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ABSTRACT

Context. Hot Jupiters exhibit atmospheric temperatures ranging fnoindreds to thousands of Kelvin. Because of their large day
night temperature élierences, condensable species that are stable in the gasqrhd®e dayside—such as TiO and silicates—may
condense and gravitationally settle on the nightside. Aheric circulation may counterbalance this tendency &witationally
settle. This three dimensional (3D) mixing of chemical spedas not previously been studied for hot Jupiters, yat drucial to
assess the existence and distribution of TiO and silicaté®ei atmospheres of these planets.

Aims. We investigate the strength of the nightside cold trap inJugtiter atmospheres by investigating the mechanismstagrgsh

of the vertical mixing in these stably stratified atmosphe¥e apply our model to the particular case of TiO to addiesgtiestion

of whether TiO can exist at low pressure irffiztient abundances to produce stratospheric thermal imrerslespite the nightside
cold trap.

Methods. We perform 3D global circulation models of HD 209458b inéhglpassive tracers that advect with the 3D flow, including
a sourcgsink on the nightside to represent condensation and gtiawvitd settling of haze particles.

Results. We show that global advection patterns produce strongoagnmnixing that can keep condensable species lofted as long
as they are trapped in particles of sizes of a few micronsss ¢a the night side. We show that vertical mixing resultsframh
small-scale convection but from the large-scale circatatiriven by the day-night heating contrast. Although tagieal mixing is
not diffusive in any rigorous sense, a comparison of our resultsidétilized dffusion models allows a rough estimate of tifieetive

vertical eddy ditusivities in these atmospheres. The valye = ff% mz/s can be used in 1D models of HD 209458b. Moreover,
our models exhibit strong spatial and temporal variabilityhe tracer concentration that could result in observaatetions during
either transit or secondary eclipse measurements. Finedlyapply our model to the case of TiO in HD 209458b and shoivtttea
day-night cold trap would deplete TiO if it condenses intatipkes bigger than a few microns on the planet’s night sidaking it

unable to create the observed stratosphere of the planet.

Key words. Planets and satellites: atmospheres - Methods: numeiidiusion

1. Introduction star (see Kirkpatrick (2005) for a review). As brown dwarnfep

i . duce their own light, high-quality spectra of their atmosygh
1988 was marked by the discovery of the first substellar 0opan pe measured. Numerous atmospheric models have been buil
ject outside our solar system (Becklin & Zuckerman 1988)sThyg fit the data, from simple models with a reduced set of free pa
discovery was followed by numerous other discoveries of cogymeters (Ackerman & Marley 2001) to sophisticated modtels i
brown dwarfs, whose spectréfidir significantly from stars. This ¢|yding the detailed physics of condensation, growth atttirsg
:ed t:) the deofmm&n or:‘ tere_Ie_ ne\(/jv;s(pdectra;l classes bfeyonsttﬂre of particles (Woitke & Helling 2004).
arclasses Oto M:the L, T and Y dwarfs, ranging from temper- -, discovery and characterization of exoplanets followed
atures of 2300 K to 350 K (Cushing et al. 2011). To obtain 8,5 pehind. The first detection of a planet around a main se-

understanding (.)f. these brown dwarfs and the mechani_sr_ns nce star by Mayor & Queloz (1995) opened the trail for the
cause the transition from one spectral clas_,s to anotherfuir:- discovery of hundreds of exoplanets. Some years later,-atmo
damental to take into account condensation processesildn eric characterization of these objects became avva,ilbb,th
atmospheres molecules can form, then condense and rain transit spectroscopy (Charbonneau et al. 2002) amd fro

impacting the observed_s_pec_tral features of the_se objeqtar- direct detection of the planet’s thermal emission (Chansau
ticular, the M to L transition is marked by the disappearasice o 5| 5005). Although the global-meafiiective temperatures of
the ttanium oxuj_e TiO bands, wh|ch |s.understood by ItsdFanhage planets are similar to those on brown dwarfs, a mafor di
formation into TiQ and conden_sauo_n into perovskite CaliOterence is that hot Jupiters are strongly irradiated. Ddjpgyon
]SLodderslzo((j)Z). Thel tr? T transmoln IS du]pderstood aithm' Eﬂe incident stellar flux, planetary rotation rate, and ofaetors,

rom a cloudy atmosphere fo a cloud-free aimosphere as ﬁ1ospheric circulation models show that this day-niglathe
cloud layer migrates into the deep, unobservable regiomiseof ing gradient can lead, at low pressures, to nightside teatpes
that are at least1000 K colder than dayside temperatures (e.g.
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& Menou 2010, 2012c; Heng et al. 2011a,b; Perna et al. 201211). However, these estimates are crude, and there isda nee
As a result, a wide variety of condensable species that are sor theoretical work to more rigorously characterize thetieal

ble in the gas phase on the dayside may condense on the nigfhiking rates in hot Jupiter atmospheres.

side, leading to the formation of particles there. In theealos In this study we are interested in the horizontal cold trap. W
of atmospheric vertical mixing, such particles would gtation- we present three-dimensional general circulation mod€NEG

ally settle, depleting the atmosphere of these speciesthrtie experiments of HD 209458b to model a chemical species that
dayside and the nightside. ffaiently strong vertical mixing, condenses and settles on the nightside of the planet. We show
however, may keep these particles suspended in the atnresphtbat mixing in hot-Jupiter atmospheres is dominated byearg
allowing them to sublimate into gas phase in any air trartsplor scale circulation flows resolved by the GCM. Finally, frone th
from nightside to dayside. Thus, the existence of this miglet 3D model, we derive the values of affextive vertical mixing
“cold trap” is crucial for understanding not only the existe codficient, representing the global mixing of the planet. We also
of hazes on hot Jupiters (e.g. Pont et al. 2012) but also the geompare these 3D models to an idealized 1D model parameter-
phase composition of the atmosphere on both the dayside &idg mixing using an eddy fusivity, with the goal of estimat-

the nightside. ing an dfective eddy dfusivity for the mixing rates in the 3D

These arguments are relevant to a wide range of titanidfPdels. These are the first circulation models of hot Jupiter
and vanadium oxides, silicate oxides, and other specigsarn include a representation of clouds.
ticular, chemical-equilibrium calculations show thattemnper-
atures 0i~1000-2000 K, there exist a wealth of condensates ifi- 3p model
cluding Tk O3, TizOs, and TO7 (among other titanium oxides),
MgAI,04, Mg,SiOs, MgSiOs, NaAlSiOg, KAISisOg, and sev- Here, we use a state-of-the-art 3D circulation model, oedijp
eral phosphorus oxides (Burrows & Sharp 1999; Lodders 200@)passive tracer representing a condensable speciesgtmdet
Understanding the possible existence of gas-phase TiOKNahow the interplay between dynamical mixing and verticat set
and other species on the dayside would therefore appear tottigg controls the spatial distribution of condensablecsge on
quire an understanding of the nightside cold trap. hot Jupiters. Although the dayight cold trap should be present

A particularly interesting problem in this regard is th(—%n most hot Jupiters, for concreteness, we must select &part
existence of exoplanet stratospheres. For some tranditing 2" system to investigate. HD 209458D is among the bestestudi
Jupiters, Spitzer IRAC secondary-eclipse observatiodisate N0t Jupiters. Sitting at the boundary between pM and pL sane
the presence of thermal inversions (stratospheres) oa fias- it is believed to harbor a stratosphere (Knutson et al. 2608)
ets’ daysides (Knutson et al. 2008). These stratosphesagear & Srong day-night temperature contrast (Showman et aB)200
erally thought to result from absorption of starlight byosty e decided to use it as our reference model in this studyjkgep
visible/ultraviolet absorbers, but debate exists about the specifichind that most of the mechanisms discussed here should ap-
chemical species that are responsible. Hubeny et al. (20a8) P!Y to all hot Jupiters. To model the atmosphere of HD 209458b
Fortney et al. (2008) showed that, because of their enormd¥§ Use the 3D Substellar and Planetary Atmospheric Radiatio
opacities at visible wavelengths, the presence of gasétaus @Nd Circulation (SPAR®IITgcm) model of Showman et al.

nium and vanadium oxides can lead to stratospheres analog?09), Which couples the plane-parallel, multi-streadiaa
to those inferred on hot Jupiters. tive transfer model of Marley & McKay (1999) to the MITgcm

However, a crucial question is whether the nightside cof('ja‘dcr()]ct etal. 2004).
trap would deplete the atmosphere of TiO, preventing this
species from serving as the necessary absorber (Showmkan e2.da. Dynamics

2009; Spiegel et al. 2009). To model the dynamics of the planet we solve the global, three

bl Aslgct)mtedl%ut %Y st_everal aufthors,éhTre eX'StStat?]%;her'poiﬁmensional primitive equations in spherical geometryngsi
€ cold trap. LU radiative-transter models sugges Me - the MITgcm, a global circulation model for atmosphere and

hot Jup|tﬁeir$, tTle glt?ga]}l-mear:j temp{[(_arature—pressurﬁ_%lmt H oceans developed and maintained at the Massachusettatisti
comes stiiciently coid for condensation of gaseous 110 10 0Cqq Technology. The primitive equations are the standarchequ
cur at pressures of tens to hundreds of bars (e.g., Fortrey e

tions used in stably stratified flows where the horizontaletim
2008). Even though a stratosphere on such a planet would s greatly exceed the vertical ones. In hot Jupitershéfre

sufficiently hot_for T'O._'f present—to exist in the gas phas.qzontal scales are 10- 10®m whereas the vertical scale height
the.condensatlon of TiO gnd downward SeF“'”g of the rersylﬂ fall between 200 and 500km leading to an aspect ration of 20
grains at-10-100 bars might prevent th_e existence of TiO in tht% 500. In order to minimize the constraints on the timestgp b
atmosphere (Showman et al. 2009; Spleggl eF al. 2009). the CFL criterion, we solve the equations on the cubed-gpher
_The strength of these two cold traps is given by a compgrid as described in Adcroft et al. (2004). The simulations d
tition between gravitational settling and upward mixindie€T not contain any explicit viscosity norflisivity. However, in or-
vertical mixing results from complex 3D flows. When using ger to smooth the grid noise and ensure the stability of tiie co
1D-model, the vertical mixing is usually considered to b \ve use a horizontal fourth-order Shapiro filter (Shapiro®9nh
sive only, and parametrized by ditlision codlicientKz. Several the vertical direction, no filtering process is applied. Eanore
studies give an estimate for this verticaffdsion codicient in  getailed description of the equations see Showman et #9(20
hot-Jupiter atmospheres. Heng et al. (2011b) uses the tndgni  we use a gravity of 81 ms2, a planetary radius of
of the Eulerian mean streamfunction as a proxy for the stten® 44 x 10’ m and a rotation rate of.@6x 10°° st (implying

of the vertical motions and derived a vertical miXing fio@ent a rotation period Of 3.5 days)_ The average pressure rarﬂy@sf
of the order oK, ~ 10° mz/s. Some other works about chem200 bars at the bottom of the atmospheredg at the top of the
istry in hot-Jupiters decided to use an estimate based awthie second-highest level, with the uppermost level extendiogf
mean squared vertical velocity either the local value (@vopa pressure ofygp to zero. In most modelgyop is 2 pbar with

& Showman 2006) or the planet-averaged value (Moses et &8 vertical levels. In some models—particularly those vifith
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largest cloud particle size—we adqmgp of 20ubar with 47 ver- total derivative is defined bfp/Dt = /ot +v-V + ‘”aip* where
tical levels. In either case, this leads to a resolution ofcat t is time,v is the horizontal velocityy is the horizontal gradi-
three levels per scale height. We use a horizontal resolaio ent operator on the sphere,= Dp/Dt is the vertical velocity
C32, equivalentto an approximate resolution of 128 cellosmA  in pressure coordinates, apds pressure. We model a condens-
gitude and 64 in latitude and a timestep of 15 s. We reran sogj§le species which is gaseous on the dayside of the plartet, an
models at C64 resolution (equivalent to an approximateluesotrapped into particles of sizeon the nightside. Thus the source
tion of 256x128 in longitude and latitude) to check convergencgrms represents the gravitational settling of these partiates a

is given by
2.2. Radiative transfer <. 0 on the dayside 5
The radiative transport of energy is calculated with thenela - %_‘Wgzvf) on the nightside (2)

parallel radiative transfer code of Marley & McKay (1999her

code was first developed for Titan’s atmosphere (McKay et glherez is the height, increasing upwarjs the density of the
1989) and since then has been extensively used for the sfudwip and V; is the settling velocity of the particles defined by
giant planets (Marley et al. 1996), brown dwarfs (Marley let aequation 3. This velocity depends on the size of the pasticle
2002; Burrows et al. 1997), and hot Jupiters (e.g. Fortneyf.et which is determined by the complex microphysics of conden-
2005, 2008; Showman et al. 2009). We use the opacities @gtion, out of the scope of this study. Thus we teeas a free
veloped by Freedman et al. (2008), including more recent Ugarameter in our model. We model spherical particles ofi radi
dates, and the molecular abundances described by Lodderg & 05, 1, 25, 5 and 10um. Equation 2 describes a simple,
Fegley (2002) and Visscher et al. (2006). As in the models gfmodal mechanism for the condensation of chemical species
HD 209458b presented by Showman et al. (2009) and Showmgithe nightside. Although this scheme is highly simplifiég (

et al. (2012), our opacity tables include gas-phase TiO a@d \horing the detailed temperature- and pressure-dependétice
whenever temperatures are locally high enough for TiO to rgondensation curves of possible condensates in hot Jugtiter
side in gas phase. Note that, because of the assumptionadf Igospheres), it reflects the fact that a wide range of spedles w
chemical equilibrium, we do not consider thieet of cold traps reside in gaseous form on the dayside yet condensed formwat lo
on the atmospheric composition, and thus on the opaciti€s. Tpressures on the nightside.

opacities are always taken into account where temperattiees  The tracers are considered passive, which means they do not
high enough for TiO to exist in the gas phase. This causesmwahfluence either the dynamics or the radiative transferefim-
stratosphere on the dayside of our modeled planet, regardfe ylation. This ignores a role for possible radiative feedraech-

the 3D distribution of our tracers (to be described below).  anisms — discussed in Sect. 6 — but represents a necesshry firs

We treat the opacities using the correlatethethod (e.g., step toward understanding how dynamics controls the 3Bi-dist
Goody 1961). We consider 11 frequency bins for the opacitipgtion of a condensable species.

ranging from 026 to 300um; within each bin, opacity infor-
mation from typically 10,000 to 100,000 frequency intesvisl . )
represented statistically. Note that thisoeficient approach is 2-4- Settling velocity

much more accurate than other multi-bin radiative tranafer \ve assume that the target chemical species condenses into
proaches recently adopted in the literature (Dobbs-Dixcal.e gpherical particles of radiusthat reach immediately their ter-

2012; Dobbs-Dixon & Agol 2012). Showman et al. (2009) proming| fall speed, which is given by (Pruppacher & Klett 1978)
vide a detailed description of the radiative-transfer nhade its

implementation in the GCM. 2Ba%9(op — p)

Vi o 3

2.3. Tracer fields . . . . o

wheren is the viscosity of the gag is the gravitational accel-
Our target species is represented by a passive tracer fielceiT eration of the planef, is the density of the particle andthe
fields are often used in GCMs to follow the concentration afensity of the atmospheré; is positive when the particles goes
a chemical species such as water vapor or cloud amount in @@vnward. The Cunningham slip fact@y,accounts for gas ki-
atmosphere or salinity in the oceans. Cooper & Showman (200&tic dfects that become relevant when the mean free path of the
were the first to include a chemical tracer in a circulatiordeio atmospheric molecules is bigger than the size of the fapigj-
of hot Jupiters, in their case to investigate the quenchfr@® cle. This factor has been measured experimentally by numsero
and CH, due to atmospheric mixing. Our study represents tigxperiments. We adopt the expression from Li & Wang (2003)
first hot-Jupiter circulation model to include a represtataof as done by Spiegel et al. (2009).

clouds.

The tracer field is advected by the flow calculated in the B =1+Ky(1.256+ 0.4 1/Kx) (4)
GCMt'. Thus the tracer abundanges given by the continuity where the Knudsen numbky is the ratio of the mean free path
equation: to the size of the patrticle :

Dx
. ) Ky = —. (5)
Here,y represents the mole fraction of the tracer, i.e., the number a

of molecules of the species in a given volume, either in gaseo  For a perfect gas, the mean free path can be expressed as
phase or trapped in condensed particles, with respect tothle (chapman & Cowling 1970):

number of atmospheric molecules in that volume. For simplic
ity the value ofy is normalized to its initial value in the deep _ keT 1 ©)
layers of the planet. In the equatid® s a source term and the - N P
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Fig. 1: Terminal velocity of a falling particle as a functimfi Fig- 2: Settling timescale as a function of pressure andgbert

value of the gravitational acceleration of 15 T.s advective timescale (black curve) and the simulation toakes

(blue curve). In the shaded region (below 1bar), the traaess
considered gaseous and the settling timescale is not rdlfeva
with d the diameter of the gas molecul€sandT the pressure our study.
and temperature of the gas akgthe Boltzmann constant.
In the limit of a high-density atmospherg, — 1 and the
terminal speed/; becomes the Stokes velochgiokes
For low density gases, the dynamical viscosity is indepen-
dent of pressure and can be expressed as a power law of the
local temperature with an exponent varying betweghind the
hard-sphere model to near unity, depending on the strerfgthvaries significantly from low to high pressure (Iro et al. 800
the interactions between the molecules. Following Acker®a Showman et al. 2008). Nevertheless, Showman et al. (2009)
Marley (2001), we use the analytical formula given by Rosnshowed that the computed light-curve of HD189733b changes

(2000) for the viscosity of hydrogen : little for integration time longer than hundreds of daysligat-
016 ing that the dynamics in the millibar regime has stabilizasl.
_ 5 VrmkeT (KsT /€)™ (7) we integrate-1400 days, we consider the dynamics of the planet

T= 16" nc 122 to be spun up at pressures less thd00 mbar. For the settling

with d the molecular diametem the molecular mass and of particles, another timescale must be taken into accdung.

the depth of the Lennard-Jones potential well (for e use particle settling timescale can be define_d as the time; fopéne
2.827x 1071° m and 597ks K respectively). The power law be- ticles to fall one atmospheric scale height. To obtain aesrr
havior of the viscosity remains valid for temperatures fagg Picture of the problem at a given location of the planet, wedhe
from 300 K to 3000 K and for pressures less than 100 bars (Sﬁg||nteg(ate 'ghe 5|mulat|on_for at Igast several times I_mnigm
& Thodos 1963). At higher temperature, ionization of hydrng € Settling timescale at this location. As we can see in fipe2
becomes relevant and the viscosity reaches a plateau. lowd¢tHling timescale ranges from tens of seconds for biggestat

the temperatures of the model are everywhere less than 300 Pressure to tens of.ye.arg for_ s_mall partic!es at highm
and so equation 7 remains valid. ue to computational limitation it is not possible to run gim-

Figure 1 displays the resulting terminal velocity as a fiorct ulation long enough to ensure that every considered tragler fi

of pressure and particle size. Twdfdrent regimes are observed'2S réached a statistical steady state for the full rangarditie

For Knudsen numbers smaller than unity, the terminal vetociSiZ€S We consider. The integration during 1400 days allows t
is independent of pressure, whereas for Knudsen numbers g&culate the steady state for every particle size at presswer
ceeding unity, the terminal velocity is inversely proponl to than ten millibar and at every pressure for particle sizeyéig
the pressure. At low pressure and for particles bigger tHamwa than 2em.

tens of micrometers, the Reynolds number becomes higher tha We define the advective timescale as the time for a parcel
unity, and Equation 3 is no longer valid. However, we show il the main jet stream to cross one hemisphere of the planet. |
Appendix A that these dierences remain smaller than one ordehe advective timescale exceeds the settling timescalgiaea

of magnitude and confined to a small parameter space thus|agel, the particles at these levels will fall several sdabéghts
decided to neglect them for this work. while on the nightside. We thus expect that these levels will
be depleted. Conversely when the advective timescale i$esho
than the settling timescale, the coupling between the flahtlag
particle is essential and particles’ behavior cannot beipted

A challenge for any 3D numerical integrations of hot-Jupite-  easily. Typical advective times in our models at& hours; this
namics is the wide range of timescales exhibited by these &t-marked by the upper thick black curve in fig. 2. We expect
mospheres. This is true for the radiative time constantclwvhidepletion to occur above this line.

2.5. Integration time—limitation of the study
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Fig. 3: Temperature (left panel, colorscale), verticabegles (right panel, colorscale) and horizontal windsdas) in our model
of HD 209458b. Positive velocities are upward. The top thuaeels show the flow at threeffdirent pressure (0.1mbar, Imbar and
10mbar). The bottom panel show the vertical velocitieswiengitude and pressure along the equator. The subgteliatris at
longitude, latitude (9 0°), the dayside is betweerB0° and+90°. All the quantities are time averaged.

3. Results the Lagrangian advection of particles, thus we first present
brief description of the dynamics. A more complete desimpt

of the circulation in our simulations is presented in Showma
We run the simulations for 1400 days and calculate the ti Lal (2009)h. Th? tern_rtJ)leraturel _strducturg IS ST]OW” in fig. |3 A
average for all the variables over the last 400 days onlyeondt Stratosphere is visible at altitudes above the 10-rree,

the simulation reacsa statistical steady state at upper level d“e to the s_trongl V|S|tt;le-\évaveIen_gthhabs_orp]uop by_lt_ltemmx-
Understanding the flow structure is essential to undergignd'd€ Presentin solar abundances in the simulation. Temjresat

3.1. Dynamical regime
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reach~2200 K at low pressures near the substellar point. E 15
contrast, the temperatures deeper than 10 mbar in the @ay:

are relatively temperate. This could lead to the presenaesef-

tical cold trap, not considered in this study. The day-night- 10
perature contrast becomes significant at pressures lass 1108

mbar, reaching 1600 K near the top of the model. Thislargete 15
perature dierence results from the short radiative timescale

low pressures in comparison to dynamical timescales (lad.et 3
2005; Cooper & Showman 2005; Showman et al. 2008).

The horizontal flow on isobars comprises an eastward (sup
rotating) jet close to the equator and a day-to-night flowguat
at higher latitude. As the pressure increases, the radititive
constant increases and the jet extends to higher latitudes.
mean vertical velocities exhibit planet-wide variatiofig.(3). 10 0 ’
The highest velocities coincide with strong horizontal e —0.1um
gence of the flow and occur mostly at the equator. West of t  10° £ —0.5um
anti-stellar point, the convergence of the day-to-nigttudation lum

Pressure (bar)
=
o

forces strong downwelling motions. As described in Rausch 1 f=2.5um ‘ \

& Menou (2010), this convergence point appears in a range 100 —_— 5um I
hot Jupiter GCMs of varying complexity. It is usually assded 10um :
with a shock-like feature (Heng 2012). Our simulations assu 10° ‘ i i i

local hydrostatic equilibrium and thus can not treat pripere 0 0.2 0.4 0.6 0.8 1

physics of shocks. To date, no model of hot Jupiter atmosphe. Mean tracer abundance

dynamics can handle shocks properly. Yet, a similar wind-cop. . . :
vergence pattern appears when considering the non-hgtios ig. 4: Planet-wide, time aver_aged tracer abundances baiiso
nature of the flow as can be seen in Dobbs-Dixon et al. (201 j.'e abundances are normalized to the abundance_ln fche teepes
Between the substellar point and the west terminator, there yer. We compare the value of the_3D model (solid lines) and
additional convergengeivergence points associated with the jef€ fit using the 1D model (dashed lines).

leading to a region of strong ascending motiet®® of longitude

west of the substellar point, and a broad region of descgndin

motion west of that. These vertical flows remain coherent ovef the tracer by the atmospheric winds leads to a complegtrac
several orders of magnitude in pressure, giving them therpot distribution that does not exhibit an obvious day-nightrgetry.

tial to transport vertically large quantities of materi@utside The main pattern appears to be an equator-to-pole gradiiht,

of these points of strong vertical motions, the verticabeitles large zonal-mean abundances at the poles, and smaller-zonal
are more than one order of magnitude smaller. They are mogiigan abundances at the equator. This is particularly tauenar

upward on the dayside and downward on the nightside. 0.1mbar. Significant longitudinal tracer variations alsowcat
~1 mbar (fig. 5), these variations are particularly promirant

S ) high latitudes. Interestingly, these variations are plsasited in
3.2. Spatial distribution of condensable species longitude relative to the day-night pattern with maximumr(m

Our simulations show that, as expected, condensation atid paMum) peak tracer abundances occurriv&)-80 of longitude
cle settling on the nightside depletes the tracer from ufgvets €ast of the substellar (antistellar) point. _
relative to the abundances at depth—diee that is stronger ~ On top of these main patterns, we clearly see two points de-
for larger particles. This is illustrated in fig. 4 (solid wes), Pleted in tracers at the equator. These two points corresfmon
which shows the global-mean tracer abundance (averaged hepints of horizontal convergence of the flow and high down-
zontally on isobars) versus pressure for simulations wattigle  Welling motions as discussed in the previous section. Tdrisee
sizes ranging from.@ um to 10um. In all cases, the horizontally lation between strong downwelling motions and low tracemab
averaged tracer abundance decreases with altitude. The- defances arises naturally in the presence of a backgrounidalert
tion is modest for the smallest particle sizel(m), but for the 9gradient of tracer abundances. Due to their settling onitjietn
largest particle sizes, tracer abundances at the top aosetwo ~ Side, the local tracer abundance generally decreases @ighth
orders of magnitude smaller than abundances at the bottoma@d thus any downwelling motion would carry a parcels of gas
useful metric is the “50% depletion pressure,” that is, tresp depleted in tracer whereas any upwelling motion shouldycarr
sure above which the global-mean tracer abundance is lass tRarcel of gas enhanced in tracer.
50% of the deep abundance. This pressure is onjyba0 for a
particle size of Gum butis 0.1 bar for a particle size of Lén.
We also note that, for all the models shown in fig. 4, the plaic
settling times near the top of the model are much less than &g discussed in the previous section, the tracer abundance i
integration times; at low pressures, the tracer abundamaes not null everywhere in the planet, which implies that tracdid
reached a statistical equilibrium where downward trantspbr not rain out during the simulation time. Yet the integrattone
tracer due to particle settling is balanced by upward mixihg greatly exceeds the fall times at low pressure for all plrsizes
tracer by the large-scale dynamics. considered, and everywhere throughout the domain forgberti
The tracer abundance on isobars exhibits a strong spasizes exceeding a femwm. Therefore vertical mixing must hap-
variation as can be seen in fig. 5. Although a/déght pattern pen in order to keep these particles lofted. This verticadimgj
is imposed in the tracer souysak (with particle settling on the is characterized by an upward dynamical flux of tracers thhkt b
nightside but not the dayside), the three-dimensional etve ances the downward flux due to the gravitational settlindnén t

3.3. Geometry of the mixing



Latitude (°)

Latitude (°)

Latitude (°)

Latitude (°)

Latitude (")

20f

Parmentier et al.: 3D mixing in hot Jupiter atmospheres |

Imbar - 0.1pm 0.1mbar — 0.1 pm
Py
=}
2
| - N
-
0 -150  -100 -5
Longitude (°) Longltude © )
Imbar - 0.5um 0.1mbar - 0.5pum
Py
=)
=]
i - i
-
0 50 -150 -100 =5
Longitude (°) Longltude ©)
1mbar — 1pm 0.1mbar - 1 pm
1
0.8
06 g
g 2
0.4 <
0.2
0
-150 -100 -50 0 50 100 150 -150 -100 =5
Longitude (°) Longltude (° )
Imbar - 2.5pum 0.1mbar — 2.5pum
— : 1 . : :
T 0.8
F | —
0.6 D)
o (o]
i 0.4 g
C L L L 0 L L L L L L L
-150  -100 -50 0 50 100 150 -150  -100 -50 0 50 100 150
Longitude (°) Longitude (°)
1mbar — 5pm 0.1lmbar - 5um
1 80 T T T T T T T
0.8
0.6 D)
o (o]
B E
0.4 <
0.2
0 -80 . . . . . . .
-150  -100 -5l -150  -100 -50 0 50 100 150
Longnude Longitude (°)

Fig. 5: Time averaged tracer abundance at twtedént pressures and forfidirent particle sizes.
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nightside. The upward dynamical flux of tracers across isbaelative contribution to the upward mixing versus longewhd

can be calculated a<s’%> wherew is the vertical velocity in latitude at a given isobar, which can be estimated by thetgyan

pressure coordinategthe tracer abundanocgthe gravity of the

planet and the brackets denote the horizontal (globalpgeson F = M (8)

isobars. As can be seen in fig. 6, the upward flux of tracers due (wx)

to the dynamics (solid lines) balances nicely the downward fl ian i T ; ian

due to settling (dashed lines), showing that the simulatiich m:ts?wz(v);sir\g?\ttlﬁg ;r:j\tgiti%r,;@g:)ed%%ia;Etnsoﬁ?r?gjgntcl)m?ﬁé

reached a quasi steady-state. net (horizontally averaged) upward flux of material and soave
move the contribution of this term when defining equationt& T

6 quantity—é(w)n is the mean upward flux of material across iso-

10 ;0.1um bars, thus the quantity represents the local contribution to the
1075E osumfi  global upward flux onisobars. Itis normalized such (tkgt= 1.
1pm The strength of the mixing varies significantly with longleu
107 ——2.5umE  and latitude. Both upward and downward fluxes are one order
= 5um of magnitude larger than typical values in a handful of sfeci
10°F —10um|;  small areas across the planet—particularly at the two paifit

horizontal convergence and strong vertical velocitiecdiesd

i in Sect. 3.1. This vertical flows remains coherent over sdver
order of magnitude in pressure (see fig. 3), acting like acadrt

3 “chimney” where éficient transport of material can be achieved.
In summary, the mechanism by which the large-scale, re-
10" F ' el 7 solved atmospheric circulation transports tracer upwarex-
tremely simple and straightforward. The settling of pagsc

Pressure (bar)
=
o

101 7 leads to a mean vertical gradient of tracer abundance, with,
. average, small tracer mixing ratios aloft and large trace+m
10 ¢ ‘ ‘ ‘ ] ing ratios at depth. Given this background gradient, adeect

-3 -2 -1 0 1 2 3 by vertical atmospheric motions—whatever their geometry—
Fluxes accros isobars (kg/s) - negativeis upward , 10° g tmomatically produces a correlation betweerand (¢ — (x))
on isobars, with ascending regions exhibiting larger valag
(x — () than descending regions. In turn, this correlation auto-
matically causes an upward dynamical net flux of tracer when
averaged globally over isobars. In statistical steadyesthtis
upward dynamical flux balances the downward transport due to
particle settling and allows the atmospheric tracer abnoeldo

Hot Jupiter atmospheres are heated from above and thus@filibrate at finite (non-zero) values despite tifieet of par-
believed to be stably stratified. Then, vertical mixing cam nticle settling. The mechanism does not require convectad,
be driven by small scale convection as it is the case in thp ddBdeed, the vertical motions that cause the upward trabspor
atmosphere of brown dwarfs (Freytag et al. 2010) and theigas@Hr models are resolved, large-scale motions in the stataly s
ants of the solar system. As explained in Sect. 2.1, we dant h ifled atmosphere. These vertical motions are a key aspect of
any parametrization of sub-grid scale mixing. Thus we dcaet the global-scale atmospheric circulation driven by the-dight
count for mixing induced by small-scale turbulence and igyav heating contrast.
wave breaking, two mechanisms that are believed to dominate
the mixing in the radiative part of brown dwarfs atmosp.her§4' Time variability
(Freytag et al. 2010). Rather, the upward flux of tracer in our
model is due to the large-scale, resolved flow of the sinuutati Besides the spatial variability at a given time, the modéiiteix
Given that mass is conserved, any upward flux of gas is comignificant temporal variability, both in the 3D flow and espe
pensated by a downward flux of gas. Thus, if the tracer concaially in the tracer field. The equatorial jet exhibits a gibbs-
tration were horizontally homogeneous on isobars, thengldvo cillation pattern as can be seen in fig. 9. At the convergeoirg p
be no net upward flux of tracer through that isobar. For a neest of the substellar point, the jet orientation can be tdwlae
upward flux of tracers across isobars to occur, there must baarth, the south or well centered on the equator. Whereab$ob
correlation between the horizontal distribution of the&s and Dixon et al. (2010) described a variation in longitude withe
the vertical velocities. Dynamics will produce an upwardfluof the convergence point of the flow in the nightside, we see a
if—on an isobar—ascending regions exhibit greater tralbena variation in latitude of this convergence point and intetpr as
dance than descending regions. In other words, an upwaettrea result of the larger oscillation of the jet itself.
flux due to dynamics will occur only ify — (x)) v < 0 where The tracer abundances at specific locations on the planet
w is the upward velocity in pressure coordinagess the tracer exhibit strong temporal variability. This is illustrated fig. 9,
abundance and the brackets are the mean over one isobar (ndtieh shows the tracer abundance at 0.1 and 1 mbar over the
that negativev implies upward motion). Given a vertical gra-globe at several snapshots in time for a model where the ra-
dient of (x) such that the abundance ¢fy decreases upward,dius of particles on the nightside is52:m. Significant varia-
an upward flux of gas will naturally bring enhanced materiaions in tracer abundance are advected by the equatorehgit
whereas a downward flux will naturally advect parcels of gag high latitudes, by the day-to-night flow, leading to latge
depleted in tracers, thereby creating the correlation éetw cal variations in time. In many cases, the strongest tragef v
andy favorable for upward tracer transport. Figure 7 shows tlability seems to involve regional-scale structures withidsgl

Fig. 6: Time averaged fluxes of tracers across isobars. Uipgel

fluxes due to the dynamics (solid lines) balance the dowringgll

fluxes due to the gravitational settling of the tracers (ddsh
lines). Negative values are upward fluxes.
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Fig. 7: 2D distribution of the mixingféiciency on the 1mbar iso-
bar. We plotF = 2% positive is either an upward flux of

o
Variation from the mean tracer abundance (%)

(o : -50[ .
gas enhanced in tracers compared to the horizontal mean « 500 600 700 800 900 1000 1100 1200 1300
downward flux of gas depleted in tracer compared to the hc time (days)

izontal mean value. Negative is either a downward flux of gas
enhanced in tracer or an upward flux of gas depleted in tradeig. 8: Time dependence of the mean tracer abundance aderage
Thus a positive value enhances the (horizontally averaged) between 1mbar and.Dmbar and averaged horizontally over a
ward flux, whereas a negative value diminishes it. Thesesdluxircular region of radius 45centered on the substellar point
are normalized to the mean upward flux of tracer and the glolftdp) and averaged horizontally around the terminatoduhc
mean on an isobar of the plotted quantity is 1. ing all regions within+5° of the terminator (bottom). The top
panel is relevant for inferring the presence of a stratospfsee
Sect. 6.1), albedo variations (see Sect. 6.2) or secondipge
measurements (see Sect. 6.3). The bottom panel is relewant f
sizes of~1-3x10*km but also includes hemispheric-scale fluctransit spectroscopy measurements.
tuations (e.g., in the abundance averaged over the day bot) nig
and between the northern and southern hemispheres. Arband t
substellar point, the tracer abundance can vary by up to 50%oz
whereas along the terminator, this temporal variation each
75% relative to the mean value. Such variability—if it ocimr  Transit observations are sensitive to atmospheric cortiposi
radiatively active species like TiO—has important implioas near the terminator, and it is therefore of interest to otteraze
for secondary-eclipse and transit observations, whichgtbe the distribution of our tracer species at the terminatoe pssi-
dayside and terminator, respectively. bility of variations in chemical composition between thading
Figure 8 sheds light on thefiiérent timescales at which thisand trailing limbs (as seen during transit) has been discliss
variability occurs. The top panel shows the tracer abunelame a variety of studies (e.g., Iro et al. 2005; Fortney et al.®01
eraged vertically between 0.1 and 1 mbar and horizontally oHowever, these studies did not investigate the particuépied
a circular patch with a radius of 4%entered on the substellartion of species due to the interaction between their coratens
point; this gives a sense of how the tracer abundance wowyd vand the atmospheric dynamics. Our model allows the first-quan
in secondary-eclipse measurements probing the dayside. Titative estimate of how dynamics and nightside condeosati
bottom panel shows the tracer abundance averaged vertieall affect the abundance of condensable species at the terminator.
tween 0.1-1 mbar and horizontally around the terminater, in Figure 11 shows the tracer abundances at the terminator at a
cluding all regions within 5of the terminator itself; this gives a snapshot in time for our models with particle sizes of 0.3, @,
sense of how the tracer might vary in transit measuremehts. 2.5, 5, and 1@m. Angle represents angle around the terminator
variability exhibits two characteristic timescales: aHéast) and the radial coordinate represents log pressure. In magree
timescale of order of days and a long (slower) timescale5df  with fig. 4, the tracers tend to be depleted from upper lepels,
to 100 days. The bigger the particles on the nightside, thedsi ticularly in models where the particles on the nightsiddanger.
the amplitude of the variations. In these models, the aomdibf Moreover, fig. 11 demonstrates that significant spatiabims
the long-period variations exceeds those of the shorpgerri- occur along the terminator. Depletion occurs first at theagmu
ations by a factor o£2—3. The long-timescale variations exhibitlong the leading limb, corresponding to the terminatGn@€st
similar amplitudes in the dayside and terminator time sefibe of the substellar point. The superrotating jet carries apleted
short-period oscillations exhibit stronger amplitudehat termi-  in tracer from the nightside directly to this region of thenténa-
nator and seem related to variations of the flow itself, sugh wr, explaining why abundances are particularly depleede.
the oscillation of the jet described previously. Figure §gests In contrast, air along most of the remainder of the terminlaies
that radiatively active tracer species that can condensth®n arrived from the dayside, where no particle settling occseos
nightside, such as TiO or silicates, could lead to deteettifsle depletion is less strong—particularly for particle sized um.
variations in transit or secondary eclipse spectra. Thdiamdp Once the particle size becomedirtiently large, however, de-
of this variability will depend on the type of tracer beingwstd-  pletion occurs everywhere along the terminator at uppezisev
ered (see Sect. 6) and may vary from planet to planet depgndiagardless of whether the air arrived there from the dayside
on the availability of the considered species. However we caightside.
predict the expected period of these variations: some days f Considering now the depth dependence of the terminator
the small amplitude ones and fifty to one hundred days for thbundances, our results suggest twibetdént zones (see figs. 10
biggest ones. and 11):

. Limb profile



Parmentier et al.: 3D mixing in hot Jupiter atmospheres |

1mbar - 1075 days 0.1mbar - 1075 days

0.8 0.8
() 0.6 > 0.6
© ° 4] °
E £ E P
LRS- R Al 0.4 8 20 0.4
= ERRRSSY /
-40 7 : |‘ \ -40 RN
I 0.2 \ 0.2
-60 é ; -60
4 \ \ AR
-80 AN 74 WINNSS=—7 // A 0 -80 ANNNNSST—==27 0
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Longitude (°) Longitude (°)
1mbar - 1100 days 0.1mbar - 1100 days
' =\l = '
0.8 R “ A —— %W“'M; ! 0.8
A
< 0.6 > = 2 | los
L} ° @ °
E £ E P
= 0.4 L 0.4
0.2 0.2
0 0
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Longitude (°) Longitude (°)
1mbar - 1125 days 0.1mbar - 1125 days
1 5 4 1
0.8 0.8
% 0.6 E 06
E £ E £
k] 0.4 s 0.4
0.2 0.2
0 0
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Longitude (°) Longitude (°)

Fig. 9: Tracer abundance (colorscale) and winds (arrowsyatlifferent pressure levels and 3fdrent times of the simulation for
the casea = 2.5 um.

— At altitudes above the 1-mbar level, the tracer abundanceeisal. 2009a,b; Youdin & Mitchell 2010; Line et al. 2010, 2011
homogeneous over most of the limb except for the east (traitadhusudhan & Seager 2011). In these studies, the chosgn edd
ing) equatorial limb that is strongly depleted. diffusivity is ad hoc, with no convincing theoretical support.

— At altitudes below the 1-mbar level, the east and west equathough the vertical mixing in our 3D models is noffldisive
torial limb are rather homogeneous; however, the/@ast in any rigorous sense, there is merit in comparing the resiilt
dichotomy shifts to higher latitudes and the west limb abowaur 3D models with 1D models parameterized by eddjudi
45° is more depleted than the equivalent region of the easvity. This will allow us to make approximate estimates loé t
limb. magnitudes of eddy tfusivity—in the context of a 1D model—

. . that produce similar horizontal-mean behavior as our 3D-mod
Moreover, it should be noted that due tolthe shift of the h%ﬁs. Such estimates of eddyfdisivity should help to guide pa-
spot, the temperatures at the east limb are higher than etsie rameter choices in 1D chemical models like those cited above
limb, thus a given Species 1S more likely to _be gaseous and %\eéomparison between our 3D models and 1Bufiive models
tectable on the trailing limb than on the leading limb. will also allow us to investigate how the horizontal-meacer
depletion relates to the amplitudes of spatial tracer tiana

4. 1D model of the da y-night cold trap Therefore, in this section, we present a simple 1D model,

Although hot Jupiter atmospheres are inherently three nl-imemCIUdmg particle settling, with atmospheric mixing repented

sional, 1D models continue to play a useful role for undeista as an eddy diusivity.

ing the vertical thermal and chemical structure of theseoatm

spheres. In particular, many groups have explored the chem:. system studied

istry of hot Jupiters using 1D models in which the vertical

mixing caused by the large-scale dynamics is parametebigedThe presence of a superrotating, eastward equatoriagetasn-

a specified eddy diusivity (e.g. Spiegel et al. 2009; Zahnleinant dynamical feature of many 3D circulation models of hot

10
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Fig. 10: Limb profiles of our tracer field from 200bar tpldar as seen during transit. Black circles are situated avdQ@Obar,
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107 4.2. 1D diffusion equation
As before,y the local mole fraction of the target chemical
107¢ i species, giving moles of tracer species (whether in gaseous
condensed form) to the total moles of air in a given volume. On
- the dayside, the molecules of the target chemical species ca
10 1 freely diffuse with a difusion codicientK,,, according to the
equation
-3
= 10°F : d 19 %
2 oK, 2 =0 9
3 ot poaz\" ez ©
% 107°F i with p the density of the atmosphere anthe vertical coordi-
0 nate.
g 1074 i On the nightside, the molecules of the target species are
trapped into particles that bothfflise and settle with the ve-
o locity described in 2.4. Thug follows the same equation as 9,
10 ¢ i plus a source term describing the settling:
dy 190 axy\ 1d(oxVr)
1 E E - - —_— = - 10
10 at paz(p Zzaz) P oz (10)
10° i i i i with V; the settling velocity.
0 0.2 0.4 0.6 0.8 1 Assuming hydrostatic balance, we can use the pre$3ase
Mean tracer abundance the vertical coordinate and the equation becomes:
Fig.11: Tracer abundance along the day-to-night termmato O 0 (5, o\ _ 1d(xVi) (11)
(equator in black, poles in red) and along the night-to-aamy t ot op \P Reegp| T g P
minator (equator in green, poles in blue) for the case2.5um. ]
Using the perfect gas law for the atmosphere we get:
2 mg
Jupiters. This superrotating jet was first predicted by Shaw 0 p2 ‘mg K 2% _ _a(kBT PxVi) (12)
& Guillot (2002), and later emerges from almost all 3D simu- ot oP keT) “oP oP

lations of hot Jupiter atmospheres (Cooper & Showman 2005;
Showman & Cooper 2006; Showman et al. 2008, 2009, 202R%e can define the ffusive time scale as; = l:'—z and a reference
Dobbs-Dixon & Lin 2008,?; Menou & Rauscher 2009; Rauscher kT

& Menou 2010, 2012b,a: Perna et al. 2010, 2012; Heng et Af¢ &l ime scalers = H/Vs with H = T the atmospheric

2011a,b; Lewis et al. 2010; Kataria et al. 2012) includingsouSc@!€ heightantis the Stokes velocity (see 2.4). We note that

(see Sect. 3.1) and has been theoretically understood (Baow ISa reference time scale and is not equal to thecéive free fall

& Polvani 2011). A shift of the hottest point of the planetteast'me Scale for high Knudsen numbers.

ward from the substellar point has been directly observed in Eduations 9 and 10 become:

several exoplanets (Knutson et al. 2007, 2009, 2012; Cetdsfi 19 B

et al. 2010) and interpreted as a direct consequence ofethis j 5t 552 (p 226_) =0

Thus we believe that any study of the diaight cold trap in hot poz z

Jupiter atmospheres must account for this feature. (13)
To include the presence of this jet in our model, we choose| 5, 1 9 Ay 1 58Py ) _

as a study system a vertical column of gas homogeneously ad a5t —a—z(,O ZZE) =T op on the night side

vected around the equator by the superrotating jet. Such-a co p s

umn is transported from day to night and from night to day with

a periodragy = % whereragy is the advective timescal®, 4-3. Time-dependent solution

)

is the planetary radius angk; the equatorial jet velocitytagy is  In order to solve the system of equations 13 f¢P,t), we
around 48h for HD 209458b. need two boundary conditions. We assume the species to be

We focus on a hypothetical chemical species which igell mixed belowP; = 1 bar with a molecular abundance
gaseous on the dayside and condenses on the nightside. ThisAt the top of the atmosphere, we assume that no molecule
species freely diuses with a vertical diusion codlicientK;; crosses the upper boundaﬁye(% p_p,, = 0). Then we can
on both the dayside and the nightside. Because we envisiflye the system with an implicit time stepping code using
the species as condensed on the nightside, we additiomally sNy OCTAVEL, an open-source, free software equivalent to
clude downward settling via Stokes-Cunningham drift on thgaT| AB. Assuming that the column of gas spentgy/2 =
nightside—but not on the dayside. The model includes no-hogig |, in each hemisphere, we can reach a periodic behavioewher
zontal dimensions. Rather, we envision that the model c@tuine injtial condition is forgotten. While on the daysideeta is
the vertical difusion in a given column as it as advects fromg settling and, at upper levels, the tracefuties upward. Thus
day to night, and we therefore include the day-nigliteence ¢ 5 given pressure the molecular abundance increasesmath t
in settling (with settling on the nightside but not dayside)a Tpjs'is shown by the red curves in fig. 12. While on the night

time dependence. We assume this chemical species to be adgje, the particles both fiuse vertically and settle downward
nor constituent of a Btatmosphere. Thus we neglect the latent

heat released during the condensation. ! httpy/www.octave.org

on the day side

12
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at their terminal velocity and thus, at at given pressurellghe
abundance decreases with time. This is shown by the bluesurv
in fig. 12. In the upper atmosphere, the settling timescalettaa
diffusion timescale become smaller than the advective timescal
The particles have time to settle several scale heightsgtiie
time required for the air column to cross the dayside. Thus, a
upper levels, the molecular abundance vary strongly throug
the diurnal cycle, and the vertical profiles vary widely ardthe
mean value.

P(bar)

4.4. Steady-state solutions

10°
Our system being forced periodically, there is no steadjesto- 1
lution stricto sensu. However, the mean of the tracer abundance 10
over one period should remain constant. We can thus integrat .
0

the system 13 over one period and get an equatiory fdhe
mean molecular abundance over one period. Then, once the pe-
riodic state is reached, the mean over one period of thertrace
abundance in our column of gas,is the same as the mean over
longitude at a given tim&y) and we obtain :
26<X> B Td _

P oP 27 Pl =C
where the facto% appears because the source term is only inte-
grated during the night. To derive Equation 14 we assumed the
mean tracer abundance on the nightside is close to the global
mean tracer abundance. This is true given tganandry are
much bigger tham,g,. This approximation breaks down at low
pressure and our analytical solution diverges from the oael
as can be seen by comparing the black and the green curves in
fig. 12. However, the discrepency is small such that the gicaly
solution is still a good representation of the time-meameftill
numerical solution of the 1D model everywhere deeper than th
~10-ubar level C is a constant coming from the integration over

0 0.1 02 03 04 05 06 0.7 08 09 1
Abundance

(14)

P(bar)

0 0.1 02 03 04 05 06 0.7 08 09 1

Abund
pressure. WheR goes to Oy goes to 0. Moreover we assume 108 | uneanee
that% does not go to infinity. Then the constant must be zero |
and we obtain : o) 1 107§
Td
i Ak 15 ) \
oP 2Prs<)(> (15) 10 .
To simplify the problem, we neglect the transitional regime 10 Tl T
for 8 from equation 4 and use the expression : . Tl TN
B =1+ 1656Ky (16) S 10° TN
Then choosing a functional fori,, = K,z (Po/P)®, wherew is 107 \\ \‘
a constant, we can solve equation 15. &cf 0 anda # 1, we A
get: 10° *\
1 7, P* = P? )
00 =xr exp| 2= 2 —— T | x 1o
2a s P§ a7 ,
ox 1 74, 1.656kT Po-1 - pa-t 100 04 02 03 04 05 06 07 08 09 1
P 2(&' - 1) Ts \/_Zﬂ-adz Pg : Abundance

Fig.12: Tracer abundance in the advected column of gas from

For the particular case of a constdfy, (¢« = 0) the formula

becomes :

P \"%/% 74, 1.656kT (1 1
=xi|z ——m | =- = 18
W Xr(Pr) exp( 2re Vorad (P P)) 4o
And in the case wherk,; is inversely proportional t® (« = 1):

1 P_p p 1 Tdp 1656@T
Tdo —_ r Pg 2rs V2rad2

= e _— R
) = xr Xp(ZTS Po )(Po)

Wherey; is the abundance d@k) atP = P; andty, = H/Kz,

(19)

the 1D model as a function of time. From bottom to top we used

Kz = (10%5x 10% 10°) V1 barP m’/s and a particle radius
on the night side of @dm. We plot one profile every hour. The
blue ones are on the night side, the red ones on the dayside. Th
black curve is the mean over one period. The green line is the
analytical model (equation 17 usiag= 1/2) and the dotted line

is the solution for particles that would be constantly fajl{both

in the dayside and in the night side).
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4.5. Diffusivities needed to keep tracer suspended cold trap (not considered by Spiegel et al.) is at least a®imp

. . tant as the vertical one in hot-Jupiter atmospheres. Mamrov
Because particle settling acts to transport condensaws-doy, o ¢ongition ork,,, we derived are independent of the planet
ward, the tracer only exhibits significant abundances inne studied and holds for very hot Jupiters such as WASP-12b or

per regions of th(_e_atmosphere i.f the eddffusion coﬁicignt WASP-33b where the vertical cold trap would befli@ent or
exceeds some critical value, which depends on the pariide Shonexistent

of the condensates. Here we solve for an approximate acallyti
expression for this critical magnitude as a function of igtat
size and other parameters.

Assuming a constant verticalfilision codicient, we can

use equation 18 to derive an expression for Kheneeded to As described previously, 1D models have been extensivelgt us
achieve a given molecular abundangeat a given pressurg:.  to investigate chemistry and vertical structure of hot tirpt-
We first notice that equation 18 is composed of two terms. Theospheres, with the 3D dynamics parameterized as vertidgl e
first exponential is given by the Stokes reginge~( 1) whereas (diffusion with a specified éfusivity (e.g Spiegel et al. 2009;
the second term is given by the Cuningham regigex 1). As  zahnle et al. 2009b,a; Youdin & Mitchell 2010; Line et al. 201
can be seen in fig. 1, particles smaller thanub@ should be in 2011; Madhusudhan et al. 2011; Moses et al. 2011).

the Cunhingham regime &= 1 mbar. Thus the second termis  There is no theoretical reason for the mixing by the global

5. Effective vertical diffusion coefficient

dominant and we can use as a condition : flow patterns in hot Jupiter atmospheres to behave like a one-
1741656sT (1 1 dimensional d‘fusion process. However, derivingaposteriori _
| = = — | = = In(xiim)- (20) effective difusion codicient that describes as closely as possi-
27s \2rad2 \P P11

ble the averaged vertical mixing within the atmosphere aan b

AssumingP; > Pim, replacingrq and s by their expres- @ useful way to roughly characterize the strength of thei-vert
sions, and using equation 7 for the viscosity and equaticor 6 £@l fluxes of material and guide 1D modelers in their choice of

the mean free path, we obtain a condition on ttféuion coef- Vertical mixing parameters. o _
ficient: A first way to define a vertical mixing cdig&cient from our

K HVs  1.656GT 1 21 simulation is to choose th, that best reproduces the planet
m T orad? Iy )% (21) averaged tracer profiles. The 1D model developed in Sect: 4 de
m scribes the equilibrium between verticaffdsion of tracers with

which can be written a specified height-dependdfy, and their settling on the night-
-0.16 3/2 side. We tune the €usivities to obtain a good match between
Kazps ~ _@ﬂ (kB_T) (E) ppi. the solutions of our 1D model and the horizontal-mean tracer
2 Vrin(uim) \ € m P“m(22) abundance versus pressure from the 3D models. To use eguatio

] ] ) ) 17 we must specify the temperature of the atmosphere, gunsta
For the big particles, the Stokes regime will become domjy the analytical model. The temperature appears in theesxpr
nant thus we neglect the second term and the condition needgg for the Knudsen number and in the expression for the vis-

IS: InGrim) cosity of hydrogen. Both quantities are related to theisgttf
Ta ___TAim) (23) the particles. Thus the temperature to consider is the sigat
2ts In(Pim) — In(Po) temperature. In our GCM nightside temepratures range f@dn 6
that leads to to ~ 1500 K and we decided to use a mean temperature of 1000
K N HVs In(Pjm /P1) 24 K. However, we note that the derived valuekyf, does not de-
“ 2 () @9

pend strongly on this choice. Then usini§a value proportional

to the inverse square root of the pressure=( 0.5 in equation
17), we obtain a remarkably good agreement between our 1D
model (dotted lines in fig. 4) and the horizontal average ef th
3D model (solid lines of fig. 4). The resulting value for thetire

. ) cal mixing coeficient that best fits the fferent tracer field used
As the relevant range of particle size span several orderigfithe simulation is :

magnitudes, a good approximationtdf,,, can be obtained by

which can be written

1ksT pp IN(Pim/P1) >
Kyy o~ =— o~ T 32 25
e 5Tm p  m o (29)

taking the sum of these two cfiieient: 5x 10*
g KZZ = X— m2 S_l, (27)
Kzzim = Kezimy + Kag,- (26) VPbar

Again we note that these limits for thefllision codficient which is valid over a pressure range fror bar to a fewubar.
are independent of the planet considered. Given a globat salhis profile is plotted in fig. 13 (red line). Interestinglgetsame
abundance for TiO in the planet, Spiegel et al. (2009) statptbfile of K, fits the 3D simulations reasonably well over a wide
that an abundance of half the solar composition at 1mbardvoufinge of particle size (see fig. 4), suggesting tRatdoes not
be necessary to produce an observable stratosphere. Agplylepend strongly on particle size for the models consideegel.h
formula 26 withy;im = 0.5 andPjj,, = 1 mbar and assuming The 3D models adopt the stellar insolation and other progsert
a well mixed layer below 1 baii.e. P; = 1 bar) we obtain for HD 209458b, so the results are most germane to that planet
Kyz,, = 1.4x10°m?sfora= 0.1 um,K,, = 1.4x10°m?s* the mixing rates are likely to be larger for hotter planetsl an
fora = 1um andK,,, = 1.6 x 10°m?s™! for a = 10um. smaller for cooler planets than implied by Equation 27.
These results are of the same order of magnitude as the onesAnother way to define a one dimensional vertical mixing co-
found by Spiegel et al. (2009). This is expected, since we-coefficient from the three dimensional simulation is to find Ke
pare two similar mechanisms: settling antfsion of particles. that leads to an upwardfilisive flux of material that matches
However, this similarity of the results shows that the d&ghh the averaged vertical flux produced by the dynamics. This can
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be written €.g. Chamberlain & Hunten 1987, p. 90): Showman (2006) showed that this formulationkgy allows 1D
(oxVa) models to match the full tracer profiles from 3D GCMs reason-
Kz = (28) ably well. More recently, Heng et al. (2011b) used the mamgisit
<,03—)§> of the Eulerian mean streamfunction as a proxy for the streng

where the brackets represent the horizontal average asong Pf the vertical gn?Pons and derived a vertical mixing fioment
bars over the whole planet. This expression does not négtessi®l Kz ~ 10°m?s™1. Note, however, that the Eulerian-mean ve-
any assumption on the functional form I§f, nor on the night- Iocme§ are known to be a poor dgscnptor of tracer advgct|o
side mean temperature. It also has the advantage that no clifgs In planetary atmospheres, since eddy mixing oftgndom
parisons or fits to a 1D fiusion model are necessary; théee- nates over transport due to the Eulerian-mean circulaten, (
tive values ofK,, can be derived directly from the 3D GCME9- Andrews et al. 1_987' Chap_te_r 9).' .

data via Equation 28. As a trad€Fothis expression depends, Althoughw_e confirm that mixing |n_hlot-Juplteratmospheres
on the vertical tracer gradients that areated by long term IS Strong, we find a value that is significantly smaller thae th
temporal variability (see Sect. 3.4), which are not smooigs  Prévious ones. In particular, our value is two order of magni
completely given the limited integration time of the sintida. tude smgller than what is obtained when mult|p!y|ng theivatt
This leads to some strong vertical variatiorkaf. The profile of SCal€ height by the root mean square of the vertical velgoige

Kz calculated from Equation 28 are shown in the black curv&§vein fig. 13)’ a common estimate fi; in the !lterature.

of fig. ??2. Despite the vertical fluctuations, the overall shape of . AS s'gated in Sect. 2.1, _the model .does not include any sub-
K, obtained with this method is close to the estimate using tg&d Vertical difusion codficient. Yet, given the huge values for
planet averaged tracer profile (see the red curve in fig. 18). Kzz that we derive from the resolved flow, it seems unlikely that
before, we note that the derived value does not depend mongjb-grld.tqrbulent mixing would contribute significantly the

on the particle size, consistent with the fact that Equazipal-  910Pal mixing. However, the interaction between smallisar-

lows a good fit between 1D models and our 3D model for a widilénce and the global flow might not be trivial and a more de-
range of particle sizes. tailed study would be required to draw a firm conclusion.

We emphasize that mixing by the global circulation appears
to be planet-wide and fiers from region to region. Although the

107° globally averaged dynamics seem to be reasonably desdrbed
a vertical mixing cofficient, that is not the case for the local
flow in the simulation. It is therefore flicult to define mixing
codficient values for particular locations in the planet.

Along the equator, where the strong floffieiently mixes
the tracers longitudinally, we expect a good agreement of ou
1D model to the 3D flow. Indeed, using the valuekyf, de-
rived in Sect. 5 we realize that the spread of the tracer psofil
along the equator (fig. 14) is of the same order of magnitude
as the spread predicted by the 1D model (middle panel of fig.
12). However, in the 1D model, profiles from equally sampled
longitude are equally spaced in abundances whereas thkeprofi
obtained from the 3D model are sometimes packed together and
sometimes widely spread, denoting an unequal strengtheof th
vertical mixing longitudinally.

-5

10

6. Applications

6.1. Presence of a stratosphere on hot Jupiters

The presence of TiO in hot-Jupiter atmospheres is a leading h
pothesis for the absorber needed to create temperature inve
sions (Hubeny et al. 2003; Fortney et al. 2008). However, TiO

Fig. 13: Vertical difusion codicient from the 3D model (black cons{lenses r?|t temperatur_?fsolower tbhﬁﬂ,?%? K. Or;hm%st h(.)(; i
lines), from the 1D fit to the 3D model (red) and the root me piters, while gaseous 110 can be stable on the dayside, |

square of the vertical velocity times the vertical scaleghtia ts ogldd contdhense o?_ thefnlghhttrsllde_l._ghus, our results allo(;/vdu_s
common estimate df,, in the literature (blue). o address the question of whether TiO can remain suspended i

the atmospheres of hot Jupiters, and hence whether TiGzétdu
stratospheres are indeed viable. Spiegel et al. (2009)gbeeld
Several previous studies have attempted to estimate the bat for a solar abundance of TiO in the planet, an abundaince o
tical diffusion codicient in hot Jupiter atmospheres (Cooper &.5 times the deep abundance at 1 mbar is necessary to main-
Showman 2006; Moses et al. 2011; Heng et al. 2011b; Lew#&n a temperature inversion on the day-side. Our simulatio
et al. 2010). Cooper & Showman (2006) adopted an estimatgggest that if TIO condenses into particles bigger thaars¢v
for K,, based on the product of a root-mean-square vertical waicrometers, the day-night cold trap will befBaiently eficient
locity from their 3D GCMs and an appropriately chosen vete deplete it from the dayside. If, on the contrary, TiO canno
tical length scale following the formulation of Smith (1998 condense in particles bigger than several micrometerspitld
Moses et al. (2011) and Lewis et al. (2010) followed a similaemain present on the dayside and produce a stratosphere.
procedure but adopted an atmospheric scale height for tiie ve  Spiegel et al. (2009) emphasized the deep cold trap in the
cal length scale. These estimates are crude, although €&opaleep stratified layer at pressures exceeding tens of banewhe

Kzz (m2/s)
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10°° mains speculative and further models that include the fagldb
of the tracer field on the flow are necessary to draw a firm con-
clusion.

TiO is thought to be the major Ti-bearing gas in hot-Jupiter
atmospheres (see Lodders 2002). However, other Ti-bearing
i gases, TiQ being the most abundant, are believed to be the
condensable Ti-bearing species. Thus, a parcel of gasiexper
encing a sudden drop in temperature due to its advectioreto th
night side might not see all its titanium incorporated intm<
densate, but rather only the titanium atoms that alreadgdees
3 in other Ti-bearing molecules such as %ig The reaction be-
tween gaseous species TH#H,0 = TiO; + Hy is fast under the
conditions relevant to the dayside of hot Jupiters (seenEgrt

Pressure (bar)
H
o

I
i

10 et al. 2009). However, the reaction might be kineticallyilnh
ited on the night side of the planet where the temperatunesdro
10° | significantly, leading to a smaller depletion of Ti than i thy-
pothetical case where T could condense by itself.
10t ) The dayside abundance of tracers and thus any conclusion on

the possibility to maintain a stratosphere in hot Jupitgrethels
on the size of the condensate, a free parameter in our sthdy. T
10 : : : : size results from complex microphysical processes. Ondhen
0 0.2 T 0.4 b (?-6 0.8 1 night side, TiO is over-saturated, and thus Ti-bearing eord
racer abundance sates are expected to appear. We used the formalism of Whbitke
elling (2003) to calculate the characteristic growth tigoale
f TiO, particles assuming that all the titanium is contained in
TiOz(g) and that this last fully saturates the atmosphere. We ex-
pect that condensate will hardly form if the condensate ¢now
time scale exceeds the advective time scale, i.e., the ontéé
jet to travel across one hemisphere. Thus all the partitiesea
dynamical mixing rates are probably low. In planets thafilgikh the black line in fig. 15 are unlikely to form. The low elemdnta
such a cold trap, mixing TiO upward to altitudes where it doulabundance of titanium—solar abundance is’k®mpared to H
be dfected by the day-night cold trap may behdult. On the (Lodders 2002)—kinetically inhibits the formation of micne-
other hand, the opacities and therefore temperature steuct ter size particles above 10 mbar.
these deep regions are rather uncertain; moreover, haedsipi  However, titanium is not the only element that can form con-
that are particularly highly irradiated would exhibit weentem- densates on the night side of hot Jupiters. Silicates aieveelto
peratures and would therefore be less likely to exhibit suglr- condense and could incorporate titanium atoms into thaingr
tical cold trap. Some very hot Jupiters may therefore laghisu Sub-micron size Ti@particles could even be used as seeds for
deep cold trap entirely. On these planets, the day-nightttap the formation of silicates grains. In that case the reletiam
at low pressureR < 1 bar) would then dominate. scale is not tied to the growth of TiQgrains but rather to the

The spatial variations in the gaseous tracer abundance in guowth of SiG based grains (MgSi©for example). We calcu-
3D models (fig. 5) suggest that the TiO abundance on the dégted the growth time scale of Sjthased grains using the same
side, and hence the stratosphere itself, could be patchly, wiormalism as for TiQ grains, assuming that Sig) is fully sat-
some regions of the dayside exhibiting a stronger temperaturated and that all the silica atoms are in giomolecules. As
inversion than others. This would have interesting consages can be seen in fig. 16, particles as big agutOcan form at pres-
for the interpretation of dayside infrared spectra. sures as low as 10mbar in that case.

The time variability described in Sect. 3.4 coulffeat the The estimates in fig. 16 suggest that the growth time of
presence of the stratosphere, leading to strong temporal vailicate particles is comparable to advection times acmss
ability in the upper atmospheric temperatures. In pariguhe hemisphere in the pressure range where the stratosphers for
tracer abundance averaged over much of the dayside exhibit§.01-1 mbar). This comparison suggests that more detailed
large-amplitude fluctuations (fig. 8), particularly forder par- calculations, coupling the 3D dynamics to microphysics éta
ticle sizes. This suggests that, at least for some plarmets[io  low self-consistent prediction of particle growth, may lezes-
abundance could fluctuate between values large enough to gy to obtain a firm conclusion about whether particle ghowt
erate a stratosphere and values too small for a stratospherimescales are sficiently long to inhibit loss of TiO from the
form. The stratosphere itself might then fluctuate episaltyic atmosphere.
in time. Although not included in our current models, these i
the possibility of feedbacks with the flow itself, sinqe_ thep 6.2. Clouds in hot Jupiter atmospheres
ence (or absence) of a stratosphere exerts a significantimpa
on the flow structure and vertical mixing rates. If the feexka The huge day-night temperaturefdrence and cold nightside
is positive, i.e. if the presence of high temperatures inughyger temperatures predicted on many hot Jupiters at low pressure
atmosphere enhances the mixing, then hot Jupiters couid os(@.g. Showman et al. 2009) suggest that, in addition to TiO, a
late between a state with strong vertical mixing and stggitesc  wide range of other chemical species, including silicated a
heating by TiO and a state with no stratospheric heatingesgl liron, will condense on the nightside. Some of them could also
vertical mixing. This is a two-state atmosphere analogotisdat stay in a condensed state in part or all of the dayside hemi-
described by Hubeny et al. (2003). However, this possjiit sphere. The Rayleigh scattering slope in the transmisgiea-s

Fig. 14: Time averaged tracer abundance along the equdter.
profiles are equally spaced in longitude. The dayside peddite
in red whereas the nightside profiles are in blue.
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10" 6.3. Parameter retrieval
10° Atmospheric characteristics of hot Jupiters are usually de
s rived from disc-integrated fluxes (for secondary eclipse&am
10 surements) or limb-integrated transmission (for transjisc-
107 troscopy). Therefore, interpretation of the data is uguddine
using one dimensional atmospheric models, assuming an ho-
108 € mogenous atmosphere, both in term of temperature struahare
%; composition. However, given the strong spatial variapihitthe
, 10° & tracer distribution both on the dayside hemisphere and én th
4 limb profiles observed, some exoplanet spectra might berbett
10 understood by considering spatial variation in the atmesph
103 profiles and chemical composition along the planet. For exam
ple, an inhomogeneous distribution of TiO would lead torstyo
102 brightness dferences in the emitted flux from theffdirent lo-
: | ; cations of the planet, which couldfact features such as the ap-
0.1 | 10 100 10 parent eastwardffsetl of the bngh;est spot of the planet. Hazes
a (um) could also show a similar behavior, leading to planetarcspe

tra that might be better explained with the combination ab tw

Fig. 15: Approximate growth time scale of Ti@rains in HD different (cloudy and cloudless) 1D models—as is the case in
209458Db. The bottom black line shows the advective timesc&gcent models of brown dwarfs (e.g. Marley et al. 2010). The

and the top one is ten times the advective timescale. rising technique of phase mapping (see Majeau et al. 2012; De
Wit et al. 2012) might soon allow us to constrain better thee-sp

tial inhomogenetities in the disk of the planet.

1010
10° Conclusion
10° We presented global, three-dimensional numerical sirauiat
7 of the atmospheric circulation of HD 209458b including a-pas
10 sive tracer that can be either gaseous or solid. This is the
106 ¢ first circulation model of a hot Jupiter to include a repreéaen
g  tion of clouds. We applied our model to chemical species that
10° & are gaseous on the dayside but condense on the nightside of
the planet. Given the strong dajght contrast present in hot
10* Jupiters, our model applies to a wealth offelient chemical

species such as titanium and vanadium oxides and silicate ox

3
10 ides among others.
102 We demonstrate that, although hot Jupiter atmospheres are
believed to be stably stratified€. locally non-convective), they
10 are strongly mixed. In the presence of a background gradient
01 1 10 100 of chemical species, large-scale circulation patternsirafy
a (uwm) create upward mixing. This mixing, resolved by the GCM, is

Fig. 16: Approximate growth time scale of Si@rains in HD strong and likely dominates over molecular, convectiveunr t

209458b. The bottom black line shows the advective timesc%ﬂu'em mixing. In HD 209458b, the mixing is strong enough to
and the top one is ten times the advective timescale. eep a condensable species lofted if it condenses intacjesti
smaller than a few microns on the night side of the planet.

The coupling between 3D flow and particle settling leads
to strong spatial and temporal variations in the abundafee o
given chemical species. Around 0.1 mbar, the tracer abugdan
trum of HD189733b, first observed by Lecavelier Des Etangshomogeneous in longitude but exhibits a large latituldiag-
et al. (2008) and later confirmed by numerous observati@es (stion, the equator being more depleted than the poles. Aroun
Pontetal. (2012) for a review of theftirent observations of this 1 mbar, at high latitudes, the dayght contrast becomes im-
planet) is best fitted by models including sub-micron sizad p portant. According to our models, variability of up t&0% in
ticles. Then the strong spatial and temporal variationeofesl the dayside tracer abundance, and of up- 1®% in the tracer
in our model can also be interpreted as spatial variatiomef tabundance along the limb, can occur foffsiently large parti-
cloud coverage in the atmosphere of hot-Jupiter. This cleald cle sizes £5um). This variability characteristic periods ranging
to albedo variations along the dayside of the planet. Dubdo tfrom days to~50-100 days.
eastward displacement of the hottest point of the planetidd These results can be applied to a wide range of molecules in
might be more able to form west of the substellar point thdrot Jupiters atmospheres. Titanium oxide, the best caredida
east of it, leading to a longitudinal variation of the albdtlat creating a temperature inversion in the dayside of hot drmit
contributes to the spatial variation described before. [Blhge should condense on the night side of most planets. Our sesult
amount of data in the visible from the Kepler space telescopeply that the dagnight cold trap could impede the formation
is ideal to search for such a spatial and temporal varighiiit of a stratosphere in the dayside if TiO condenses into pestic
albedo pattern of tidally locked planets. bigger than a few microns on the night side. Growing paricle
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to such a size seemsfliicult when TiO alone is considered duecooper, C. S. & Showman, A. P. 2005, ApJ, 629, L45
to its small abundance. However, TiO can be incorporatesl irfooper, C. S. & Showman, A. P. 2008pJ, 649, 1048

fif grgssfield, 1. J. M., Hansen, B. M. S., Harrington, J., et QL& ApJ, 723, 1436
condensates from more abundant gases such as sHmatesox@u@;hmg‘ M. C.. Kirkpatrick, J. D.. Gelino, C. R., et al. 2080, 743, 50

In that case the (_jamght cold trap could be strong enough fto IMpbe wit, J., Gillon, M., Demory, B.-O., & Seager. S. 2012, AVé-prints
pede the formation of a hot stratosphere on the daysideiabpabemory, B.-0., Seager, S., Madhusudhan, N., et al. 2011, 73] L12
variability of TiO could significantly fect the dayside temper-Dobbs-Dixon, I. & Agol, E. 2012, ArXiv e-prints
ature structure and exert interestingjeets on infrared spectra BOEES'B!XOW : égo'r E., &E“gol‘i\_’sv 3' ﬁo?’%f“’ 87710 1305
and lightcurves. For example, mid-to-high latitudes migp 20bPs-Dixon, I, Cumming, A., & Lin, D. N. C. 201@pJ, 710,
. . . Dobbs-Dixon, I. & Lin, D. N. C. 2008ApJ, 673, 513
enough TiO to create an |nverS|on_where_as the_ equator, neere €brtney, J. J., Lodders, K., Marley, M. S., & Freedman, R. B&ApJ, 678,
pleted, might not be able to sustain the inversion. Suchitadat 1419
dinal contrast could be observed using the phase mappihg teE,Orztgg)é, i f Marl_ethNS.,hHur?tlckyJéZOé,gBZ%denhelmer,&DLlssauer, J.J.
i H . 1 , AStronomische Nacnricnten, y

nlqyeb(tla_.g. Mbajeau zt al. ﬁ012’ '(Djelw't eltjall' 2312)'Jhe temporal ey, 3. 3., Shabram, M., Showman, A. . et al. 2860, 709, 1396
varia _”ty observed in the model could lea tP the appanFortney, J. J., Zahnle, K., Bdfa, I., et al. 2009, ArXiv e-prints
and disappearance of the stratosphere on timescaled®f Freedman, R. S., Marley, M. S., & Lodders, K. 2008, ApJS, 504,
100 earth days. Highly irradiated planets have significhet-t Freytag, B., Allard, F., Ludwig, H.-G., Homeier, D., & $ien, M. 2010 Astron.
mal emission in the Kepler bandpassy( Spiegel & Burrows &dASt:?pi‘g%fl:{ Al9 heric Radiation Theoretical Basist o
2010, for Hat-P-7b). Using the long photometric series fthen G0°%: Y- 1961, Atmospheric Radiation Theoretical Basisf¢@ university
Kepler Space Telescope, suc_h_ a variability might be obbézva Heng, K. 2012, ArXiv e-prints

Our results also apply to silicate hazes. Temporal andapatieng, K., Frierson, D. M. W., & Phillipps, P. J. 2011a, MNRARS, 2669
variability in the cloud coverage could stronglyect the albedo Heng, K., Frierson, D. M. W., & Phillipps, P. J. 2011b, MNRABL8, 2669
and the thermal emission of the planet. For moderatelyimtad Hubeny. |-, Burrows, A., & Sudarsky, D. 2008pJ, 594, 1011
lanets, the Kepler spacecraft observes the reflecteddighe Iro, N., Bezard, B., & Gillot, T. 2005astron. & Astrophys, 436, 719
planets, p p Kataria, T., Showman, A. P., Lewis, N. K., et al. 2012, ArXipents
star by the planeg(g. Demory et al. 2011, for Kepler-7b). Thus kirkpatrick, J. D. 2005, ARA&A, 43, 195
the time series from Kepler could be used to build albedo, akdutson, H. A, Charbonneau, D., Allen, L. E., Burrows, A.Megeath, S. T.
therefore cloud maps of the planet. KnS?s?)sn’AIPIJ’Aw%hE;gonneau D., Allen, L. E., et al. 2007tuxe, 447, 183
. Alt.hOUQh there is no th.eoretl(.:al reason for the_upward ml)ﬁ(_nutson: H. A Charbonneau: D Cowa;n, N. B et al. 2048, 690, ‘822
ing driven by the global circulation to beftlisive, it is inter- knutson, H. A., Lewis, N., Fortney, J. J., et al. 208], 754, 22
esting to quantify the averaged vertical mixing with &alive Lecavelier Des Etangs, A., Pont, F., Vidal-Madjar, A., & &ilD. 2008 Astron.

_ 510 2 -1 & Astrophys, 481, L83
model. The valuek;; value of Kz, = P VS between Lewis, N. K., Showman, A. P., Fortney, J. J., et al. 2040], 720, 344
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Appendix A: Departure from the Cunningham _ 2 e 2 4
velocity erf(s) = P (sa+ 35) +0() (A7)

The Stokes-Cunningham velocity defined in equation 3 is de- Using this equation inside Equation A.6 and taking the limit

rived under the assumption of low Reynolds number. Theeefos — 0, the terme~S: goes to 1 and the terms proportionaléo

it is not valid for turbulent flow and other expressions may bgancels out leading to:

used when the Reynolds number increases. Here we derive bet- >
Co= ( Vr

ter laws for intermediate and large Reynolds number.

L ﬁ) Vr (A.8)

3 3y V
For velocities much greater than the sound speed, the limit
of equation A.6 whers, — o is:
For small Reynolds number and small Knudsen number, the drag Cp~2 (A.9)
force exerted by a fluid on a sphere at rest is considered propo T . .
tional to the kinetic energy of the fluid and the projectechat In order to simplify equation A.6 we use the following ex-
the sphere. The cdiecient of proportionality, or drag cocient, Pression for the drag céicient at high Knudsen number :

Cpisgivenby: o 2\/77+ 16 VT+2

(A1) °"\"3 "3va/V
Our approximation fits correctly the exact expression in the
t of low and high velocities. In between theffirence to the

exact expression is at most 30%. RepladBigby its value in
equation A.2 we obtain a second order equation for the wgloci

A.l1. Low Knudsen number

_ l:drag
© pV2ra2/2
Then, equating gravity and drag forces leads to the setting limi
locity of a particle in an atmosphere :
8 —
V2Cp = ;p PP (A.2)
2
Where p, is the density of the particle. For small Reynolds 2(1) + (Z—\E + ﬁ) v §ag£ =0 (A.11)
numbers and high Knudsen numb&p = 24 is constant and Vr 3 3vm/Vr 3 7p
the settling velocity is the Stokes velocity. When incragghe which leads to :
Reynolds number, the non linear terms of the Navier-Stokes
equation become important ai@ is no longer constant. We A 96  Vsiokes
used tabulated values of the drag fiméent as a function of the Vi = ZVT 1+ A2V V7 Kn -1
Reynolds number given by Pruppacher & Klett (1978). We as-
sume thaCp = 24 when the Reynolds number r_eaches 1to Sta¥ith A = Z_Sﬁ n 1_6) When the speed becomes small com-
consistent with Stokes flow and th@p reaches its asymptotic

o (A.10)

(A.12)

3y
value,Cp = 0.45, whenNg, = 2R, = 1000 and fit the relation- Pared to the sound speedpkes < Vr) we obtain :
ship : 96

Vr = mKNVstokesz 1.61KNVstokes (A.13)
l0g;0(Nr,) =—1.215047+ 0.923242 Iogo(CDNée) which is in good agreement with equation 3, derived for high
~0.03129310gg(CoNg,)* (A3) Knudsen number and small Reynolds numbers.
Then we follow the same method as Ackerman & Marle . . : .
(2001). Noting that : A.3. Comparison with the Cunningham velocity
32098%(0p — ) Figure A.1 shows the ratio of the Cunningham velocity (see
CpN3 = 729p (A.4) equation 3) to the ones we just derived. Théatence is no-
¢ 3n ticeable only for particles of the order of 1(@n at pressures
is independent of the velocity, we use the fit of equation A a less than the 10 bar level and exceeding the 10 bar level. This
extract the velocity : difference is always less than one order of magnitude and con-

cern only a tiny portion of the parameter space which hds litt
3. (092 3. \-0.062 relevance to our study (the largest particle sizes consitiar
Vi = L101.21(3nga AP) (32093 AP) (A5) our 3D models is 10m). Thus we decided to neglect this dis-
2pa 32 32 crepancy in the main study.
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Fig. A.1: Ratio of the Cunningham velocity to the more sophis
ticated model of the particle settling velocity consideiedhe
Appendix.
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