact the  nature of convectloll and, conse- 
iiuentl!-, the  internal structure ot these 
planets. T h e  transition frcm a vapor to a 
conJensed phase releases latent heat and 
generally favors r a p d  up~ve l l in~s  (3.  4) .  It 
can also inhihit c o n ~ e c t i a n  because, con- 
trary to the case of water in Earth's atmo- 
sphere, the  nlean molecular mass in the  
giant ylanets' atmospheres (~-ilainl!- consist- 
ing of hydrogen and helium) IS a1n.a.j~ 
smaller than that of the co i~~ lensa l~ le  specles 
(3 ,  5). Here, 1 examine this latter effect and 
its consequences for the transport properties 
of the atmosphere. 

I coilsiiler a \01~1tion of tv-o species, one  
uncondensal,le (of Illass in,,, anii d e n s ~ t y  
pt,), whereas the c~tlher (mass rn, and den- 
sity p \ )  is preseilt I7oth 111 vapor and in a 
conL1e~lsed phase (solid 01. liiluii1). I assume 
that  the  ideal gas eil~iation of state applies 
and that  the vol~uile of the  condensed 
phase can he nzylecteii cc~myarr.il t o  the  
volume o t  the  vapcx phase. I also assulnc 
tha t  the  nieii~um is saturateid and that  the  
conL1ensed specles are ~i~stanraneously  re- 
moveil by se i l~~ue~ntar ioi l  ( 6 ) .  

T h e  gradient of meail molecular weight 
la in the atmosphere is ohtaineil d~rectly 
f r i~m the  Clausn~s-Clapeyml e;luation 

where P is the presiure, TI- E d(ln T) /d( ln  P) 
is the temperature gradlent in the atmo- 
sphere, p = LiRT is the  ratio of the  latent 
heat of condeniation L to the  thermal en- 
erg!- RT (R i> the gas constant),  f = pJp, is 
the  lllass m i s ~ n g  ratio of the  coildensable 
species, and m = ( 1  - in , jm,) / ( l  + f). 

Lunar ancl Fla?e;a8-!: Lzocrztcry Lln~t!ers~;i cf Al.lrcna 
TUCSCI~. A2 85721, USA. 

Relevant conditions are character~zed by P 
- 22, V7 - 2.3, and m - 1, so that TI, > 
2 al\vavs holds. This corresronds to the 
stabilizing case where the luean molecular 
weight increases w ~ t h  delxh. 111 the case of 
terrestrial water clouds, a - -2.5, and 
therefore, T, < 0. 
A local criterion for convective instahil- 

ity can he determined hy coinparing the 
density of a (saturated) l.arcel of fluid a r b -  
trari1;- lifteel by a height d: to the density of 
the  (saturateel) environment (7). T h e  corn- 
positional gradient in the  environment, y,, 
is ilirectly given by Eq. 1. T h e  same equa- 
tion also applies in the  parcel, but the  t e n -  
perature qrad~ent  is T,?, [the ~uois t  
pseudoadi;&at (811 instead of TT. T h e  in- 
stability criterion is then 

Because I assume that the 11ledlum would be 
c o n v e c t ~ ~ . e  in the absence of condensa t io~~ ,  
yT > y,,L, (9). 

Hence. convection is inhibited when 
the  allundance of the condensable is such 
-1. . - 

use of Voyager radlo-occultatio~~ measure- 
ments (1 d )  and interior models (1 1 ) are 
glven in Table 1. A relatively small e n r ~ c h -  
iuent of water or methane ahol-e the  solar 
value is sufficient to ~ n h ~ h i t  convection. In  
part~cular,  the  values for inethane in Cra-  
nus (fc = 14.1) and Neptune (f? = 14.9) are 
substantially lower than the abundances de- 
rived froin spectroscopic measurenlents, 
which l~ldicate e~ l r~chn len t s  between 32 
and 62 times the solar value for both plan- 
ets (12,  13) .  

E a ~ ~ a t l o n  2 is ca lc~~ la ted  under the most 
favorable case for conr7ectlon. If the con- 
densed materials are not removed instanta- 
neously by sed imen ta t io~~  or ~f the env~ron-  
ment is not saturated, then any  welling 
plume will also have to overcome a strongly 
stabilizing compositional gradient. O n  the 
other hand, a subsaturated plume bvill be 
able to rlse through a saturated environ- 
ment.  This does not constitute a n  instahil- 
itv mechanism because it ~vill  ranidlv trans- 

L ,  

port all of the  condensable species down 
~ ln t i l  saturation is reached everv.ivhere. 

I-Io~vever, the atmosphere is still poten- 
tially unstable: A parcel that is forced to rlse 
over a finite distance faster than it loses 
heat will eventually become buoyant, even 
though Eq. 3 is satisfied. This is a result of 
the local nature of this criterion. Neverthe- 
less, the negative 1-uoyancy that is associat- 
ed with ELI. 3 is strong, and ~uois t  convec- 
tion seems difficult to maintain in the re- 
qion  here f > f,: For exal-ilple, the  possi- L, 

111tv that molst convection c o ~ ~ l d  he forced 
by penetration from the bottom requires 
velocities much larger than typical convec- 
tlve velocities (Fig. 1 ) .  

If convection is inhibited, the  tempera- 

uiaL . 40 I 

1 

Physically, this conilition results froi-il the  - 
fact that the abundance of condensable 
cies drops faster 111 the environment than in 

CH, (Uranus) 
I 

the risiilg parcel. In spite of its higher tern- 3 10 I- 
H20 (Saturn) perature, the parcel th~ l s  becomes negative- % 1 H,O iJuCter) a ly huoyant. T h e  values of fJ for the conden- I 

0 I I I - 

sation of nlethane, ammonia, and water in 0.1 I .O 10 100 

the  four giant planets calc~llated with the Initial velocity (m s") 

Fig. 1. Enrichment over solar value necessal?! to 
stop the pfogresslon of a saturated ~lp\!ieIllng 

Table 1. Enfichinent ovef solar ' l a~ le  (28) abo'le pluine in a saturated environment for vario~ls initla1 
ivhch convecton is inhibited (ass~~ming a C, N, velocities at the base a Lvater cloud in 
and O 'Ised to CHL' NH3' and and Saturn and a methane cloud n Uranus and 
H,"' fespecilve~)' Note CH, does not Neptune, It 1s assumed that a1 the condensates 
dense In Jupiter and Sat~lrn. 

fall rap~dly and do not hlndef the ascent of the 
plume, The enrlchlnenis fo~lnd are equal to the 

J"plier Neptune values i, gven in Table 1 n the m l t  of zero ni ta l  

CH, - - , 4,9 veloc~iy. The tr~angles Indicate typcal values of the 
NH3 32,6 33,5 53,6 57,1 convect~\~e velocities In these regions [calculated 

H,O r ,6 4.9 6.3  6,7 w~th  the use of lnlxlng length theor): and Interior 
lnodels from ( 1  I ) ] .  



ture gradient will increase until some mech- 
anism becomes capable of transporting the 
heat flux. In any case, the superadiabaticity 
V, - Vad (where Vad is the dry adiabatic 
gradient) cannot grow much larger than the 
compositional gradient V,, above which 
the atmosphere becomes locally unstable to 
dry convection (7). However, other mech- 
anisms, such as radiation or diffusive con- 
vection (14), may transport the heat flux 
with a smaller gradient. Neglecting the ef- 
fects of condensation and compressibility, 
the criterion for diffusive convection to oc- 
cur is given by oceanographic evidence 
(1 5), laboratory experiments (1 6), and the- 
oretical arguments (1 7, 18) 

where K is the radiative diffusivity [calcu- 
lated with Rosseland opacities from (1 9)], D 
is the microsco~ic diffusion coefficient of 
the condensable species, and v is the kine- 
matic viscosity. Except for huge abundances 
of condensed particles that are ruled out by 
observations of visible absorption in the 
methane cloud (or haze) of Uranus and 
Neptune (20, 21 ), K is always much larger 
than the thermal diffusivity. Hence, K >> 
v and D -- v at the levels where water 
condenses in lu~ i t e r  and Satum and meth- ., . 
ane condenses in Uranus and Neptune, so 

that the overstability criterion (Eq. 4) is 
verified in these regions. Furthermore, be- 
cause diffusive interfaces are then unstable 
to diffusive convection (18), layered con- 
vection is unlikely to occur, contrary to 
what is observed in Earth's oceans (14, 15) 
and suggested for Uranus (22). Diffusive 
convection then corresponds to weakly am- 
plified oscillatory motions (with periods of 
the order of =10 min) and as such should 
dry out the atmosphere substantially below 
the saturation level. 

Radio-occultation measurements of the 
four giant planets by Voyager 2 confirm 
some of these conclusions and ~rovide some 
clues about the transport mechanisms in 
their atmospheres. As expected from Table 
1 and the moderately small enrichments in 
ammonia observed in Jupiter and Saturn 
[-2 and -2 to 4, respectively (12)], the 
condensation of this molecule has no no- 
ticeable effect on the temperature gradient, 
which becomes adiabatic near 0.8 bar (Fig. 
2). In Uranus and Neptune, the region 
where methane condenses (and the associ- 
ated compositional gradient V, is signifi- 
cant) is characterized by a temperature gra- 
dient that is much larger than the moist 
adiabat and significantly superadiabatic 
compared to the dry adiabat. This conclu- 
sion is inde~endent of the assumed meth- 
ane abundance used to retrieve the temper- 

Fig. 2. Comparison of the atmo- 
spheric temperature gradient V, I 
d(ln T)/d(ln P) deduced from radio 

0.4 0*6m 
occultation measurements (8, 9) 

-,I -fQY) 

(red circles and filled areas) to the 0 2  . :... -m4F 
(equilibrium) dry adiabatic gradient 
Vad (27) (green lines), the radiative 0.0 -- zzz2Y' 
gradient (blue lines), and the sum of 
the adiabatic and saturated com- 0.4 
positional gradients Vad + V, (black ... 
dashed lines). The black horizontal 0.2 ,r 
bars characterize regions where 
Eq. 3 is satisfied and V, > 0. In f 0.0 
Uranus and Neptune, because of 
the large gradient of abundance of 
methane, one cannot retrieve both 1 :  - 7 
temperature profiles and methane 0.2 - 
abundances simultaneously from . . - 
the data. Thus, plausible values for a 0  
the temperature gradient are indi- 
cated by the filled areas (23). The 
radiative gradients are calculated 0*6v7 0.4 . . . . - -  2 
within the diffusion approximation 
and assuming a luminosity equal to 0.2 I - : 
the sum of the internal and ab- 
sorbed solar luminosities at all lev- 0.0 

0.3 0.5 0.7 1.0 2.0 3.0 5.0 7.0 
els, except for Uranus and Nep- 
tune, where it is assumed that 30% 

-0 

of the solar heat flux has been absorbed at the 0.8-bar level. The moist adiabatic gradient V, is always 
inferior to the dty adiabatic gradient and is not represented here. Convection is not affected by the 
condensation of ammonia in Jupiter (P s 0.9 bar) and in Satum (P s 1.8 bars). Water condenses at 
deeper levels that have not been observed. On the other hand, methane is vety abundant in Uranus and 
Neptune and inhibits convection, as seen by the significant superadiabaticity in the 0.6- to 1.4-bar region 
in Uranus, and in the 1 .O- to 2.3-bar region in Neptune. To obtain temperature lapse rates in kelvin per 
kilometer, multiply thegradients shown here by 6.8,2.7, -2.6, and -3.5for Jupler, Satum, Uranus, and 
Neptune, respectively. 

ature profile from the occultation data (23). 
For temperatures lower than about 75 K (P 
< 0.9 bar in Uranus and P < 1.2 bars in 
Neptune), the observed gradient is consis- 
tent with a convective process obeying the 
Ledoux criterion (7). Deeper, diffusive con- 
vection probably limits the superadiabaticity 
to less than V,. Uranus's gradient is also 
consistent with a radiative transport of the 
heat flux, if 30% of the solar flux is absorbed 
above the 0.8-bar level of the atmosphere. 
Larger but strongly latitude-dependent ab- 
sorption factors are measured (20) at slightly 
deeper levels (around 1.2 bars). This result 
would explain why CO is observed on Nep- 
tune and not on Uranus ( 1 3, 24). 

Observations of the propagation of 
waves after the impact between the comet 
Shoemaker-Levy 9 and Jupiter (25) have 
been interpreted as gravity waves formed in 
the 20-bar region, where the abundance of 
water would be 10 times the solar value 
(26). An abundance of water only about 5 
times the solar value [which is more consis- 
tent with the gravitational moments of this 
planet (1 I)] would lead to a large static 
stability and could possibly explain the ob- 
served wave speed. Thus, as observed in 
Uranus and Neptune, we expect the tem- 
perature gradient to become superadiabatic 
at levels where water condenses in lu~iter .  
The spacecraft Galileo will soon the 
jovian atmosphere down to the 20-bar level 
and tell us more about its structure. The 
study of convection in stratified planetary 
atmos~heres will also h e l ~  to understand 
the related phenomenon of semiconvection 
in stars (7, 18). 
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An Improved Procedure for El Ni Ao Forecasting: 
lmplieatisns for Predictability 

Dake Chen, Stephen E. Zebiak, Antonio J. Busalacchi, 
Mark A. Cane 

A coupled ocean-atmosphere data assimilation procedure yields improved forecasts of 
El Nifio for the 1980s compared with previous forecasting procedures. As in earlier 
forecasts with the same model, no oceanic data were used. and only wind information 
was assimilated. The improvement is attributed to the explicit consideration of air-sea 
interaction in the initialization. These results suggest that El Nifio is more predictable than 
previously estimated. but that predictability may vary on decadal or longer time scales. 
This procedure also eliminates the well-known spring barrier to El Nifio prediction, which 
implies that it may not be intrinsic to the real climate system. 

Inilices of El h'ilio. >uch aa ccluatorlal Pa- 
c i f ~ c  sea-s~irface temperature (SST! anom- 
aliea, call presently 132 preilictzt1 h\- tatibtl-  
cal moilels several rnonths ~n advance anii 
I:!- physical couyled ocean-atmospherz 
moiizls at  leaL{ time> exczeili~lg 1 year (1- 
3 ) .  It 1.; not yet k n o ~ r n  holv ~ ln ich  more 
roi>m thzre 1s tk>r impri~vzment 111 mi>clzl~ng. 
t>l?servation, ant1 fi>recasti~lg t e c h ~ l i i ~ u c .  
There  la surely a lilnit to preilictal-~l~ty ill- 
trinsic to  the natural s~-s tzm,  a conszt~ucnce 
t ~ t  ~ t s  c h a o t ~ c  and random nature 14). For 
rvcathcr prc;llction, zstimates of t h ~ s  rl tr ln- 
sic Illnit can be ~l l i~i le  from moilels, hut wz 
Llo not  havz comparablz co~ltliizncz that 
any of the cslstlne motiels captiire the rcl- 
evant featlire5 o i  nature's E N S 0  (El Nifio- 
Sniithern 0scillatio11) c1-clc. 

C C ~ e r  S. E ZeI)lak 'L'. A Cane, Lan-01:-Dole;?] Eartti 
3,:sa-,:.a:o -: Co1~.ni.~1a llr-lve - s ~ t l  Pasacles, NY 13962 
USA. 
A. J. B~.saIacsh Lai~ora:or\ -or H\~IOSCI~I.~~ FI.OC~SS- 
es hIASA Soddatcl Spase Fgh -  Ca -e r .  G*eeibel-, IslD 
20771 LISA. 

O n z  aurz l ~ u n i i  on  in t r ins~c przil~ctahil- 
ity is the skill of actual prcil lct~o~ls.  A11 prior 

forecast pri>ceil~ires shonzil a marked drop 
ot  s k ~ l l  111 torccaxts that trizil to prztllct 
across the hnreal spriny ( 2 .  5-8). T h e  so- 
callzil "spring barrier" ( " a ~ ~ t ~ ~ m n  barrier" 111 

thz Southern Hzmispherz) has been taken 
as a11 llltrlllslc featurz o t  thz climate systzm 
bzca~isc,  111 aLldltlon to being common ti? all 
hrecas t  models, ~t appzars in auto-correla- 
t l o~ l s  o t  i ~ b x c r ~ ~ ~ t i o n a l  i~liliczs o t  E N S 0  (9 ) .  
T h e  results rcaorteil herz, ho\vever, she\\- 
only a barely perceptlhlc i l r o ~ ~  111 the hltill o t  
s l~r~ngt l rnc  forecast.;. Przvlous rather pcssl- 
m i > t ~ c  theoretical zstimatzs of i~ l t r i~ l s i c  pre- 
i i ictal~~lity (5) ~lnlst  be revlseil urn-arc1 to hz 
co~ls is te~l t  11-~th thz i~lcreasz in actual slall 
Je~l lo~ls t ra ted  here. 

T h e  earliest of the  phvsical1~- IxlseJ 
EYSO forecast ~noilels 1s the l~ l t c r~ l l z i l~a te  
coupled moilzl ilevclopzil hr- Cane  anil Zc- 
biak (CZ moiicl) (1 , 6). T h e  przilictn.z 
ability of this moilzl has been demi)nstratcd 
e r t e ~ l s ~ v z l v  ( 1 .  2 ,  1C) but has not  been 

su::staita y larger f ortio-para tl.arist ons are ro: 
a lol;!ed .at 1 bar T,:" ' - 3 2 co,nr~ared to T;; 
- 3 26 10- ti-e EC~LII br111.r adaca: [S. T. FJassle 
a i d  D. FJ. HLII-el-, ~ i i , ~ s  49. 213 ,1932;: 6 .  ,. 
Co i ra t i  and ?. ,. G erasi  ,'i~#o. 57, 18.1 11 982: 
Such a 2-ad el :  s ~ i o t  cons sten- v:l-i- ttie r e a -  
sured -enrlerat~lre 11-0-1 e 'or P 5 3.6 cat In Uran~.s 
and P 5 1 lbal- In Ner~tu ie .  Fur:het note  srlest-o- 
sco1:ic obser\:atolis s~io':! t i a -  ti-e o f i -3  a r d  pa% 
n o p ~ l a - o i s  ale 'r E ~ J I  ::run [K. H. Banes I d  E. 
I\/lske soli. L. ;. La-son. D. It,!. Fe-cusor ('b~o. 11 4 ,  
326 1199511, h e  Jse of a n o m a  lor l-te-medla-e'~ 
acI12::a: c gradiert to l rode rn~sro~!!a\!e spec-ra o- 
t iese 13 at-as ,731 reles 31- -i-e I nnisi t  i i \not iesis 
t i a t  coi\!es:oIi ocsLI*s 8113 I S  ad~azat~c 

26. E. At-de*s arci N Stevesse. Gsoci.,?:. Cos?-.oc!:,~ 
Pcra 53 19: 1 '  989: 

29 I g*atef,lIly ac.;rov\~Iedge diss~.ss~ot-s  ti C SaL1- 
r o n  ,. I .  LLII-lie. C Ga~1:ier It?'. 6. Huecad ,  A P. 
I ige~so l l  a r d  S Islali-ar I t i-ar* F FJ Flasar and 
?. , Sshnder ior kiicil; n l o \ ! . d r ~  r e  v:i- hie?- 
:Lie s leftac:i,,~:y p*of~Ie 81-:I t i ~ o  a ~ i o i y t r o ~ ~ s  'ef- 
erees'or , i e l r ~ f ~ ~ l  co1r.rei-s 01- ttie n ia l i '~scr~pt  Ths  
resea-c.1 .-as s~11:1:01iecI ::; a fe110~~~si11: of :lie ELI- 
ropea,i Srlace Ageis; 2,id ey NSF grart AST-93- 
18973 

s~gn~iicantl!  improvzii since the model \\-as 
first i~~trocluceii al~nlnst a ilzcatiz ago. Al- 
t h o ~ y h  this mi~iiel's przdictir .~ ikill 1s moxr 
likely limitcil h!- 1ts inco~nplcte ph!-sics, the 
overall skill of more coml?llcatc;i coupleLl 
general c l r c ~ i l a t i o ~ ~  models 1s 11ot s~gnlii-  
ca~l t lv  grzatzr at  p r e e n t  ( 2 .  7). 

O n e  poss~hle l l~nitation on  111a11y ot  the 
forecast systems 1s the ~nltlalizat~on yroce- 
dure 11 , 2 ) .  Errors 111 i n~ t l a l  co~n~ l~ t lons  arc a 
result ot inaccurac~cs in the o b s e r l - a t ~ i ~ ~ ~ >  and 
iictic1enc1cs in the moilels usino the ol~ser- 
vatlons. Thzse errors ma! be r c i i~~ccd  hy 
emC~r~cal ly  tni~lcating an  empir~cal orthc>go- 
1~a1 f ~ i ~ l c t ~ o n  rct~rzsentation of the data, rc- 
talnlng larve-scale, lo\v-il.eil~iency signals 
and ~liscar~iing small-scale, high-t'retquzncy 
varlablllty or llolse ( 2 ,  5 .  11-1 3).  T h ~ s  1s a 
common proceilure in hybriil cc~~iplcd mod- 
21s n-here an  ocean c ~ r c ~ i l a t i o ~ ~  moilzl 1s co~ i -  

coupleci fi>rzcabt moiiel. T h e    no st ciirnlllol1 
approach 1s to improve the ocean initla1 
c t~nd~ t lons  in a stanil-alone moile 121 asslm- 
ilating obszr\ratlo~ls o t  SST,  thc rmoc l~~ le  
depth, or sea lc\-el into an  oczan moilel 
l~etore coipling ~ v i t h  an  atmosphere model 
(1 3-1 6) .  T h e  prol~lem with this approach is 
that 110 i ~ l t e r a c t ~ o ~ ~ s  arc allolved l?ztrvcen the 
occalllc anii atmospheric w m p o ~ l c n t s  L ~ L I ~ I I I ~  

i~ l~t ia l i :a t io~~,  so thz ck>ul?lcil system 1s not 
ivell I?alanceil in~t~all!- and ma\- esperlcnce a 
shock ~\-11en the forecast starts. Rzczntly, a 
coul?lzd approach has alsi? bezn ~ntroili~ccil 
in ivh~ch  SST anil 1v111d data nerz  asslmilat- 
ti1 ~ n t o  a coupled system for forecast in~tlal-  
1:ation ( 15) ,  l ~ u t  the ol~ser\.at~ons wzrc ' ~ i v c n  
5uch i t r ~ > n y  ~vzights that the procedure nas 
cqi~ivalent to init~ali : ln~ thz i>cecan 111 a dc- 
couplcii mc)dc. 

1YJz i~llprovcd the pretlictivc skill o i  the  
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