
T enth anniversary of 51 Pe g-b : Status of and pr osp e cts for hot Jupiter studies

Pr o c e e dings of Haute Pr ovenc e Observatory Col lo quium (22-25 august 2005)

Edite d by L. A rnold, F. Bouchy, & C. Moutou

A tmospheric dynamics of P egasi planets

Adam P . Sho wman and Curtis S. Co op er

Dep artment of Planetary Scienc es, Lunar and Planetary

L ab or atory, University of A rizona, T ucson, AZ 85721

[showman@lpl.arizona.e du, curtis@lpl.arizona.e du]

Abstract. W e presen t three-dimensional n umerical sim ulations

of the atmospheric dynamics of close-orbiting planets suc h as

HD209458b. Our sim ulations sho w that winds of sev eral km sec

� 1

and da y-nigh t temp erature di�erences reac hing 500{1000 K are

p ossible at and ab o v e the photosphere. The circulation tak es the

form of a broad sup errotating (east w ard) equatorial jet. A t � 0.1{

1 bar, the sup errotation blo ws the hottest regions of the atmosphere

do wn wind b y � 60

�

of longitude, but at lo w er pressures the temp er-

ature pattern trac ks the stellar illumination. W e predict factors of

sev eral v ariation in the infrared 
ux receiv ed at Earth throughout

an orbital cycle; if the photosphere is deep enough ( � 50{100 m bar

pressure), the p eak infrared emission should lead the time of sec-

ondary eclipse b y 10 hours or more. Dynamics pla ys a k ey role in

shaping the sp ectrum, clouds, c hemistry , and long-term planetary

ev olution.

Observ ational constrain ts on comp osition, upp er limits on alb e-

dos, and | most impressiv ely | detections of HD209458b and T rES-1

in thermal emission mark a w atershed in the study of extrasolar gi-

an t planets: information on temp eratures, comp ositions, and radii will

increasingly b ecome a v ailable, esp ecially for close-in EGPs (the \P e-

gasi planets" or hot Jupiters). A kno wledge of atmospheric dynamics

will b e crucial for understanding these new observ ations. First, the in-

teraction of dynamics with radiativ e transfer con trols the temp erature

structure, whic h shap es the infrared sp ectrum and ligh tcurv e. Most cur-

ren t radiativ e-transfer mo dels adopt radiativ e-equilibrium conditions

and mak e arbitrary assumptions ab out whether the absorb ed stellar


ux gets redistributed across the planet or heats only the da yside; ho w-

ev er, dynamics can push the atmosphere far from radiativ e equilibrium,

and the exten t of heat redistribution is a r esult of the dynamics (and
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ma y dep end strongly on heigh t). Second, whether clouds exist dep ends

on the temp eratures and lo cations of ascen t/descen t, whic h is again

con trolled b y the circulation. This in turn determines the alb edo, visi-

ble ligh tcurv es, and | if high-altitude (few m bar) clouds form | causes

masking of sp ectral lines. Simple mo dels often assume a global cloud

la y er, but one could easily imagine circulation regimes where clouds

form only on the da yside or only on the nigh tside (Sho wman and Guillot

2002). Third, circulation ma y lead to disequilibrium b et w een CO and

CH

4

, remo v e condensable sp ecies (Na

2

S, CaTiO

3

) via nigh tside cold

trapping, and cause other c hemical e�ects. F ourth, the atmospheric

heat engine pro duces enormous kinetic energy , whic h, if transp orted

deep enough, ma y a�ect the in terior ev olution. This has b een suggested

as a p ossible mec hanism for pro ducing the large radius of HD209458b,

for example (Guillot and Sho wman 2002, Sho wman and Guillot 2002).

The mass and radius of a transiting extrasolar planet sets the sur-

face gra vit y , whic h is � 9 m sec

� 2

for HD209458b. The fast spindo wn

times for hot Jupiters implies that these planets rotate sync hronously

within a factor of t w o (Guillot et al. 1996, Sho wman and Guillot 2002),

whic h yields a rotation p erio d equal to the orbital p erio d (3.5 da ys for

HD209458b). This rotation rate implies that rotation is imp ortan t but

not dominating: for � km sec

� 1

winds, the Rossb y n um b er is � 1.

These estimates imply dynamical length scales (the Rossb y deforma-

tion radius and Rhines length) of order a planetary radius. As a result,

an y jets and gyres that exist should b e global in scale. This con trasts

with the case of Jupiter, where these length scales are � 2{10% of the

planetary radius and | as a result | the dominan t jets and v ortices are

m uc h smaller than a planetary radius. Hot Jupiters should therefore

ha v e ph ysical app earances that di�er greatly from Jupiter and Saturn.

W eather on hot Jupiters o ccurs in a statically stable radiativ e zone

that extends from the top of the atmosphere do wn to � 1 kbar pressures

| not in a con v ectiv e region.

T o in v estigate the circulation, w e p erformed global, three-

dimensional n umerical 
uid sim ulations using the ARIES/GEOS dy-

namical core (Suarez and T ak acs 1995) in a domain extending from

1 m bar|3 kbar. The sim ulations adopted the primitiv e equations,

whic h are a simpli�ed form of the Na vier-Stok es equations v alid for

statically stable atmospheres that are v ertically thin compared to their

horizon tal exten t. W e used parameters for HD209458b and assumed

that the planetary in terior is in sync hronous rotation with the orbital

p erio d. The nominal resolution is 72 � 45 in longitude and latitude

with 40 v ertical lev els. In the sim ulations, the dynamics are driv en

solely b y the imp osed da y-nigh t heating con trast. Rather than solv-

ing the radiativ e transfer explicit y , w e adopted a thermo dynamic heat-

ing rate (in K sec

� 1

) of ( T

eq

� T ) =�

rad

, where T

eq

is the sp eci�ed
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Figure 1.: T emp er atur e (gr eysc ale) and winds (arr ows) at pr essur es of 2

mb ar, 220 mb ar, and 20 b ars at 5000 Earth days of simulate d time. Pe ak

winds ar e 9.2, 4.1, and 2 : 8 km sec

� 1

fr om top to b ottom, r esp e ctively.

He ating o c curs on the dayside (longitudes � 90

�

to 90

�

) and c o oling o c-

curs on the nightside (longitudes � 180

�

to � 90

�

and 90

�

to 180

�

). The

substel lar p oint is at 0

�

latitude, 0

�

longitude.
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Figure 2.: L ongitudinal ly aver age d e ast-west winds versus latitude and

pr essur e fr om the simulation in Fig. 1. Positive values ar e e astwar d.

radiativ e-equilibrium temp erature pro�le (hot on the da yside and cold

on the nigh tside), T is the actual temp erature, and �

rad

is the radiativ e-

equilibrium timescale (a function of pressure). The v ertical structure of

T

eq

and �

rad

w ere tak en from Iro et al. (2005); the da y-nigh t di�erence

in T

eq

w as a free parameter that w e v aried from from 100|1000 K. See

Co op er and Sho wman (2005) for further details.

Figure 1 sho ws the temp erature (greyscale) and winds (arro ws)

for three la y ers (2 m bar, 200 m bar, and 20 bars from top to b ottom,

resp ectiv ely) after a sim ulated time of 5000 Earth da ys. The imp osed

heating con trast leads to winds exceeding sev eral km sec

� 1

. By 5000

da ys the sim ulation has appro ximately reac hed a statistical steady state

at pressures less than 3 bars, although the winds con tin ue to increase

at deep er lev els. A t the top (2 m bar), the radiativ e time constan t

is � 1 hour (m uc h less than the adv ection time), so the hot regions

remain con�ned to the da yside. The temp eratures are in near-radiativ e-

equilibrium, with da y-nigh t temp erature di�erences of � 1000 K. A t 200

m bar, close to the exp ected photosphere if the planet lac ks high-altitude

clouds, a broad � 4 km sec

� 1

east w ard sup errotation dev elops. Here,

the radiativ e time constan t, � 10

5

sec, is comparable to the time needed

to adv ect air across a planetary radius. The circulation therefore blo ws

the hottest regions of the atmosphere do wn wind from the substellar

p oin t b y � 60

�

degrees of longitude. T emp erature di�erences reac h

� 500 K at this lev el.
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Figure 3.: Infr ar e d brightness of HD209458b as viewe d at Earth during

(a) tr ansit, (b) one-quarter p erio d after tr anit, (c) se c ondary e clipse,

and (d) one-quarter p erio d after se c ondary e clipse. The planetary r o-

tation axes ar e vertic al, with the sup err otating jet se en in Fig. 1 going

fr om left to right in e ach p anel. The smal ler schematic glob es in the

top r ow il lustr ate the il lumination of the planet by sunlight, as viewe d

at Earth, during these same phases. Time incr e ases fr om left to right.

The dev elopmen t of a broad, sup errotating (east w ard) jet, with

large da y-nigh t temp erature di�erences at p < 1 bar, is a robust fea-

ture in all our sim ulations. W e p erformed a v ariet y of sim ulations

using radiativ e-equilibrium temp erature pro�les from Burro ws et al.

(2003), Chabrier et al. (2004), or Iro et al. (2005); and using radiativ e-

equilibrium da y-nigh t temp erature di�erences of 1000, 750, 500, 250, or

100 K. W e ev en p erformed sim ulations whose initial condition con tained

a broad westwar d equatorial jet extending from � 2 bars to the top of

the domain. All of these sim ulations dev elop ed strong east w ard jets re-

sem bling that in Fig. 1. F urthermore, these results agree with Sho wman

and Guillot (2002), who also obtained broad east w ard jets in ev ery one

of their sim ulations using a di�eren t n umerical co de. This giv es us con-

�dence that east w ard 
o w is a robust result, at least within the con text

of our adopted input parameters. What all these sim ulations ha v e in

common are short radiativ e time constan ts at pressures � 1 bar, whic h

allo w the dev elopmen t of longitudinal temp erature v ariations that are

essen tially a large-amplitude thermal tide. W e sp eculate that, as has

b een suggested for V en us, this tide induces the sup errotation b y pump-

ing eddy energy and east w ard momen tum up w ard and equatorw ard. (In

absence of suc h eddy e�ects, the equatorial 
o w w ould b e w est w ard.)

Our results di�er from the one-la y er shallo w-w ater calculations of

Cho et al. (2003), whic h pro duce w est w ard equatorial 
o w. Ho w ev er,

shallo w-w ater turbulence in v ariably pro duces w est w ard 
o w ev en for

planets suc h as Jupiter and Saturn whose equatorial jets are east w ard

(e.g., Cho and P olv ani 1996, Iacono et al. 1999a, P eltier and Stuhne
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Figure 4.: Pr e dicte d infr ar e d lightcurve for HD209458b assuming black-

b o dy emission fr om the 220 mb ar level (left) or the 10 mb ar level (right).

2002; see V asa v ada and Sho wman 2005 for a review). This feature

seems to result from the exclusion of three-dimensional pro cesses in the

shallo w-w ater equations.

The patterns in Fig. 1 ha v e implications for the infrared ligh tcurv e

of the planet throughout its orbit, as sho wn in Figs. 3 and 4. The glob es

in Fig. 3 (b ottom ro w) sho w the infrared brigh tness at four phases as-

suming the planet emits as a blac kb o dy from the 220 m bar lev el. The

glob es in the top ro w sho w the illumination as view ed from Earth dur-

ing these same phases. The k ey p oin t is that, in the absence of winds,

the temp erature pattern w ould follo w the illumination (i.e., the infrared

app earance w ould also corresp ond to the top ro w of glob es). The dif-

ferences b et w een the idealized illumination patterns and the sim ulated

brigh tness patterns result solely from atmospheric dynamics.

Figure 4 (left) sho ws the corresp onding ligh tcurv e assuming the

photosphere is at the 220 m bar lev el, as migh t b e exp ected for a cloud-

free planet. Because the hot regions b ecome o�set from the substellar

p oin t at this pressure, the mo del predicts that the planet will radiate

its maxim um infared 
ux to w ard Earth � 14 hours b efor e the secondary

eclipse (rather than immediately around the time of secondary eclipse

as w ould o ccur without winds). This e�ect could allo w an observ ational

determination of wind direction | w est w ard winds w ould imply phase

shift in the opp osite direction (i.e., p eak 
uxes lagging rather than

leading the eclipse).

Nev ertheless, uncertain ties exist regarding the emission lev el. The

lo w er-than-exp ected Na (Charb onneau et al. 2002) and n ull detection of

CO (Deming et al. 2005b, Ric hardson et al. 2003) on HD209458b could

result from a high-altitude cloud at a few m bar pressure. If the cloud

optical depth exceeds unit y , then the primary infrared emission to space

o ccurs from the cloud altitude rather than from the deep er lev els ex-

p ected for a cloud-free planet. Figure 4 (righ t) sho ws the ligh tcurv e for

the case of emission from the 10-m bar lev el. Because the radiativ e time

constan t is short at these pressures (Iro et al. 2005), the o�set sho wn
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Figure 5.: Solid and dashe d curves show the temp er atur e pr o�le at

the substel lar and antistel lar p oints, r esp e ctively, for the simulation in

Fig. 1. The dotte d line shows the glob al ly aver age d r adiative-e quilibrium

pr o�le fr om Ir o et al. (2005). Note the formation of a dayside inversion

layer at pr essur es less than 0.3 b ars even though none exists in r adiative

e quilibrium.

in Fig. 4 (left) has largely disapp eared. The magnitude of the 
ux dif-

ferences has increased from � t w o-fold (Fig. 4, left) to eigh tfold (Fig. 4,

righ t). Emission from suc h high altitudes w ould largely mask the signa-

ture of winds. It is p ossible that some planets ha v e high-altitude clouds

while others do not (HD209458b and T rES-1 ma y represen t these cases;

F ortney et al. 2005), so a range of infrared-ligh tcurv e b eha viors is to

b e exp ected among real planets.

Dynamics can push the atmosphere far from radiativ e equilibrium,

and this ma y ha v e implications in explaining the existing Spitzer IRA C

data at 4.5 and 8 � m for T rES-1 (Charb onneau et al. 2005). Curren t

radiativ e-equilibrium mo dels cannot easily explain the data: if they ex-

plain the 4 : 5 � m 
ux, then they do not predict enough 
ux at 8 � m

(F ortney et al. 2005, Burro ws et al. 2005, Seager et al. 2005, Barman

et al. 2005?). P art of the problem is that 8- � m photons are emit-

ted from higher altitude, where radiativ e-equilibrium mo dels predict

colder temp eratures. One solution is to in v ok e a temp erature in v er-

sion so that the emission region for 8- � m photons is hotter than for

4.5- � m photons. F ortney et al. (2005) accomplished this b y adding

an ad ho c heat source, whic h lead to an impro v ed �t to the Spitzer

data. A k ey p oin t is that dynamics can natur al ly pro duce suc h a da y-
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Figure 6.: Time evolution of the longitudinal ly aver age d e quatorial

e ast-west winds fr om the simulation in Fig. 1. Thin dashe d, dash-dot,

dotte d, thick dashe d, and solid curves show pr o�les at 1000, 2000, 3000,

4000, and 5000 Earth days of simulate d time. Note the gr adual down-

war d p enetr ation of winds fr om 10{100 b ars over the c ourse of the sim-

ulation.

side temp erature in v ersion, ev en when no suc h in v ersion w ould exist

in radiativ e equilibrium (Fig. 5). The in v ersion o ccurs b ecause of the

up w ard-decreasing radiativ e time constan t: as air columns sup errotate

from nigh tside to da yside, the air at the top w arms m uc h more rapidly

than air at the b ottom, pro ducing an in v ersion. No ad ho c heat sources

need b e in v ok ed.

The large radius of HD209458b has remained a puzzle, particularly

giv en that the other 7 kno wn transiting planets ha v e radii in agreemen t

with ev olution calculations (e.g., Guillot 2005). Sho wman and Guillot

(2002) and Guillot and Sho wman (2002) suggested that mec hanical en-

ergy pro duced b y the atmospheric heat engine could b e adv ected in to

the in terior, where it could b e dissipated and migh t pro vide a source of

heat that w ould slo w the con traction. In the curren t sim ulations, all of

the heating/co oling (whic h is the sole energy source in the sim ulations)

o ccurs at pressures � 10 bars. Nev ertheless, the sim ulations gradually

dev elop strong winds at pressures > 10 bars, whic h implies that do wn-

w ard transp ort of kinetic energy from heated regions in to the in terior

o ccurs. Figure 6 sho ws the ev olution of longitudinally a v eraged winds

at the equator o v er time. The winds at pressures � 1 bar rapidly reac h

a quasi-steady equilibrium, but the winds from 10{100 bars increase
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throughout the sim ulation (this implies a large increase in kinetic en-

ergy b ecause that la y er con tains ten times more mass than the en tire

o v erlying atmosphere). The build-up of winds in Fig. 5 corresp onds to

a do wn w ard kinetic energy 
ux of � 10

3

W m

� 2

, whic h is 10{100 times

greater than the in trinsic 
ux predicted in ev olution mo dels (Guillot

and Sho wman 2002, Chabrier et al. 2004, ....). More w ork is needed

to determine the fate of this energy , but it suggests that atmospheric

circulation could a�ect the long-term ev olution.
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