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The oxygen abundances of giant planets potentially constrain the condi-

tions of the protoplanetary disk and formation models of planetary systems.

In our solar system, the abundances of water, the primary carrier of oxygen

in the atmospheres of giant planets, are still unknown for all four giant plan-

ets. Juno spacecraft, currently orbiting Jupiter, has the objective of constraining

Jupiter’s deep water abundance (at a few bars to a hundred bars level) through

microwave radiometery. A Saturn entry probe is proposed as a candidate for

the New Frontiers program, with the goal of making in-situ measurements of

Saturn’s atmospheric composition. However, it is not likely to reach deeply

enough to directly measure the deep water abundance. There are no planned

missions for the atmospheres of Uranus and Neptune. Disequilibrium species

have long been used to constrain the deep water abundances for Jupiter and

Saturn. In this dissertation, we aim to improve the chemical constraints on the

deep water abundances. For Jupiter, we improved the chemical constraints on

the deep water abundance by CO. We proposed a new formulation for the deep

eddy diffusion coefficient by analyzing the experimental studies of turbulent

rotating convection. We considered two updated CO kinetic models, one model

constrains the water enrichment (relative to solar) to be between 0.1 and 0.75,

while the other constrains the water enrichment to be between 3 and 11. Our

study quantitatively accounted for the uncertainties on the constraints due to



different reaction rates. We also predicted that the abundances of disequilibrium

species should have latitudinal variation due to the latitudinal dependence of

the eddy diffusion coefficient. Such variations have been confirmed by VLA

measurements [Giles et al., 2017], however, the measured dependences are dif-

ferent from our predictions, which merits further investigations. For Saturn, we

proposed an approach to break the degeneracy between the deep water abun-

dance and the deep eddy diffusion coefficient when interpreting the CO obser-

vations. We identified another disequilibrium species, C2H6, whose abundance

only depends on the deep eddy diffusion coefficient, but not the deep water

abundance. A shallow entry probe may have the ability to determine both the

CO abundance and the C2H6 abundances through a mass spectrometer, there-

fore, constraining the deep water abundance and eddy diffusion coefficient si-

multaneously.

The transit spectroscopy provided an opportunity for constraining the com-

position of extrasolar giant planets. JWST should be able to collect the highest

quality transit spectra in the future. For extrasolar giant planet atmospheres we

expect to measure and retrieve the abundance of the most abundant molecules,

such as H2O, CO, and CH4. Other molecules, such as H2S and PH3, have been

observed in Jupiter and Saturn but their chemistry and detectability in strongly

irradiated planets is highly unknown. Can JWST detect them? Are they im-

portant in the chemistry for these exoplanets atmospheres? To address these

questions, we model the chemistry of phosphorus and sulfur in hydrogen-rich

atmospheres including the effect of vertical transport. Using the abundance

profiles computed for major C/N/O/S/P bearing species, we model the JWST

primary and secondary transit spectra for systems with a Sun-like star at a dis-

tance of 50 pc and with different levels of insolation. We find PH3 is detectable



in the transmission spectra for planets with Teq < 500 K using the NIRCam in-

strument with LW grism mode and F444W filter, and the H2S is detectable in

the transmission and emission spectra for planets with Teq > 1500 K using the

NIRCam instrument with LW grism and F322W2 filter. Our results specially

highlight the importance of including H2S for future abundances retrieval with

JWST.
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CHAPTER 1

INTRODUCTION

Jupiter’s atmosphere is primarily composed of hydrogen, helium, and a

small fraction of heavy elements. These heavy elements are crucial for un-

derstanding the formation of Jupiter and planetary systems in general. Any

plausible formation models should produce a heavy element enrichment that

is consistent with current observations. How do we determine the amount of

heavy elements in Jupiter? Assuming the envelope of Jupiter is well mixed, the

total amount of heavy elements can be derived by measuring the abundances

of major heavy-element bearing molecules, such as H2O, CH4, and NH3, in the

atmospheres. The most accurate measurements of Jupiter’s atmospheric com-

Table 1.1 Composition of Jupiter’s troposphere

q E references
He 0.157 ± 0.030 0.920 ± 0.176 Niemann et al. [1998]
CH4 (2.37 ± 0.57) × 10−3 4.4 ± 1.0 Wong et al. [2004]
NH3 (6.64 ± 2.54) × 10−4 4.9 ± 1.9 Wong et al. [2004]
H2O ≥ (4.9 ± 1.6) × 10−4 ≥ 0.50 ± 0.16 Wong et al. [2004]
H2S (8.9 ± 2.1) × 10−5 3.4 ± 0.8 Wong et al. [2004]
PH3 (7.7 ± 0.2) × 10−7 1.50 ± 0.04 Irwin et al. [1998]
Ar 1.82 × 10−5 3.6 ± 0.5 Mahaffy et al. [2000]
Kr 9.3 × 10−9 2.4 ± 0.5 Mahaffy et al. [2000]
Xe 8.9 × 10−10 2.3 ± 0.5 Mahaffy et al. [2000]

position comes from the Galileo entry probe. In Table 1.1, we summarized the

measurements from Galileo entry probe. The abundances of CH4, NH3, H2S,

and PH3 have been measured, indicating a 2 ∼ 4 enrichment for heavy elements.

One missing part is the water abundance. The water abundance measured by

Galileo entry probe, which is about 0.5 time solar, only represents a lower limit

because the measurements are affected by dynamic effects that depleted the wa-

ter vapor in the sampled region. However, the water abundance is necessary to
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place constraints on the conditions of the protoplanetary disk, as well as the

total amount of heavy elements in Jupiter. One of the primary scientific goal

of the ongoing Juno mission is to measure the deep water abundance of Jupiter.

Juno carries a microwave radiometer that is expected to measure the deep water

abundance down to 100 bars. However, the measurement is difficult, since the

primary absorber of microwave radiation is from ammonia instead of water.

Similar to Jupiter, Saturn’s atmosphere is also primarily composed of hy-

drogen, helium, and small fraction of heavy elements. The determination of

heavy element abundances in Saturn is important for constraining the condi-

tion of protoplanetary disk where Saturn was formed. In addition, the elemen-

tal composition of both Jupiter and Saturn can place strong constraints on the

general theory of planet formation. Saturn’s atmospheric composition are less

Table 1.2 Composition of Saturn’s troposphere

q E references
He 0.135 ± 0.025 0.794 ± 0.147 Conrath and Gautier [2000]
CH4 (5.3 ± 0.2) × 10−3 9.9 ± 0.8 Fletcher et al. [2009b]
NH3 (3.40 ± 2.27) × 10−4 2.5 ± 1.7 Fletcher et al. [2011]
H2O ≥ 2 × 10−7 ≥ 2× 10−4 de Graauw et al. [1997]
H2S 3.76 × 10−4 14.3 Briggs and Sackett [1989]
PH3 (4.4 ± 1.2) × 10−6 8.5 ± 2.3 Fletcher et al. [2011]

constrained than Jupiter and the measurements are mostly from remote sens-

ing. In table 1.2, we summarized the composition of Saturn troposphere as

measured through Cassini, Voyager, and ground-based telescopes. Similar to

Jupiter, the elemental compositions for C, N, S, and P are enriched relative to

solar. The deep abundance of water is also unknown due to the deep condensa-

tion level of water. A Saturn entry probe has been proposed a candidate for the

new frontiers program, which has the goal of making in-situ measurements of
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the atmospheric composition. However, this probe may not be able to descent

deep enough to directly measure the deep water abundance.

An alternative way of constraining Jupiter and Saturn’s deep water abun-

dance is through the disequilibrium species. Disequilibrium species, such as

CO, were observed in the atmospheres of Jupiter and Saturn, with abundances

order-of-magnitude higher than that predicted by local chemical equilibrium.

The chemistry of these species is driven out of equilibrium due to the fast ver-

tical convection. Chemically, CO is related to H2O. The more H2O, the more

CO. Therefore, CO abundance is indicative of the H2O abundance. In prin-

cipal, if we parameterize the vertical mixing process using an eddy diffusion

coefficient, the observed CO abundance should be a function of the deep eddy

diffusion coefficient and the deep water abundance. This approach has long

been developed to constrain the deep water abundance for both Jupiter and

Saturn. However, several big uncertainties remain. First, the eddy diffusion

coefficient, which is used to parameterize the efficiency of vertical mixing of

chemical species, suffers from orders of magnitude uncertainties. Such large

uncertainty usually renders a large uncertainty on the constrained deep water

abundance. Second, chemical networks used in the modeling were not tested

against any experiments, which therefore have additional difficult to quantify

uncertainties. Can we address these uncertainties and improve the chemical

constraints on the deep water abundances for Jupiter and Saturn? This is the

question we aimed to address in this dissertation.

In addition, since CO is dependent on both eddy diffusion coefficient and the

deep water abundance, knowing CO alone cannot effectively constrain the deep

water abundance. In order to waive the degeneracy between water abundance
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and eddy diffusion coefficient, another disequilibrium species may be needed

other than CO. Are there other chemical species that have a different depen-

dence on the eddy diffusion coefficient and deep water abundance, so that the

degeneracy can be broken? This is another question we aimed to address in

this dissertation. This question is especially important for a shallow Saturn en-

try probe, since the probe may have the capability to measure the abundances

of several different disequilibrium species including CO, but does not have the

capability to make in-situ measurements of the deep water abundance.

Outside our solar system, nowadays thousands of planets have been discov-

ered. The detection and characterization of extrasolar planets will provide many

more samples for constraining planet formation models. The atmospheres of

several extrasolar giant planets have been characterized through transit spec-

troscopy. Water has been detected in several hot extrasolar giant planets using

the Hubble space telescope. James Webb Space Telescope (JWST), the next gen-

eration space telescope to launched in 2018, s expected to acquire the best qual-

ity transit spectra for extrasolar giant planets, allowing detection and measure-

ment of several abundant molecules such as H2O, CO, CH4, or NH3. Less abun-

dant molecules such as H2S and PH3 have been detected in the atmospheres of

Jupiter and Saturn, but their presence and detectability is unknown for extraso-

lar giant planets. Are H2S and PH3 important for the transit spectra? Can we

detect these molecules with JWST? These questions are important in two ways.

First, current retrieval techniques only considers H2O, CO, CH4, or NH3 as the

main contributors to the transit spectra. However, the influence of H2S and PH3

on the spectra was not accounted. It is necessary to evaluate how H2S and PH3

can affect the transit spectra and the robustness of the retrieved abundances.

Second, H2S and PH3 have never been detected in the atmospheres of extraso-
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lar giant planets. Our study here will identify the parameter space of planets

that are likely to have detectable spectra features of H2S or PH3.

My dissertation is organize as the follows. In Chapter 2, we described the

chemical models we developed in this dissertation. including the equilibrium

model, the diffusion-kinetic model, and the timescale model. The suite of mod-

els are publicly available and can be used to reproduce the work presented in

this dissertation. In Chapter 3, we revisited the approach of constraining the

deep water abundance using the tropospheric CO abundance. We improved

two key components in this approach: the deep eddy diffusion coefficient and

the chemical kinetic networks. We derived new chemical constraints on the

deep water abundance in both Jupiter and Saturn. In Chapter 4, we model the

chemistry of H/C/O/N/P/Si/Ge/As in the deep atmospheres of Jupiter and

Saturn, and identified C2H6 as the tracer for the deep eddy diffusion coefficient,

while CO is dependent both on the deep eddy diffusion coefficient and wa-

ter abundance. Based on this result, we devised an approach for constraining

both the deep water abundance and the deep eddy diffusion coefficient with a

shallow entry probe. In Chapter 5, we model the chemistry of extrasolar giant

planets with different levels of insolation, and model the synthetic transit spec-

tra with JWST instrumental noise for each type of planets. The synthetic spectra

were used to evaluate the detectability of molecules, particularly H2S and PH3

with JWST observations. In Chapter 6, we summarize the results of this disser-

tation, and highlight several remaining questions that merit future exploration.
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CHAPTER 2

ONE DIMENSIONAL CHEMICAL MODELS FOR PLANETARY

ATMOSPHERES

2.1 Introduction

The composition of planetary atmosphere is important for understanding the

formation and history of the planet, the dynamics of the planet, as well as the

habitability of the planet. The composition of planets can be determined either

by remote spectroscopy or in-situ measurements. A chemical model is used

to interpret the measurements to understand the elemental composition of the

planet and the dynamics of the planet. For giant planets in our solar system,

one-dimensional chemical models are used to predict the vertical distribution

of chemical species since the temperature and pressure gradients are primarily

along the vertical direction. The horizontal temperature and pressure gradients

are small compared with the vertical gradients. For extrasolar giant planets,

the horizontal temperature and pressure gradients can be large if the planet is

tidally locked and irradiated on one side. In this case, the compositions can

be different between the dayside and the night side of the planet, so at least

a two dimensional model should be used. However, the heat redistribution

between the dayside and nightside is not clear for exoplanets. Traditionally, one

dimensional model are still be used, but the results should be interpreted as

some sort of average between the dayside and the night.

In this chapter, we present the chemical models developed in my disserta-

tion. The links to the codes are also provided. The suite of codes can be used

to model equilibrium chemistry, as well as the transport-induced disequilib-
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rium chemistry for carbon (C), oxygen (O), nitrogen (N), phosphorus (P), sili-

con (Si), germane (Ge), and arsenic (As). In section 2.2, we describe the equi-

librium models used in this dissertation. The equilibrium model only accounts

for the chemical conversions that determine the composition of the atmosphere.

In section 2.3, we describe the diffusion kinetics model that adds the effect of

atmospheric motions on the compositions. In section 2.4, we describe a simpli-

fication of the diffusion kinetics model, which is useful when the full reaction

network is not available. We did not consider the effect of photochemistry, and

the influx/outflux at the boundaries. Therefore, our models here are applica-

ble to the deep part of the atmospheres where photochemistry and outflow are

unimportant.

2.2 Equilibrium model

Equilibrium models assume chemical equilibrium among chemical species in a

localized region of the atmospheres. The concentrations of molecular species

are only a function of local temperature and pressure. This model seems unre-

alistic since the atmosphere is not static and the vertical motions can break the

local chemical equilibrium. However, it is still a good approximation for atmo-

spheres where the temperature and pressure are high enough that the chemical

conversion timescale is much smaller than the dynamic timescale. This happens

in the very deep part of giant planets. Therefore, the equilibrium model can pro-

vide a good lower boundary condition for the atmospheres of giant planets. For

extrasolar giant planets that are high irradiated, the temperature is very high,

and chemical equilibrium is a good approximation for up to the troposphere.
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The chemical equilibrium state is usually computed via the minimization of

Gibbs free energy of the system. The inputs are the molecules and their Gibbs

free energy of formation, the elemental composition, and the pressure and tem-

perature. The model should minimize the total Gibbs free energy with respect

to the mole fractions of molecules, while maintaining the constraint that the el-

emental mass is conserved. We use two implementations of this approach in

this dissertation. One is the NASA Chemical Equilibrium Application (CEA)

[Gordon and McBride, 1994, McBride and Gordon, 1996]. This code includes

about 2000 chemical species. The other code is cantera, a software toolkit devel-

oped for chemical kinetics [Goodwin et al., 2015], but it also has an equilibrium

solver. Both codes can return the mass fractions of chemical species for an input

pair of pressure and temperature, and the elemental composition.

2.3 Diffusion kinetics model

2.3.1 Introduction of the diffusion kinetic code

The equilibrium model is not sufficient for modeling the tropospheres of giant

planets since the motions of atmospheres tend to drive the composition out of

equilibrium state. The detections of disequilibrium species in the upper atmo-

spheres of Jupiter and Saturn indicate that vertical mixing is important between

a few bars and a few hundred bars region in both planets. The diffusion ki-

netic model has been used to model the atmospheric composition when vertical

mixing is important. In this dissertation, we develop a code to solve the one
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dimensional diffusion kinetic equation:

∂Yi

∂t
=

1

ρ

∂

∂z
(ρKeddy

∂Yi

∂z
) + Pi − Li, (2.1)

where Yi is the mass fraction of species i, ρ is the density of the atmosphere,

z is the vertical coordinate relative to a reference point in the atmosphere (we

choose the 1 bar level in the code), Keddy is the vertical eddy diffusion coeffi-

cient, Pi is the chemical production rate of species i, and Li is the chemical loss

rate of species i. Both Pi and Li have a unit of g cm−3 s−1. Strictly speaking,

the mass fraction Yi being modeled here is an averaged quantity in the spacial

dimension, but the chemical reaction rates are nonlinear on the mass fractions,

so the average of the reaction rate within the grid is not necessarily equal to the

reaction rates that computed using the averaged mass fractions. The underlying

assumption for this equation to hold is that the temperature fluctuation within

the grid is very small. This is a good assumption for Jupiter and Saturn’s atmo-

sphere at a few hundred bars level, where the temperature fluctuation is indeed

very small. The time evolution of Yi is controlled by two physical processes:

one is the chemical production and destruction of species i, and the other is its

corresponding vertical transport. In the convective envelope of Jupiter and Sat-

urn, the transport of mass is mainly by turbulent convection. Here in equation

(2.1), the convective transport of species is approximated by diffusion transport

with an coefficient Keddy, which is a good approximation justified by the suc-

cess of mixing length theory in explaining stellar convection [Stone, 1976]. The

mass fractions Yi are initialized using their local chemical equilibrium values

along the adiabat. The chemical net production rate (Pi−Li) is integrated using

Cantera, a software toolkit developed for problems involving chemical kinetics

and thermodynamics [Goodwin et al., 2015]. At each time step, we call Cantera

to do the integration and include the result in the resolution of the continuity
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equation. Cantera has been used and tested for many applications including

combustion, detonation, fuel cells, batteries, etc. The integration is terminated

when the mass fractions Yi reach steady state. The code requires three kinds of

input. One is the temperature pressure profile (T − P profile), the second is a

list of thermodynamic properties in the format of NASA polynomials [McBride

et al., 1993] for each species, and a list of reactions between these species, the

third is the elemental composition and the vertical eddy diffusion coefficient

Keddy.

We have compiled several updated reaction networks for modeling the

chemistry of C/N/O/H/P/Si bearing species. We describe these reaction net-

works here.

• C/N/O/H reaction network

Our C/N/O/H reaction network used in this paper is developed based on

the network from Venot et al. [2012] downloaded from the KIDA database

[Wakelam et al., 2012, http://kida.obs.u-bordeaux1.fr]. The net-

work consists of 105 neutral species and 963 reactions. Among the reac-

tions, 957 of them are reversible reactions and 6 of them are irreversible

reactions. A complete list of the species can be found in Venot et al. [2012].

The network has been validated against various combustion experiments

in the temperature range between 300 K and 2000 K and in the pressure

range between 0.01 bar and several hundred bars.

An alternative network applied to the hydrogen-rich atmospheres is that

of Moses et al. [2011] and Visscher and Moses [2011]. Moses [2014] com-

pared their model with the Venot et al. [2012] model and found that the

major difference in CO/CH4 chemistry comes from the rate coefficient of
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the reaction H + CH3OH ↔ CH3 + H2O. The Venot et al. [2012] model

used the rate coefficient obtained by Hidaka et al. [1989] from laboratory

experiments. However, Moses [2014] argued that this reaction likely is

prohibited by a very large energy barrier and is much slower than was

estimated by Hidaka et al. [1989] based on quantum chemical calculations

in Moses et al. [2011]. It remains to be seen whether changing the rate co-

efficient following the suggestions by Moses et al. [2011] would reproduce

the experimental results in Hidaka et al. [1989]. Therefore, because the dis-

crepancy remains unresolved, we have considered two reaction networks

in our model, which are:

– network A: it is based on the Venot et al. [2012] network with some

modifications. Among the species in the list, we remove HNC be-

cause it does not participate in any reactions in the reaction network.

We include CH3HN2, CH3HN, CH2NH2, and CH2NH into the net-

work since these species are expected to be important in a hydrogen

rich environment [Moses et al., 2010]. The final network A consists of

108 species and 1000 reactions. Added reactions and their rate coeffi-

cients are from Dean and Bozzelli [2000]. The thermodynamic prop-

erties are mainly compiled from Burcat and Ruscic [2005], McBride

et al. [1993], Dean and Bozzelli [2000] and Venot et al. [2012]. An on-

line updated version of the Burcat and Ruscic [2005] database can be

found at http://garfield.chem.elte.hu/Burcat/burcat.

html. The whole reaction list along with thermodynamic data and

rate coefficient data are available in the KIDA database (http://

kida.obs.u-bordeaux1.fr/networks.html).

– network B: it is the same as the network A except the rate coefficient
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for the reaction H + CH3OH ↔ CH3 + H2O is revised to be much

slower following the recommended rate in Moses et al. [2011]. The

slower rate leads to nearly two orders of magnitude increase in the

CO/CH4 conversion timescale near the quench level.

• H/P/O reaction network

The H/P/O reaction network is based on Twarowski [1995]. The reaction

network consists of 24 species and 175 reactions. The phosphorus con-

taining species included are: PH3, PH2, PH, HOPO, HPO, PO, PO2, PO3,

HOPO2, P2O3, P, P2, P4, P2O, P2O2, HPOH, H2POH. The network has been

used to explain the faster recombination rate of H and OH in the presence

of phosphine combustion products [Twarowski, 1996]. To make sure all

important species under Jupiter/Saturn’s atmospheric conditions are in-

cluded, we performed an equilibrium calculation using the NASA Chem-

ical Equilibrium Application (CEA) [Gordon and McBride, 1994, McBride

and Gordon, 1996] for temperature and pressure conditions along the adi-

abats of Jupiter and Saturn. We find H3PO4 is important but missing from

this reaction network, so we added it and associated reactions into the re-

action network. The thermodynamic data are primarily from Burcat and

Ruscic [2005], McBride et al. [1993]. The thermodynamic data for P2O and

P2O2 are from Twarowski [1993]. The whole reaction network is available

in the KIDA database.

• Si/O/H reaction network

The Si/O/H reaction network is from Miller et al. [2004]. The network

consists of 69 species and 198 reactions. The silicon bearing species in-

cluded in the network are: Si, Si2, Si3, SiH, SiH2, cis-OSiH2O, Si2H2,

SiH4, SiH3, H3SiSiH3, H3SiSiH, H2SiSiH2, Si2H5, Si2H3, Si2O2, Si3O3, Si4O4,
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Figure 2.1 Time evolution of the chemical species H, OH, C2H6 and NNH under
constant temperature and pressure. Solid lines are computed using our code,
and dashed lines are from Fig. 1 in Venot et al. [2012]. The initial condition is a
mixture of gas H2, He, O2, CH4, and N2 with solar elemental abundances.

Si5O5, Si6O6, Si7O7, Si8O8, Si9O9, Si10O10, (SiH2O)2, SiO2, H3SiOSiH3,

H3SiOOH, H3SiOO, SiOOH, H2SiOH, H3SiO, HOSiO2, SiO, Si(OH)2,

SiOH, H2Si(OH)O, H3SiOH, HSiOH, HSiO, H2SiO, HSiO(OH), HSiO2,

HOSiO, HSiOOH, SiO2(c), SiO2(l), SiO2(g), H2SiOOH, (HSiOOH)2, Si2O4,

Si3O6, Si4O8, Si5O10, Si6O12, Si7O14, Si8O16, Si9O18, Si10O20. This network

has been used to model the combustion of silane (SiH4). The whole reac-

tion network is available in the KIDA database.

2.3.2 Validation of the diffusion kinetic code

We first test our code without diffusion using the C/N/O/H reaction network

computing the time evolution of the abundances of different species at constant
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Figure 2.2 Comparison between our model and Venot et al. [2012] model on
mole fraction profiles along Saturn’s adiabat. Solid lines are from Fig. 1 in
Mousis et al. [2014], which is computed using the Venot et al. [2012]’s model.
Dashed lines are computed using our model. The elemental abundances we
used here are O/H = 21 times solar, C/H = 9 times solar, and Keddy = 1×109 cm2

s−1, the same as those used in Fig. 1 of Mousis et al. [2014].
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temperature and pressure. The integration is done using Cantera. A compari-

son between our results and those from the nominal model of Venot et al. [2012]

is shown in Fig. 2.1. The evolution is very similar for H and OH, but not ex-

actly the same for C2H6 and NNH. The difference is due to the thermodynamic

properties utilized. Indeed, we have changed the thermodynamic data to those

provided in Venot et al. [2012] and exactly obtained the same evolution of the

abundance profiles for all four species. This prompts us to compare the ther-

modynamic data we used with those in Venot [2012]. Our thermodynamic data

are gathered from widely used compilations, for example, McBride et al. [1993]

and Burcat and Ruscic [2005]. The species that are not available from literature

are estimated using the software THERM [Ritter, 1991]. Venot et al. [2012] also

gathered thermodynamic data in a similar manner. However, we do not know

the source of thermodynamic data for each species in Venot et al. [2012], there-

fore, comparisons for individual species are not possible. This is not expected

to be a major source of uncertainty since the uncertainties in the kinetic data are

much larger than those in the thermodynamic data.

The test with both kinetics and diffusion is done by simulating the Saturn’s

atmosphere thermochemistry using the C/N/O/H reaction network, and com-

paring against the results in Fig. 1 of Mousis et al. [2014]. The reference result

in Mousis et al. [2014] for Saturn is computed using the same code as in Venot

et al. [2012]. The comparison, represented in Fig. 2.2, shows that the differ-

ences in the mixing ratios are within 10%. There might be three sources of error

that contribute to the differences of the mixing ratios shown in Fig. 2.2: (1)

the temperature-pressure profile; (2) the thermodynamic data; (3) the elemental

abundances, which are all inputs to our code. These difference are small and the

comparison shows our code can correctly solve the diffusion-kinetics Equation
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(2.1).

2.4 Timescale model

The timescale model has long been used to model the chemistry of disequilib-

rium species [Prinn and Barshay, 1977, Bézard et al., 2002]. It only requires a rate

limiting reaction instead of the full reaction network to approximate the abun-

dance of disequilibrium species. Therefore, it is useful when the full reaction

network is not available due to the lack of reaction rates data. The idea of this

approach is the following. There are two physical process that determine the

abundance of chemical species. The overturning of convective eddies tend to

homogenize the abundances of chemical species, while the chemical reactions

tend to relax the gas to local chemical equilibrium state, which creates a gradi-

ent on the abundances. In the deep and hot part of the atmosphere, the chemical

reaction proceeds fast, so the system can relax to local chemical equilibrium in

a short timescale. When this chemical timescale is smaller than the overturn-

ing timescale, the system is approximately in local chemical equilibrium state.

On the other hand, in the cold and upper part of the atmosphere, the chemical

reactions are slow, and the corresponding chemical timescale is longer than the

overturning timescale. We say the chemical reaction is quenched, and the over-

turning of eddies homogenize the abundances of chemical species. The level

where the chemical timescale is equal to the overturning timescale is define as

the quench level. The timescale approach computes the chemical timescale and

overturning timescale along the vertical T − P profile, then finds the quench

level. The abundance of disequilibrium species is then homogeneous above the

quench level, and in local chemical equilibrium below the quench level. This is

16



a good approximation to solving the full diffusion kinetic equation under two

assumptions: first, the correct rate limiting step is used; second, the overturning

timescale is computed following the recipe described in Smith [1998].
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CHAPTER 3

NEW INSIGHTS ON JUPITER’S DEEP WATER ABUNDANCE FROM

TROPOSPHERIC CARBON MONOXIDE ABUNDANCES

3.1 Introduction

The bulk abundances of oxygen in Jupiter and Saturn potentially constrain con-

ditions in the Sun’s protoplanetary disk. However, determining these abun-

dances through the direct measurement of water, the dominant carrier of oxy-

gen in the envelopes of these objects, is very difficult. Galileo probe measure-

ments show the effect of dynamical processes on the water abundance down to

22 bars [Wong et al., 2004], while ground-based microwave observations are not

sufficiently sensitive to provide a deep water abundance (that is, below the me-

teorological layer) for either body [de Pater and Massie, 1985]. A determination

of the deep (> 50 bar) water abundance on Jupiter should be obtained by the

microwave radiometer aboard the Juno spacecraft [Janssen et al., 2005, Helled

and Lunine, 2014]. There is no similar possibility for Saturn in the near future

because, even though the Cassini spacecraft will be put in a Juno-like orbit in

2017, it does not carry a microwave radiometer.

An alternative way to determine water abundance, through disequilibrium

species observed in Jupiter and Saturn’s troposphere, is a long-standing ap-

proach that goes back to Prinn and Barshay [1977] (see Visscher and Moses

[2011] for an extensive list of published papers on this subject). The abundance

of disequilibrium species depends on the relevant chemical kinetics, which de-

termines the chemical loss rate, and the eddy diffusion coefficient, which deter-

mines the efficiency of vertical mixing. Our study is timely, in spite of the long
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history of published papers, for three reasons. First, we derived a new formula-

tion of the eddy diffusion coefficient based on laboratory studies of turbulent ro-

tating convection. The new formulation systematically describes the transition

from slow-rotation convection to rapid-rotation convection with significantly

less uncertainty than previously. Secondly, we used the two most updated CO

kinetic models to place constraints on Jupiter’s deep water abundance. Third,

a possible future mission to deploy a descent probe into Saturn’s atmosphere,

if conducted, will almost certainly be a “New Frontiers” medium-class mission

[Board et al., 2012], or an ESA M-class mission [Mousis et al., 2015]. Such a probe

will probably not be able to get to the base of the water cloud which is essential

to determining directly the deep oxygen abundance on Saturn. Indirect meth-

ods including using disequilibrium species as described here may be the only

way to determine oxygen abundance even through probe measurements, and

therefore a study is warranted using the most recent kinetics to assess whether

such an approach provides a well-constrained oxygen value. Our results iden-

tify and quantify significant ambiguities inherent in such an approach.

The paper is organized as follows. In section 3.2, we analyze the results from

rotating tank experiments and propose a new formulation of eddy diffusion

coefficient. In section 3.3, we derive constraints on the deep water abundance

from CO measurements with the kinetic information from two different models.

In section 3.4, we discuss the implication on Jupiter’s formation and potential

improvements relative to the current model.
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3.2 A New Formulation for the Deep Eddy Diffusion Coeffi-

cient

In the atmosphere of Jupiter, heat is assumed to be transported by vertical eddy

diffusion. The eddy diffusion coefficient Keddy is introduced to measure the

efficiency of vertical diffusion. In the convective part of the atmosphere, the

heat flux and superadiabatic temperature gradient can be related to Keddy by

the following equation:

F = −ρcpKeddy(
dT

dr
−

dT

dr
|ad), (3.1)

where F is the internal heat flux, ρ is the mass density, cp is the specific heat

per unit mass, and dT/dr−dT/dr|ad is the superadiabatic temperature gradient.

Formulations of Keddy in terms of heat flux F , rotation rate Ω and fluid ther-

mal properties are derived based on mixing length theory or perturbation of

linearized equations [Stone, 1976, Flasar and Gierasch, 1978, Stevenson, 1979],

predicting Keddy near CO quench level (∼ 1000 K, 300 bars) for Jupiter to be be-

tween 1×107 cm2 s−1 and 1×109 cm2 s−1 [e.g., Bézard et al., 2002, Visscher et al.,

2010], and this value is widely used in theoretical modeling of disequilibrium

chemistry. One difficulty in improving the estimation is the lack of observa-

tion. No natural convective system under rapid rotation, like the interior of

giant planets or the Earth core, can be easily observed. However, the estimation

of Keddy could be improved by utilizing results from laboratory studies on tur-

bulent rotating convection. Laboratory studies on turbulent rotating convection

have been done since 1980s, however, application to giant planet convection has

hitherto been limited. Here, we summarize relevant results of these laboratory

studies, and propose a new formulation of Keddy.
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In section 2.1, we review theoretical investigations on Keddy. In section 2.2,

we summarize results from rotating tank experiments, and present the new for-

mulation for Keddy. In section 2.3, we apply the new formulations to Jupiter and

Saturn, and predict Keddy profiles for these two planets.

3.2.1 Theory on Eddy Diffusion Coefficient

By analogy to molecular diffusion coefficient, Keddy can be approximated as the

product of vertical convective velocity w and a mixing length l, representing a

typical distance a parcel could travel before it lost its identity. Therefore, equa-

tion (3.1) can be rearranged as

F ∼ −ρcpwδT, (3.2)

where δT = (dT/dr−dT/dr|ad)l is the temperature fluctuation. A parcel’s kinetic

energy is obtained from the work done by buoyancy force over a mixing length

l, thus

w2 ∼ −αgδT l, (3.3)

where α is the thermal expansion coefficient and g is the acceleration of gravity.

With equation (3.2) and (3.3), we find the convective velocity

w ∼ (
αgF

ρcp
l)1/3. (3.4)

The mixing length is usually assumed to be a pressure scale height H , thus eddy

diffusion coefficient can be estimated as [Stone, 1976]

Keddy ∼ wl ∼ (
αgF

ρcp
H)1/3H, (3.5)

Stone [1976]’s estimation ignored the effect of rotation on Keddy, however, rota-

tion could have an important effect on convection in suppressing vertical mix-
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ing [Bagenal et al., 2004]. The importance of rotation can be measured by a

Rossby number

Ro =
v

fl
, (3.6)

where f = 2Ωsinφ is the Coriolis parameter, and φ is the latitude. The Rossby

number is defined as the ratio of inertial to Coriolis force, therefore, lower Ro

means Coriolis acceleration is more important. Near the CO quench level, we

find Ro ≈ 0.01/(sinφ). Therefore, near the equator, rotation has little effect,

while at extra-equatorial latitudes, rotation is important in suppressing turbu-

lent convection.

The trend is consistent with Flasar and Gierasch [1978]’s results. In the limit

of rapid rotation, Flasar and Gierasch [1978] analyzed the linear modes gen-

erated by the perturbation of a superadiabatic and inviscid fluid in plane ge-

ometry, and identified the most unstable modes that transport the most heat.

Assuming shear instability limits the growth rate, they found

Keddy ∼ (
αgF

ρcp
)3/5(

H

2Ωsinφ
)4/5, (3.7)

and

w ∼ (
αgF

ρcp
)2/5(

H

2Ωsinφ
)1/5 (3.8)

at extra-equatorial regions, while near the equator, the formulation is the same

as equations (3.4) & (3.5). (Equations (3.7) and (3.8) are rearranged from equa-

tion (5.3) in Flasar and Gierasch [1978])

Equations (3.5) and (3.7) are widely used in estimating Keddy [e.g., Bézard

et al., 2002, Visscher et al., 2010]. In comparison to equations (3.5) and (3.7), lab-

oratory experiments on turbulent rotating convection indicate the same scaling

as equation (3.5) for slow rotation, but a different scaling from equation (3.7) for
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rapid rotation. We will discuss the new scalings from rotating tank experiments

in section 2.2, but here we will show that the new scalings can be easily derived

based on the assumption that overturning timescale is limited by the rotational

timescale Ω−1, instead of H/w. With this assumption, the relevant length scale

would be l = w/Ω, and the velocity scale would be

w ∼ (
αgF

ρcpΩ
)1/2, (3.9)

according to equations (3.2) and (3.3). This velocity scale was found to be consis-

tent with the convective velocity data from a three dimensional anelastic simu-

lation of the convective envelope of Jupiter [Showman et al., 2011]. The relevant

length scale would be

l ∼ w/Ω ∼ (
αgF

ρcpΩ3
)1/2 (3.10)

instead of a pressure scale height. Therefore, we can formulate a new scaling

for the eddy diffusion coefficient using the velocity and length scale described

here. The eddy diffusion coefficient would be

Keddy ∼ wl ∼
αgF

ρcpΩ2
. (3.11)

Here we neglected all the prefactors in the scalings, however, these prefactors

can be determined from laboratory measurements.

3.2.2 Scalings from Rotating Tank Experiments

A set of scalings for integral length scale and convective (r.m.s.) velocity was

proposed and validated by rotating tank experiments. The laboratory experi-

ments [e.g., Boubnov and Golitsyn, 1986, 1990, Fernando et al., 1991, Maxworthy

and Narimousa, 1994, Coates and Ivey, 1997] are done in a rotating tank filled
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Figure 3.1 Normalization of vertical r.m.s. velocity
√

w′2 by wrot and wfg, respec-
tively. Vertical axis represents the height z (relative to the bottom of the tank)

where
√

w′2 is measured. The data colored in red are extracted from Fig 16 in
Fernando et al. [1991] and the data colored in blue are extracted from Fig 6 in
Coates and Ivey [1997]. Different marker types correspond to different sets of
experiments, with different rotation rates and prescribed heat fluxes. We only
plot data with z/lrot > 30 (Ro⋆ < 0.03), because that is where we expect rotating
scaling applies. The data points should fall along a vertical line if the scaling

could represent
√

w′2 well.
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Figure 3.2 Scatterplot of B as a function of Ro⋆. B = (αgdT̄ /dz)/(Ω2), and Ro⋆ =
lrot/h. This figure is based on Fig 8 in Levy and Fernando [2002]. Black filled
circles represent experimental data extracted from Fig 8 in Levy and Fernando
[2002]. Solid curve is the fit using Bnorot defined by equation (3.20), dashed line
is the fit using Brot defined by equation (3.17), and dotted curve is the fit using
Bfg given by equation (3.19). The vertical line is showing the transition from
high Ro⋆ regime to low Ro⋆ regime, corresponding to Ro⋆t = 0.015.
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with water while the tank can have rotation with respect to its vertical axis. The

bottom of the tank is heated in order to generate thermal convection, while the

upper surface is open. Flow speed and temperature are directly measured. It is

observed that two physically distinct regimes are identified, depending on rota-

tion rate: (1) fully developed turbulence when the rotation rate is small, and (2)

geostrophic turbulence when the rotation rate is large. Two sets of scalings for

convective velocity w and integral length scale l are also proposed for these two

regimes, respectively. For fully developed turbulence, the convective velocity

and integral length scale are [e.g. Adrian et al., 1986, Deardorff, 1972, Fernando

et al., 1991]

wnorot = α(
αgF

ρcp
l)1/3, lnorot = h, (3.12)

where h is the height of the fluid in the tank. This expression offers experimental

support for the estimation by Stone [1976], but only applies to fully developed

turbulence with weak rotational effects. The coefficient α ≈ 0.6 is determined

from experimental measurements [Adrian et al., 1986, Fernando et al., 1991]. A

different scaling, for geostrophic turbulence [Fernando et al., 1991, Maxworthy

and Narimousa, 1994, Coates and Ivey, 1997, Fernando and Smith Iv, 2001, Levy

and Fernando, 2002], is given by

wrot = β1(
αgF

ρcpΩ
)1/2, lrot = β2(

αgF

ρcpΩ3
)1/2, (3.13)

where β1 = 1.2 ± 0.6 [Fernando et al., 1991, Maxworthy and Narimousa, 1994,

Coates and Ivey, 1997], and β2 ≈ 1.1 [Fernando et al., 1991].

The transition between fully developed turbulence and geostrophic turbu-

lence is governed by a natural Rossby number [e.g. Maxworthy and Narimousa,

1994, Jones and Marshall, 1993], defined as

Ro⋆ = lrot/h = (
αgF

ρcpΩ3
)1/2

1

h
. (3.14)
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There exists a transitional natural Rossby number Ro⋆t . When Ro⋆ < Ro⋆t , turbu-

lent convection is strongly inhibited by rotation, integral length scale is smaller

than mixed layer height, and rotating scaling (equation 3.13) applies; when Ro⋆

> Ro⋆t , turbulent convection is weakly affected by rotation, thus non-rotating

scaling applies (equation 3.12). Based on velocity data, Coates and Ivey [1997]

found 0.057 ≤ Ro⋆t ≤ 0.14, and Cui and Street [2001] found 0.042 ≤ Ro⋆t ≤ 0.12.

One directly measurable quantity from these rotating tank experiments is

the flow velocity. In Fig. 3.1, we normalize the measured r.m.s. vertical velocity
√

w′2 using wrot and another velocity scaling

wfg ∼ (
αgF

ρcp
)2/5(

h

2Ω
)1/5, (3.15)

which is that derived by Flasar and Gierasch [1978]. If the scalings wrot or wfg

can represent the vertical r.m.s. velocity
√

w′2, we would expect
√

w′2/wrot or
√

w′2/wfg to be a constant. We use two experimental datasets for
√

w′2. One is

from Fernando et al. [1991], and the other is from Coates and Ivey [1997]. In the

figure, the dataset from Fernando et al. [1991] is indicated by blue markers, and

the dataset from Coates and Ivey [1997] us indicated by red markers. In the up-

per plot of Fig. 3.1, data points are normalized by wrot. Both datasets are aligned

at values that are similar but not identical. This indicates slightly different pre-

factors before the scaling. We believe the difference is due to systematic error

in measuring flow speed. In the lower plot, blue markers are well clustered,

but red markers are subject to large scatter. Therefore, data from Fernando et al.

[1991] are not well fitted by wfg. Overall, wrot looks better in fitting experimental

datasets than wfg, but the difference is not very significant.

Another measurable quantity is the vertical temperature gradient (e.g.

dT̄ /dz). Vertical temperature gradient in non-rotating turbulent convection is
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almost negligible because vertical mixing is very strong and the fluid is very

well mixed. However, in rotating fluid, because of the inhibition of vertical mix-

ing by rotation, there are much larger temperature gradients. Now we define a

dimensionless quantity B to normalize dT̄ /dz, and its definition is

B = −
αgdT̄ /dz

Ω2
. (3.16)

We derive the scalings for B based on scalings for w and l. For rapid rotation,

Keddy,rot = C−1
rotwrotlrot, where Crot is a constant, and C−1

rot represents the correla-

tion between wrot and lrot. Using equation (3.13) and (3.16), we find Brot can be

expressed as

Brot =
αgF

ρcpKeddy,rotΩ2
= Crot. (3.17)

Another set of scalings (e.g., equation 3.7 & 3.8) for rapid rotating convection is

from Flasar and Gierasch [1978]. The corresponding scaling for the eddy diffu-

sion coefficient is

Keddy,fg = C−1
fg (

αgF

ρcp
)3/5(

h

Ω
)4/5, (3.18)

where Cfg is a constant. Therefore, Bfg can be expressed as

Bfg =
αgF

ρcpKeddy,fgΩ2
= CfgRo⋆4/5. (3.19)

Recall that Ro⋆ is the natural Rossby number defined by equation (3.14). For

slow rotation, using scalings from equation (3.12), we find

Bnorot = CnorotRo⋆4/3. (3.20)

Both B & Ro⋆ are measurable quantities in the experiments, therefore, datasets

of (Ro⋆, B) are able to provide a test to the scalings derived above. In Fig 3.2, we

made a scatterplot of (Ro⋆, B) measured from experiments [Levy and Fernando,

2002]. The scalings Brot, Bnorot and Bfg as a function of Ro⋆ are overplotted on the

same figure. Inspection of the fitting in Fig. 3.2 reveals that Brot is clearly better
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Table 3.1 Calculated Keddy (cm2 s−1) at T = 1000 K (near the CO quench level)a

φ 0◦ 9◦b 30◦ 60◦ 90◦

Keddy (Jupiter) (1.2±0.2)×108 (1.2±0.2)×108 (5.0±1.1)×107 (1.7±0.4)×107 (1.3±0.3)×107

Keddy (Saturn) (1.9±0.2)×108 (5.6±1.1)×107 (5.5±1.1)×106 (1.8±0.4)×106 (1.4±0.3)×106

aThe uncertainty includes uncertainties on the formulation itself and on the internal heat flux F .
bThis is the latitude where tropospheric CO is measured on Jupiter [Bézard et al., 2002].

in fitting data than Bfg for small Ro⋆ values, and Bnorot can fit data well at large

Ro⋆ values. In summary, the experimental data supported the scalings (3.12),

(3.13), (3.17), & (3.20). The pre-factors are determined to be Cnorot = 5.5 ± 0.5

and Crot = 0.020± 0.005 [Levy and Fernando, 2002].

Now that we have experimentally validated formulations for B or equiva-

lently, dT̄ /dz, we determine the pre-factors in the scalings for Keddy:

Keddy =
αgF

ρcpBnorotΩ2
= (0.18± 0.02)(

αgF

ρcp
)1/3h4/3, for Ro⋆ > Ro⋆t ; (3.21)

Keddy =
αgF

ρcpBrotΩ2
= (50± 10)

αgF

ρcpΩ2
, for Ro⋆ < Ro⋆t . (3.22)

Ro⋆t is identified in Fig 3.2 by locating the transition from Bnorot scaling to Brot

scaling. Ro⋆t is found to be 0.015 with an uncertainty of 20% [Levy and Fernando,

2002]. This value is consistent with estimations by Coates and Ivey [1997] and

Cui and Street [2001] using velocity data. In the following sections, we will use

Ro⋆t = 0.015.

3.2.3 Eddy Diffusion Coefficient in the Atmosphere of Jupiter

and Saturn

Now we have the scalings for Keddy given by equation (3.21) & (3.22). An ex-

trapolation is needed to apply this scaling to the atmospheres of giant planets
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Figure 3.3 Profile of Keddy (cm2 s−1) as a function of temperature T (K) and lati-
tude φ (degrees) for Jupiter. On the figure, we denote the location of CO quench
level at 9◦ N where a measurement of its mixing ratio is available [Bézard et al.,
2002]. Our estimation gives Keddy = (1.2± 0.2)× 108 cm2 s−1 at this location.
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Figure 3.4 Profile of Keddy (cm2 s−1) as a function of temperature T (K) and lati-
tude φ (degrees) for Saturn.
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because the flux Rayleigh number Raf in the experiments cannot reach as high

as that in giant planets. The flux Rayleigh number is defined as Raf = αgFH4

ρcpκ2ν
,

where κ is the thermal diffusivity and ν is molecular viscosity. It is defined as

equivalent to the Rayleigh number Ra = αgdT/dzH4

κν
, but more straightforward

than Ra because the quantity F is usually available rather than dT/dz in astro-

physical bodies. For Jupiter, Raf is estimated to be about 1030 near T = 1000K

using the thermal properties calculated in French et al. [2012]. In the experi-

ments, Raf = 1012 ∼ 1013. Therefore, applying the experimentally derived scal-

ing to Jupiter’s atmosphere is an extrapolation, but it is likely that the extrapo-

lation is reasonable for the following reasons. (1) It is generally believed that at

very high Raf , molecular viscosity and diffusivity will not affect the property of

turbulent transport. This happens when Raf is much larger than the critical flux

Rayleigh number Raf,c. From Fig. 4 in Fernando and Smith Iv [2001], the Raf

implied in the experimental setup is at least three order of magnitude higher

than the Raf,c, and most of them are four or five order of magnitude higher.

Therefore, it is reasonable to assume the scalings are independent of molecular

viscosities and diffusivities. (2) Non-rotating scaling (equation 3.21) is the same

as the prediction by mixing length theory, which is another piece of evidence

that the experiments have probed the highest Raf regime.

The experiments are set up in a plane parallel geometry and the rotation axis

is aligned with the gravity, while Jupiter has a spherical geometry and locally

the gravity and rotation vector is misaligned except at the pole. However, un-

der some approximations, the experimental results are applicable to Jupiter’s

atmosphere as well. First, the vertical length scale (∼ H) is much smaller than

the horizontal length scale (∼ RJup), thus the curvature of the geometry is not

important here. Second, since we assume heat is primarily transported by ed-
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dies, whose scale in the atmosphere is much smaller than planetary radii, f -

approximation can be made in the governing Navier Stokes equations, and the

dynamics thus only depend on the Coriolis parameter f = 2Ωsinφ, where φ is

the latitude. Therefore, the scalings applicable to all latitudes can be derived

by replacing Ω with Ωsinφ in the equations (3.14), (3.21) & (3.22). A transitional

latitude φt exists, and can be related to Ro⋆t by

sinφt = (
αgF

ρcpH2Ro⋆2t
)1/3

1

Ω
, (3.23)

Keddy in the atmosphere thus can be written based on scalings given by equation

(3.21) & (3.22):

Keddy = (0.18± 0.02)(
αgF

ρcp
)1/3H4/3, for φ < φt, (3.24)

Keddy = (50± 10)
αgF

ρcp(Ωsinφ)2
, for φ > φt, (3.25)

while φt can be determined locally based on equation (3.23) with Ro⋆t = 0.015.

Clearly φt is a function of altitude. At the level where T ∼ 1000 K (near the

quench level), we find φt = 19◦ for Jupiter, and φt = 5◦ for Saturn.

The adiabatic profile for Jupiter and Saturn are calculated stepwise following

the method described in Fegley and Prinn [1985]. For Jupiter, we use T = 427.71

K at P = 22 bars as our reference point [Seiff et al., 1998]. The compositions

considered is XH2
= 0.864 and XHe = 0.136 [Niemann et al., 1998]. For Saturn,

we use T = 134.8 K at P = 1 bar [Lindal et al., 1985] as our reference point, and

the composition considered are XH2
= 0.881 and XHe = 0.119 [Conrath and Gau-

tier, 2000]. Strictly speaking, a wet adiabat would be more appropriate within

the water cloud. However, since the quench level is around 400 bars, the wet

adiabat is only a small portion of the extrapolated regions. Although we expect
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the use of a wet adiabat would yield a more accurate adiabatic profile, the dif-

ference from our calculated dry adiabat would be small. Along the calculated

adiabatic profile, we calculate quantities such as α, ρ, and pressure scale height

H using the ideal gas law since the part of atmosphere we considered is close to

ideal gas. The internal heat flux for Jupiter is estimated to be 5.444 ± 0.425 W

m−2 [Hanel et al., 1981], and for Saturn it is estimated to be 2.01 ± 0.14 W m−2

[Hanel et al., 1983].

Using equations (3.24) and (3.25), we calculate Keddy as a function of temper-

ature T (radial direction) and latitude φ for both Jupiter and Saturn. The profile

of Keddy is shown in Fig 3.3 for Jupiter and Fig 3.4 for Saturn. A latitudinal

dependence is clear, showing higher Keddy near the equator where φ < φt(T ),

and smaller Keddy at higher latitudes where φ > φt(T ). The difference between

equator and pole could be as large as one to two orders of magnitude. In Table

1, we compare the calculated Keddy at a temperature level T ∼ 1000 K (near the

quench level) between Jupiter and Saturn. The values of Keddy include uncer-

tainties on the formulation itself and on the measured internal heat flux F . Near

the equator, Keddy is about 1 × 108 cm2 s−1 for both planets. For Jupiter, Keddy

decreases to about 1 × 107 cm2 s−1 at φ ∼ 90◦. For Saturn, Keddy decreases to

about 1× 106 cm2 s−1 at φ ∼ 90◦.

This latitudinal dependence of Keddy is also shown in Flasar and Gierasch

[1977] and Fig 1 in Visscher et al. [2010]. Both are based on the scalings given by

equation (3.7) [Flasar and Gierasch, 1978]. In section 2.2, we have shown that

experimental results do not favor this scaling. In addition, previous studies are

not able to determine the transition latitude φt, and thus not able to calculate

Keddy for all latitudes.
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In summary, our new formulation of Keddy is validated against experiments,

thus providing a new perspective compared with previous theoretical investi-

gations. Also, the pre-factors in the scalings are well determined by the experi-

mental data, which enables us to constrain Keddy much better than before.

3.3 Deep Water Abundance Constrained by CO Thermochem-

istry Kinetics

In this section, we update constraints on the deep water abundance of Jupiter

and Saturn from CO using the newly constrained Keddy in this paper. We used

the rate limiting step proposed in Visscher and Moses [2011], but we also con-

sidered a new CO kinetic model proposed in Venot et al. [2012], which has been

applied to extrasolar planets’ atmospheric chemistry [Venot et al., 2012] and

Uranus atmospheric chemistry [Cavalié et al., 2014], but never before to Jupiter.

We will show that these two kinetic models predict very different constraints on

the deep water abundance.

We make a few definitions regarding the abundance of species Z. The con-

centration of species Z is denoted as [Z] with a unit of molecules cm−3. Mole

fraction of Z is denoted as XZ = [Z]/n, where n is number density of the atmo-

sphere (molecule cm−3). Mixing ratio is denoted as qZ = [Z]/[H2]. The enrich-

ment relative to solar is EZ = qZ,planet/qZ,solar, where qZ,solar is the mixing ratio of

species Z in the Sun’s atmosphere, taken from Asplund et al. [2009].
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3.3.1 Constraints Using the Rate Limiting Step from Visscher

and Moses [2011]

We use a timescale approach, instead of solving the diffusion-kinetics equations

explicitly. The timescale approach has been used extensively in previous stud-

ies to model the abundance of disequilibrium species, and it has been shown in

Visscher et al. [2010] to be able to produce fairly accurate results. The error of

the time-scale approach relative to the full diffusion-kinetics modeling in their

particular example was ∼ 20%. Since the relative error is acceptable in con-

straining Jupiter’s deep water abundance, we choose to use the time-scale ap-

proach. Here is how we implement this approach. (1) We determine the chemi-

cal timescale τchem along the adiabat; (2) we determine the mixing timescale τmix

along the adiabat using the newly constrained Keddy; (3) we equate τchem and

τmix in order to find the quench level, and calculate the abundance of CO at the

quench level. CO above quench level is vertically well mixed, so we can get the

abundance of CO at a few bars as a function of Keddy and the water abundance.

Therefore, constraints can be put on the water abundance. Here we detail our

implementation of this method to Jupiter’s and Saturn’s atmospheres using the

rate limiting step from Visscher and Moses [2011].

• Chemical timescale τchem

We estimate τchem using the rate limiting step proposed in Visscher and

Moses [2011]:

CH3OH + M ↔ CH3 + OH + M, (3.26)

where M represents any third body. The rate coefficients k3.26 for reaction

(3.26) is calculated using the modified Tore parameters in the Appendix of
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Figure 3.5 Chemical constraints on Jupiter’s deep water abundance using rate
limiting step from Visscher and Moses [2011]. The green area between two
curves indicates the allowed EH2O considering a factor of five uncertainty in rate
coefficient of rate limiting step [Jasper et al., 2007, Visscher and Moses, 2011] and
XCO = (1.0±0.2)×10−9 [Bézard et al., 2002]. Using Keddy = (1.2±0.2)×108 cm2

s−1 constrained at the location of measurement, we find EH2O = 0.1 ∼ 0.75, cor-
responding to the blue area in the figure. Dashed line indicates EH2O measured
by Galileo Entry Probe [Wong et al., 2004].
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Figure 3.6 Chemical constraints on Saturn’s deep water abundance using the the
rate limiting step from Visscher and Moses [2011]. We consider two hypothet-
ical tropospheric CO mixing ratio, namely, qCO = 1 × 10−9 and qCO =1 × 10−10.
The uncertainty indicated by shaded area is due to the factor of five uncertainty
in the rate coefficient of the rate limiting step [Jasper et al., 2007, Visscher and
Moses, 2011]. We did not impose a constraint on Keddy since it sensitively de-
pends on the latitude where CO measurement is taken.
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Jasper et al. [2007] (Typos in the appendix of that paper were corrected in

author’s website http : //www.sandia.gov/ ajasper/pub/).

The chemical timescale τchem can be expressed as

τchem(CO) =
XCO

dXCO/dt
=

XCO

k3.26XCH3OHn
. (3.27)

In order to eliminate XCH3OH in equation (3.27), assuming an equilibrium

state between CH3OH and CO:

CH3OH = CO+ 2H2, (3.28)

equation (3.27) can be rewritten as

τchem(CO) =
1

k3.26K3.28,eqX2
H2
p2n

, (3.29)

where the equilibrium constant K3.28,eq is

K3.28,eq = exp

[

−
∆fGCH3OH −∆fGCO

RT

]

. (3.30)

The Gibbs free energy of formation ∆fGCO is from NIST-JANAF Thermo-

chemical Table [Chase, 1998], and ∆fGCH3OH is from CRC HandBook of

Chemistry and Physics [Handbook, 2012].

• Mixing timescale τmix

The vertical mixing timescale can be expressed as

τmix =
L2
eff

Keddy

, (3.31)

where Leff is an effective length scale. It can be calculated following the

recipe described in Smith [1998], and we find near the CO quench level,

Leff ≈ 0.12H for Jupiter, and Leff ≈ 0.14H for Saturn.

• XCO at quench level
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We calculated τchem and τmix along Jupiter or Saturn’s adiabat. The quench

level was found by equating τchem and τmix. The quench level depends on

Keddy and the reaction rate of the rate limiting step. For Keddy = 1×108 cm2

s−1, the quench temperatures for Jupiter and Saturn are about 1100 K and

1020 K, respectively. Once the quench level is determined, we can adjust

the abundance of H2O at the quench level to a value consistent with the

observed CO abundance.

The equilibrium abundance of CO is governed by the net reaction [e.g., Fe-

gley and Prinn, 1985, 1988, Lodders and Fegley, 2002, Visscher and Fegley,

2005]

CO+ 3H2 = CH4 +H2O. (3.32)

Using equilibrium constant K3.32,eq of this reaction, the equilibrium abun-

dance of CO can be expressed as

XCO =
K3.32,eqXCH4

XH2O

X3
H2
p2

, (3.33)

where p is the atmospheric pressure in the unit of bars. On Jupiter, the

mole fractions of H2 and CH4 were measured by Galileo Probe Mass Spec-

trometer (GPMS), with a value of XH2
= 0.864 ± 0.003 [Niemann et al.,

1998], and XCH4
= (2.05 ± 0.32) × 10−3 [Wong et al., 2004]. For Saturn, CH4

is measured by Cassini CIRS with a mixing ratio qCH4
= (5.3±0.2)×10−3

[Flasar et al., 2005, Fletcher et al., 2009a].

The equilibrium constant K3.32,eq can be calculated as

K3.32,eq = exp

[

−
∆fGCO −∆fGCH4

−∆fGH2O

RT

]

, (3.34)

where R = 8.314 J mol−1 K−1 is the universal gas constant, and ∆fGCO,

∆fGCH4
, ∆fGH2O are Gibbs free energy of formation for CO, CH4, and H2O,
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respectively. We took these values from NIST-JANAF Thermochemical

Tables [Chase, 1998].

• Constraints on XH2O for Jupiter and Saturn

Now that we can calculate XCO as a function of Keddy and XH2O using

the time-scale approach, given the observed CO abundance in the tropo-

sphere, we can place constraints on XH2O.

On Jupiter, the tropospheric CO was measured by Bézard et al. [2002] near

one of the hot spots at 9◦ N. XCO was estimated to be (1.0 ± 0.2)×10−9

at the 6 bar level. In Figure 3.5, we plot the allowed EH2O (enrichment

relative to solar qO = 9.8×10−4 from Asplund et al. [2009]) as a function

of Keddy. We consider a factor of five uncertainty in the rate limiting step.

Near 9◦ N, Keddy = (1.2 ± 0.2) × 108 cm2 s−1 is found according to Table

1. Applying this constraint on Keddy, we find EH2O = 0.1 ∼ 0.75. This

constraint is consistent with the Galileo measurement of EH2O = 0.50 ±

0.16 [Wong et al., 2004].

On Saturn, CO is observed at a mole fraction of (1.5±0.8)×10−9 [Noll

et al., 1986, Noll and Larson, 1991]. However, the fraction coming from

an internal source (vertical mixing) is still unknown. Cavalié et al. [2009]

put an upper limit on the amount of CO from an internal source with

qCO < 1 × 10−9, however, no lower limit is obtained yet. Here we keep

tropospheric CO abundance as a free parameter and explore two cases,

namely, qCO = 1.0×10−9 and qCO = 1.0×10−10. The constraints on the deep

water abundance are shown in Fig 3.6. Once the tropospheric CO is mea-

sured in the future, we can refer to Fig 3.4 or Table 3.1 to find out the

corresponding Keddy at the observation location, then refer to Fig. 6 to find

out the constraints on Saturn’s XH2O.
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3.3.2 Constraints Using Kinetic Model from Venot et al. [2012]

Table 3.2 Comparison between timescale approach and full diffusion-kinetic
modeling using the Venot model.

(Keddy, EH2O)a XCO from approximation method XCO from full diffusion-kinetic modeling
Jupiter
(1× 107, 20) 7.6× 10−10 7.5× 10−10

(1× 108, 10) 1.5× 10−9 1.5× 10−9

(1× 109, 1.0) 6.0× 10−10 5.7× 10−10

Saturn
(1× 107, 20) 7× 10−11 6.8× 10−11

(1× 108, 10) 1.5× 10−10 1.6× 10−10

(1× 109, 1.0) 6.0× 10−11 6.5× 10−11

aThe unit of Keddy is cm2 s−1

Venot et al. [2012] proposed a carbon-nitrogen kinetic model and applied it

to study hot Jupiter atmospheres. The kinetic model was originally developed

for modeling combustion process in car engines and has been validated at a

range of temperatures from 300 K to 2500 K, and pressure from 0.01 bar to some

hundred bars. Considering the relevant range of temperature and pressure, this

kinetic model is appropriate to study Jupiter and Saturn’s disequilibrium chem-

istry as well. It would be useful to compare the implied XH2O from Visscher and

Moses [2011]’s kinetic model (VM model) and Venot et al. [2012]’s kinetic model

(Venot model) . To our knowledge, this comparison has never been done for

Jupiter and Saturn.

Since no rate limiting step has been identified from Venot model, the chem-

ical timescale cannot be explicitly calculated. Therefore, we developed a full

diffusion-kinetic model, incorporating the whole kinetic network from Venot

et al. [2012]. Our model is similar to the model developed in Venot et al. [2012],

but with application to Jupiter’s and Saturn’s atmospheres. For each species i,

we solve the diffusion-kinetic equation

∂ni

∂t
+

∂φi

∂z
= Si, (3.35)
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Figure 3.7 Chemical constraints on Jupiter’s deep water abundance using the
CO kinetic model from Venot et al. [2012]. The green area indicates allowed
EH2O considering a factor of two uncertainty in the rate coefficient and XCO =
(1.0± 0.2)× 10−9 Bézard et al. [2002]. Using Keddy = (1.2± 0.2)× 108 near 9◦ N,
we find EH2O = 3 ∼ 11, corresponding to the blue area in the figure.
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Figure 3.8 Chemical constraints on Saturn’s deep water abundance using CO ki-
netic model from Venot et al. [2012]. We consider two hypothetical tropospheric
CO mixing ratio, namely, qCO = 1 × 10−9 and qCO =1 × 10−10. The uncertainty
indicated by shaded area is due to the uncertainty of the rate coefficients. We
did not impose a constraint on Keddy since it sensitively depends on the latitude
where CO measurement is taken.
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where ni is the number density of species i, Si is the net production(loss) rate,

and φi is the vertical flux given by

φi = niKeddy

1

yi

∂yi
∂z

, (3.36)

where yi is the mass fraction of species i. The chemical source term Si is cal-

culated by cantera, a software toolkit for solving problems involving chemical

kinetics [Goodwin et al., 2015]. We take the equilibrium state as the initial con-

dition of our model, and let the system evolve into a steady state. The steady

state XCO can be extracted from our model, for given inputs of Keddy and EH2O.

We check the consistency between our model and the diffusion-kinetic

model used in Mousis et al. [2014], the latter of which is adapted from the model

used in Venot et al. [2012]. Assuming O/H is 21 times solar, C/H is 9 times so-

lar, and Keddy = 109 cm2 s−1, the model in Mousis et al. [2014] derived a CO

mole fraction of 1×10−9 for Saturn. Using the same input, our model derived a

CO mole fraction of 1.1×10−9. Therefore, the two models are producing similar

results, with the remaining differences probably coming from the uncertainties

on the adiabat.

Although the diffusion-kinetic model is robust in calculating XCO for given

Keddy and EH2O, it is very time-consuming to explore the parameter space of

(Keddy, EH2O, XCO) using this method. Therefore, we developed an approxi-

mation method based on the timescale approach, which is easy and quick to

implement, and accurate enough compared with the full diffusion-kinetic mod-

eling method. The timescale approach requires the estimation of the chemistry

timescale τchem. We assume there exists a rate limiting step R1 + R2 → P1 + P2,

then

τchem =
[CO]

d[CO]/dt
=

[CO]

krls[R1][R2]
, (3.37)
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where krls is the rate coefficient of the rate limiting step. Note that krls is gener-

ally proportional to e−E/T , where E is the activation energy. [R1] and [R2] can

be related to [CO] and [H2] via the equilibrium constants and some powers of

pressure. The equilibrium constants are proportional to e∆G/T , where ∆G is the

change of Gibbs free energy of formation in the reaction. Therefore, it is reason-

able to assume τchem = CeA/Tpα, where A, C and α are constant coefficients that

need to be fitted.

We fit the coefficients based on the numerical results from our diffusion-

kinetic model. Note that for each diffusion-kinetic simulation, we have numer-

ical values for (Keddy, EH2O, XCO), where Keddy and EH2O are input parameters,

and XCO is the simulation result. We use the following procedure to fit the co-

efficients A, C and α. (1) With XCO and EH2O, we used equilibrium chemistry

of CO to find out the quench temperature Tq and quench pressure pq. (2) With

Keddy, we calculated the mixing timescale at the quench level. The chemical

timescale at quench level τchem,q is equal to the mixing timescale. (3) We there-

fore have one set of numerical values for (Tq, pq, τchem,q) from each simulation.

We run three simulations for Jupiter and three simulations for Saturn with dif-

ferent Keddy and EH2O, and use the six sets of data to fit the coefficients A, C and

α. The derived fitting formula for τchem is:

τchem ≈ (5× 10−6e2.8×104/T )p−1.29 s. (3.38)

With the chemical timescale τchem available, we followed the procedures de-

scribed in Section 3.1 to implement the timescale approach. Note that the ef-

fective length scale Leff is calculated following the recipe described in Smith

[1998], which has dependence on τchem. For the Venot model, we find Leff ≈ 0.10H

for Jupiter, and Leff ≈ 0.12H for Saturn. We compared XCO calculated by the

timescale approach with XCO calculated by the full-diffusion kinetic modeling
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in Table 2. For different combinations of Keddy and EH2O, we find the difference

on XCO is within 10% between the timescale approach and full-diffusion kinetic

modeling. This validated the timescale approach and the τchem we estimated in

equation (3.38).

Using the timescale approach, we derived the constraint on Jupiter’s EH2O.

The constraint is shown in Fig 3.7 where find EH2O = 3 ∼ 11. As a comparison,

EH2O = 0.1 ∼ 0.75 using the VM model. In Fig. 3.8, we plot the constraint on

EH2O for Saturn using the Venot model. We did not constrain Keddy here since

it sensitively depends on latitude. In the future, once the abundance of tropo-

spheric CO is measured, we can refer to Fig 3.4 or Table 3.1 to get Keddy, then

refer to Fig. 3.8 to find the constraint on EH2O.

3.4 Discussion

In this paper, we revisited the constraints on Jupiter’s deep water abundance

by disequilibrium species CO. We proposed a new formulation of eddy diffu-

sion coefficient, based on laboratory studies of turbulent rotating convection.

With newer eddy diffusion coefficient, we updated the constraints on Jupiter’s

deep water abundance. Using the rate limiting step from Visscher and Moses

[2011], we find EH2O = 0.1 ∼ 0.75. We also consider another chemical model

from Venot et al. [2012], and the constraints on deep water abundance are

EH2O = 3 ∼ 11. We do not consider the possibility of a strong compositional

stratification of either Jupiter or Saturn in which the heavy element abundance

increases toward the center of the body [Leconte and Chabrier, 2012]. It is possi-

ble that the gravitational field measurements to be made by Juno at Jupiter and
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Figure 3.9 Prediction of tropospheric XCO as a function of latitude for a given
EH2O. We consider two CO kinetic models, namely, the VM model [Visscher and
Moses, 2011] and the Venot model [Venot et al., 2012]. The error bar indicates the
measurement of XCO at 9 degrees by Bézard et al. [2002]

48



0 10 20 30 40 50 60 70 80 90
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4
x 10

−6

φ (degrees)

XPH3

 

 

EH2O = 0.6

EH2O = 7

EH2O = 14

Figure 3.10 Prediction of XPH3
as a function of latitudes for given values of EH2O.

The bulk phosphorus abundance is taken as XP = 2.3×10−6 [Mousis et al., 2012].
The rate limiting step for PH3 - P4O6 conversion is taken as equation (3.40) [Viss-
cher and Fegley, 2005].
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Cassini at Saturn will provide constraints on the degree of such differentiation,

but the problem of deriving oxygen abundance from such differentiation may

be difficult to resolve.

The distinct ranges of EH2O found in Jupiter with the two kinetic models re-

quire very different formation conditions. The range of EH2O (∼0.1–0.75) found

with the kinetic model of Visscher and Moses [2011] necessities the formation of

Jupiter in a region of the protosolar nebula that is strongly depleted in oxygen.

A moderate H2O enrichment by a factor of ∼2 in Jupiter already corresponds to

a substantial depletion of the oxygen abundance by a factor of ∼2 in its feeding

zone [Mousis et al., 2012]. This implies that the oxygen abundance in Jupiter’s

feeding zone should be depleted by factors of ∼5–40 times, compared to the

protosolar abundance, for values of EH2O found in the ∼0.1–0.75 range in the

envelope. Such a high oxygen depletion might be explained if Jupiter formed at

a slightly lower heliocentric distance than the iceline in the protosolar nebula.

At this location, the diffusive redistribution and condensation of water vapor

induces two effects: it increases the density of ice at the position of the iceline

but it also drops the water vapor abundance at distances slightly closer to the

Sun [Stevenson and Lunine, 1988, Ali-Dib et al., 2014]. However, at this location,

because the disk’s temperature is higher than the water condensation tempera-

ture, it becomes difficult to accrete efficiently icy planetesimals in Jupiter’s en-

velope in order to explain the giant planet’s overall elevated metallicity. In this

context, a possible explanation of the observed enrichments in Jupiter could lie

in its late formation in the protosolar nebula. In this case, the photoevapora-

tion of the disk and the delivery of condensible species in vapor forms from its

outer regions may lead to a progressive homogeneous enrichment of the disk in

heavy elements [Guillot and Hueso, 2006]. Jupiter’s metallicity would be then
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representative of the heavy element enrichment acquired by the disk’s gas from

which it accreted.

On the other hand, the range of EH2O (∼3–11) found with the kinetic model

of Venot et al. [2012] corresponds to cases of Jupiter formation in environments

where the O abundance varies from moderately depleted to slightly enriched

compared to the protosolar value. The value of EH2O ∼7 is predicted in Jupiter

when it accreted planetesimals formed from a gas phase of protosolar compo-

sition [Mousis et al., 2012]. In this case, Jupiter’s building blocks were agglom-

erated from a mixture of clathrates and pure ices condensed down to ∼22 K in

the protosolar nebula. Any value of EH2O lower than ∼7 requires the forma-

tion of Jupiter at a slightly lower heliocentric distance than the ice line in the

protosolar nebula. In contrast, values of EH2O higher than ∼7 correspond to an

increase of the water abundance in the giant planet’s feeding zone, thus easing

the trapping of volatiles in the form of clathrates at higher disk’s temperature

(in the ∼50–80 K temperature range; Mousis et al. [2009, 2012]). In both cases,

the volatiles responsible for the enrichments measured at Jupiter were supplied

either via the partial erosion of its core or via accretion of planetesimals dragged

from the nebula during the hydrodynamical collapse of the envelope.

In the case of Saturn, the range of EH2O remains still loosely constrained be-

cause no inner limit has been found for the internal source of CO. For the mo-

ment, depending on the value of EH2O, the range of conclusions made for Jupiter

applies to Saturn as well. When an inner limit for the internal source of CO is

set in the future, it will be possible to derive more specific conclusions.

Our model is still subject to improvements in the following aspects:
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• CO kinetic models

With a better assessment of the kinetics of chemical reactions, our model

should allow derivation of a much narrower range of deep water abun-

dances in Jupiter, and subsequently provide more robust constraints on

their formation conditions. Currently, the two kinetic models, VM model

and Venot model, place very different constraints on deep water abundance.

The VM model is derived from previous Jupiter and Saturn models [e.g.,

Gladstone et al., 1996, Moses et al., 1995a,b, 2000a,b], with extensive up-

dates on high temperature kinetics from combustion chemistry studies

[Visscher et al., 2010]. As a comparison, the Venot model is based on a

C0-C2 reaction base originally developed for industrial applications. A

mechanism for nitrogen is coupled to the C0-C2 reaction base to model

C/N/O/H chemistry. According to Venot et al. [2012], their model has

been validated by various experiments over a large range of pressure and

temperature [e.g., Battin-Leclerc et al., 2006, Bounaceur et al., 2007, Ander-

lohr et al., 2010, Bounaceur et al., 2010, Wang et al., 2010], while the VM

model has not been validated against experiments. From this aspect, Venot

model is more plausible than the VM model.

• Potential Tests on Keddy Formulation Using JIRAM on Juno

Although our new formulation of Keddy has been validated against labora-

tory experiments, there are still no observational constraints on Jupiter’s

or Saturn’s Keddy.

The microwave radiometer onboard Juno spacecraft should be able to

measure the deep water abundance in Jupiter [Janssen et al., 2005]. If per-

formed, this measurement should be able to place constraints on Keddy, as

is shown in Fig. 3.5 and Fig. 3.7.
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We have predicted the dependence of Keddy on latitude, thus the concen-

tration of disequilibrium species should have a latitudinal variation. Mea-

surement of disequilibrium species at different latitudes will be able to

provide a test of the latitudinal dependence. In Fig. 3.9, we plot the cal-

culated XCO in the troposphere as a function of latitudes. XCO near the

equator is about three times XCO near the pole. Currently the only mea-

surement of tropospheric CO is at 9◦ N [Bézard et al., 2002]. Measurement

of CO at higher latitudes with less than 20% uncertainty would be able

to distinguish the latitudinal variation, and thus test our formulation of

Keddy.

Another disequilibrium species that has been detected in Jupiter’s at-

mosphere is PH3. Tropospheric abundance of PH3 was measured by

Cassini CIRS. The average value of XPH3
below 1 bar is estimated to be

(1.9 ± 0.1) × 10−6 [Irwin et al., 2004, Fletcher et al., 2009b], which is order

of magnitude larger than its equilibrium abundance, indicating its state of

disequilibrium. The net reaction for PH3 destruction is [Prinn et al., 1984,

Fegley and Prinn, 1985, Visscher and Fegley, 2005]

4PH3 + 6H2O = P4O6 + 12H2. (3.39)

Following Visscher and Fegley [2005], we use the reaction

PH3 +OH → H2POH+ H (3.40)

as the rate limiting step. The bulk phosphorus abundance is unknown.

We take XP = 2.3 × 10−6, which is consistent with the calculations by

Mousis et al. [2012]. In Fig. 3.10, we plot the calculated XPH3
as a function

of latitude. The profile sensitively depends on the deep water abundance.

For low water abundance (e.g. EH2O = 0.6), PH3 is the dominant species
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regardless of Keddy. However, at large water abundance (e.g. EH2O = 14),

the dependence on Keddy is very sensitive.

The spectrometer JIRAM on board Juno will be able to retrieve the abun-

dance of CO and PH3 at 3∼10 bars. The relative error for CO should be

about 60%, and for PH3 it should be about 30% [Grassi et al., 2010]. From

Fig. 3.9, the latitudinal variation of CO is at the limit of instrument (60%

relative error). From Fig. 3.10, if Jupiter has a bulk water abundance of

EH2O ≳ 7, then JIRAM should be able to see the latitudinal variation, oth-

erwise, the latitudinal variation is too small to be resolved by JIRAM.

• Effects of Horizontal Mixing

Although we predicted a latitudinal variation of CO and PH3, we ignored

the effect of possible horizontal mixing that tends to homogenize latitudi-

nal gradients. If we assume horizontal mixing is driven by eddy diffusion,

and assume horizontal Keddy is of similar order to vertical Keddy, then the

horizontal mixing timescale τmix,h ∼ R2
J/Keddy ∼ 1011 s, which is much

larger than the vertical mixing timescale τmix ∼ 106 s. Therefore, hori-

zontal eddy diffusion is not able to effectively homogenize disequilibrium

species in the troposphere. However, if significant horizontal circulation

across latitudes exists, the horizontal mixing could be enhanced. Consider

the meridional velocity v, and meridional scale RJ , then the horizontal

mixing timescale τmix,h ∼ RJ/v. For v = 10 m s−1, τmix,h ∼ 7 × 106 s. Com-

pared with vertical mixing timescale τmix ∼ 106 s, horizontal mixing could

smooth out the latitudinal gradient to some degrees. The determination of

horizontal profile of CO or PH3 under horizontal mixing would require the

knowledge of tropospheric circulation of Jupiter, which is still unknown.

Although we do not know exactly the extent of horizontal mixing, we can
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explore its effect on the constraints of EH2O by considering two extreme

conditions, namely, no mixing and 100% mixing. For no mixing, the results

are EH2O = 0.1 ∼ 0.75 using the VM model and EH2O = 3 ∼ 11 using

the Venot model. For 100% mixing, we assume CO is well mixed across

latitudes. According to our calculations, the results are EH2O = 0.2 ∼

1.0 using the VM model and EH2O = 4.7 ∼ 16.3 using the Venot model.

Therefore, horizontal mixing does not significantly affect our constraints

on Jupiter’s deep water abundance.

3.5 Conclusion

In this paper, we improved the thermochemical constraints on Jupiter’s deep

water abundance in two aspects. First, we developed a new formulation for

eddy diffusion coefficient based on experiments dedicated to turbulent rotat-

ing convection. Application of the new formula to Jupiter and Saturn reveals

a smooth transition from slow rotation regime (near the equator) to rapid rota-

tion regime (near the pole), and a strong latitudinal dependence. We estimate an

uncertainty for our newly-derived coefficient of less than 25%, which is much

better than the one order of magnitude used in the literature. Secondly, we con-

sidered two updated chemical-kinetic models and derived the constraints on

Jupiter’s deep water abundance. Using the rate limiting step proposed by Viss-

cher and Moses [2011], we find the enrichment of water (relative to solar) for

Jupiter is EH2O = 0.1 ∼ 0.75, while using the chemical-kinetic model proposed

by Venot et al. [2012], we find EH2O = 3 ∼ 11. With a better assessment of chem-

ical kinetics, our model should allow deriving a much narrower range of deep

water abundance in Jupiter. The constraint on Saturn’s deep water abundance
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is still loose due to the lack of measurements of tropospheric CO abundance.
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CHAPTER 4

MODELING DISEQUILIBRIUM SPECIES FOR JUPITER AND SATURN:

IMPLICATIONS FOR JUNO AND SATURN ENTRY PROBE

4.1 Introduction

Disequilibrium species in the atmosphere of Jupiter and Saturn can be used to

constrain the deep water abundance and the deep eddy diffusion coefficient in

the atmospheres of Jupiter and Saturn [e.g., Prinn and Barshay, 1977, Fegley

and Lodders, 1994]. Various disequilibrium species such as CO, PH3, GeH4,

and AsH3 have been detected on Jupiter and Saturn with abundances orders

of magnitude higher than their respective chemical equilibrium abundances at

the pressure level where they are observable [e.g., Beer, 1975, Noll et al., 1986,

Ridgway et al., 1976, Larson et al., 1980, Fink et al., 1978, Noll et al., 1988, Bézard

et al., 1989, Noll et al., 1989]. These species at a few bars are transported upward

by vertical mixing from the deep atmosphere where they are more abundant,

therefore, they contain the information of the atmosphere down to a few hun-

dred bars. In this paper, we model the vertical profiles of disequilibrium species

with updated thermodynamic and kinetic data. The dependence on the water

abundance and the eddy diffusion coefficient is investigated.

Our study is timely for the following reasons. The JIRAM instrument on

board the Juno spacecraft will be able to measure the disequilibrium species

CO, PH3, GeH4, and AsH3 down to a few bars when it will arrive at Jupiter

in 2016 [Grassi et al., 2010]. The microwave radiometer onboard Juno will also

be able to measure the deep water abundance [Janssen et al., 2005]. With the

abundances of disequilibrium species and water, constraints should be made
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on the deep eddy diffusion coefficient. A Saturn probe proposal has been sub-

mitted to the ESA 2015 call for medium class mission [Mousis et al., 2015] and

a similar concept is under study for a submission to the NASA 2016 New Fron-

tier call[Atkinson et al., 2012]. Current entry probes are designed to go down

to 10–20 bar and can make in-situ measurements of the atmosphere composi-

tion via mass spectrometry [Wong et al., 2004]. However, it is unlikely that such

probes will be able to descend below the water cloud deck and measure the

deep water abundance. A study with the updated kinetic data is then necessary

for evaluating whether deep water abundance can be effectively constrained by

disequilibrium species.

We use the diffusion-kinetic model developed in Wang et al. [2015]. A

C/N/O/H reaction network is employed to predict the abundances of various

carbon bearing species. The reaction networks for P/H/O and Si/H/O species

are applied for the first time to study planetary atmospheres in this paper. New

chemical pathways for PH3 and GeH4 destructions are then proposed. New

compilations of thermochemical data, especially for P, Ge, and As, are used in

our model.

The paper is organized as follows. In section 4.2, we introduce the current

status of the measurement of disequilibrium species. In section 4.3, we describe

our models for the chemistry and transport of disequilibrium species. In section

4.4, we present our results. In section 4.5, we discuss the implications for Juno

and a Saturn entry probe. The conclusions are summarized in section 4.6.
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Table 4.1 Observed mixing ratios of some disequilibrium species

Jupiter Saturn
q references q references

CO 1.0±0.2×10−9 Bézard et al. [2002] <1.0×10−9 Cavalié et al. [2009]
PH3 8±1×10−7 Irwin et al. [1998] 4±1×10−6 Fletcher et al. [2011]
SiH4 <2.5×10−9 Treffers et al. [1978] <2×10−10 Noll and Larson [1991]
GeH4 7±2×10−10 Bjoraker et al. [1986] 4±2×10−10 Noll et al. [1988]
AsH3 2.2±1.1×10−10 Noll et al. [1990] 3±1×10−9 Noll and Larson [1991]

4.2 Measurements of disequilibrium species: current status

The tropospheric abundances of CO, PH3, SiH4, GeH4 and AsH3 are primarily

measured in the 5µm window for Jupiter and Saturn. Apart from a 1 ppb tropo-

spheric component [e.g., Larson et al., 1978, Bjoraker et al., 1986], CO also has a

stratospheric component [e.g., Bézard et al., 2002]. The tropospheric CO is sup-

plied by vertical convective mixing from deep levels where CO prevails [Prinn

and Barshay, 1977], while the stratospheric CO can be supplied by micromete-

oroids [Prather et al., 1978], infalling materials from icy satellites [Strobel, 1979],

or shock chemistry from infalling kilometer to subkilometer-sized comets [Lel-

louch et al., 1995, Bézard et al., 2002]. At Jupiter and Saturn, comets are more

probable than other sources [Bézard et al., 2002, Cavalié et al., 2010]. The tropo-

spheric CO contains information on the deep atmosphere, and thus can be used

to probe the deep water abundance and the deep eddy diffusion coefficient. The

retrieval of Saturn’s tropospheric CO has not been successful due to its very low

mixing ratios [Cavalié et al., 2009]. Tropospheric PH3 was measured in the 5µm

window for Jupiter with a mixing ratio of (6 ∼ 9) × 10−7 [e.g., Kunde et al.,

1982, Bjoraker et al., 1986, Encrenaz et al., 1996, Irwin et al., 1998], and for Sat-

urn with a mixing ratio of (3 ∼ 5)×10−6 [e.g., Noll and Larson, 1991, de Graauw

et al., 1997, Fletcher et al., 2011]. The vertical profile of PH3 was retrieved from

the spectra by Cassini CIRS and VIMS [Fletcher et al., 2009a, 2011]. The PH3
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abundance starts to be depleted in the upper troposphere where the pressure is

about 1 bar [Fletcher et al., 2012], due to decreased eddy mixing, UV photoly-

sis and chemical re-equilibration [Irwin et al., 1998, 2004]. Tropospheric GeH4

was identified and measured at the 5µm window [Fink et al., 1978, Noll et al.,

1988] at a mixing ratio of a few times 10−10. The mixing ratio of GeH4 in the

stratosphere is expected to be lower than that in the troposphere because of UV

photolysis. The tropospheric AsH3 was measured on both Jupiter and Saturn

[Bézard et al., 1989, Noll et al., 1989, Noll and Larson, 1991]. The mixing ratio

of AsH3 on Jupiter is about 2 × 10−10 [Noll et al., 1990], while for the Saturn,

the mixing ratio is about 3 × 10−9 [Bézard et al., 1989, Noll and Larson, 1991].

In table 4.1, we summarize the measurements of tropospheric CO, PH3, SiH4,

GeH4, and AsH3 abundances for both Jupiter and Saturn.

4.3 Model

4.3.1 Introduction to the model

Table 4.2 Elemental abundances used in the simulation for Jupiter and Saturn.
Jupiter Saturn

q E references q E references
He 0.157 0.920 Niemann et al. [1998] 0.135 0.794 Conrath and Gautier [2000]
C 2.37×10−3 4.4 Wong et al. [2004] 5.33×10−3 9.91 Fletcher et al. [2009b]
N 6.64×10−4 4.92 Wong et al. [2004] 4.54×10−4 3.36 Fletcher et al. [2011]
O variable in the simulation variable in the simulation
S 8.90×10−5 3.38 Wong et al. [2004] 3.76×10−4 14.3 Briggs and Sackett [1989]
P 7×10−7 1.4 Irwin et al. [1998] 4×10−6 7.8 Fletcher et al. [2011]
Si 2.85×10−4 4.4 assumed 6.47×10−4 10 assumed
Ge 3.93×10−8 4.4 assumed 8.93×10−8 10 assumed
As 2.2×10−10 0.55 Noll et al. [1990] 3.0×10−9 7.5 Noll and Larson [1991]

The elemental abundances of Jupiter and Saturn used in this paper are sum-

60



0 500 1000 1500 2000
T(K)

100

101

102

103

104

P
(b
a
r)

Jupiter
Saturn

Figure 4.1 Adiabatic profiles of Jupiter and Saturn computed following the
method described in Fegley and Prinn [1985].
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marized in table 4.2. We use the solar composition table from Asplund et al.

[2009] as our reference. The elemental abundances are inferred from the ob-

served abundances of their hydrogen compounds. For phosphorus, we assume

the total phosphorus abundance is equal to the observed PH3 abundance. For

silicon and germanium, we assume they have enrichments similar to carbon,

since their observed hydrogen compounds (SiH4 and GeH4) do not represent

their total elemental abundances. For arsenic, we assume its total abundance is

represented by the observed AsH3 abundance.

4.4 Results

In this section, we predict the abundances of various disequilibrium species

in Jupiter’s and Saturn’s atmospheres at a few bars pressure. Above this alti-

tude level, the abundances are affected by photochemistry and the enrichment

from external sources, which are not included in our calculations here. The de-

pendence on the water abundance and the deep eddy diffusion coefficient are

investigated.

We make a few definitions regarding the abundance of species Z. Its con-

centration is denoted as [Z] with units of molecules·cm−3. Mole fraction of Z

is denoted as XZ = [Z]/n, where n is total number density of the atmosphere

(molecule·cm−3). Mixing ratio is denoted as qZ = [Z]/[H2]. For an element M,

we define EM as the enrichment of M relative to solar, which is the ratio of

[M]/[H] in the planet to that in the Sun, where [M] and [H] are the total num-

ber density of M and H atoms respectively, in whatever form. The elemental

composition of the solar atmosphere is taken from Asplund et al. [2009]. The el-
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emental abundances of Jupiter and Saturn used in our simulations can be found

in Table 4.2.

4.4.1 Simulation results using the C/N/O/H reaction network

The C/N/O/H reaction network used is described in section 2. We consid-

ered the two aforementioned reaction networks, namely, network A and net-

work B. The vertical profile of the mixing ratios of species is computed and the

(EH2O, Keddy) parameter space is investigated. As an illustration, the mixing ra-

tios along Jupiter’s adiabat for parameters EH2O = 10 and Keddy=1×108 cm2s−1

using the network A are presented in Fig. 4.2. Our calculations show that N2

is the major nitrogen bearing species after NH3 with a mixing ratio of about 1

ppm. C2H6, CO and CO2 are the major carbon bearing species after CH4. CO

and CO2 are the major oxygen bearing species after H2O. The mixing ratio of

CO and C2H6 are at 1 ppb level, while the mixing ratio of CO2 is about 0.1 ppb.

Mixing ratios of other species such as CH3NH2 and HCN are below 1×10−12.

We focus on three species, CO, C2H6 and CO2, and investigate their depen-

dence on parameters EH2O and Keddy. For each combination of (EH2O, Keddy), we

run the simulation to steady state. The mixing ratios of C2H6, CO, and CO2 have

been extracted from each simulation and the results are summarized in Fig. 4.2.

As is shown by the figure, the abundance of C2H6 is sensitive to the vertical

eddy diffusion coefficient while it is not affected by the deep water abundance.

Therefore, C2H6 is a good tracer for the eddy diffusion coefficient alone. In con-

trast, the abundance of CO is both sensitive to the eddy diffusion coefficient

and the deep water abundance. The constraints on the deep water abundance
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Figure 4.2 Simulation results for Jupiter using the C/N/O/H reaction network.
Upper left plot is the mixing ratio of species along Jupiter’s adiabatic profile
for parameters: EH2O = 10 and Keddy=1×108 cm2s−1 using the network A. Only
species with mixing ratios q > 1× 10−15 at 450 K are plotted. Upper right plot is
the predicted mixing ratio of C2H6 as a function of Keddy for a range of assumed
water abundances. Solid lines are calculated using network A, and dashed lines
are calculated using network B. Lower plots are the predicted mixing ratio of
CO and CO2 as a function of the water enrichment EH2O for different vertical
eddy diffusion coefficient Keddy. Solid lines are calculated using network A,
and dashed lines are calculated using network B.
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Figure 4.3 Simulation results for Saturn using the C/N/O/H reaction network.
Upper left plot is the mixing ratio of species along Saturn’s adiabatic profile
for parameters: EH2O = 10 and Keddy=1×108 cm2s−1 using the network A. Only
species with mixing ratios q > 1× 10−15 at 400 K are plotted. Upper right plot is
the predicted mixing ratio of C2H6 as a function of Keddy for a range of assumed
water abundances. Solid lines are calculated using network A, and dashed lines
are calculated using network B. Lower plots are the predicted mixing ratio of
CO and CO2 as a function of the water enrichment EH2O for different vertical
eddy diffusion coefficient Keddy. Solid lines are calculated using network A,
and dashed lines are calculated using network B.
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placed by the CO abundance is limited by the information on the eddy diffu-

sion coefficient. If both CO and C2H6 can be measured, we can use the mixing

ratio of C2H6 to put a tight constraint on the Keddy, then we can determine how

much water is needed to match the observed CO abundance with the predicted

CO abundance. CO2 is another tracer for the deep water abundance and the

eddy diffusion coefficient. Although it is very sensitive to the water abundance

(∝ E2
H2O

), its mixing ratio is an order of magnitude less than CO, making it more

difficult to be measured. In Fig. 4.2, we also show the results computed using

the network B. The predictions on CO and CO2 abundances using network B are

very different from those using network A. Therefore, significant uncertainties

still remain for the CO kinetics that require laboratory measurements for their

definite resolutions.

The tropospheric CO abundance on Jupiter was measured at the North-

ern Equatorial Belt (∼ 9◦) by Bézard et al. [2002] with a mole fraction of

(1.0 ± 0.2) × 10−9 . Combined with the predicted eddy diffusion coefficient of

∼ 1× 108 cm2s−1 [Wang et al., 2015] near the equatorial regions, the deep water

abundance is constrained to be ∼ 7 times solar with network A and ∼ 0.6 times

solar with network B.

The simulation results for Saturn are presented in Fig. 4.3. Similarly to the

results for Jupiter, we find C2H6 is a good tracer for the eddy diffusion coeffi-

cient. Both CO and CO2 are good tracers for the deep water abundance. Dual

constraints from CO and C2H6 can break the degeneracy between high (low)

eddy diffusion coefficient and high (low) deep water abundance.

The tropospheric CO abundance on Saturn was not measured so far and

an upper limit is put by Cavalié et al. [2009] with a mixing ratio smaller than 1
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Saturn’s adiabat computed using the NASA Chemical Equilibrium Application
(CEA) software. The elemental input we used are P/H = 7.8 times solar, O/H =
10 times solar, and other elemental abundances are solar except He, C, N, S, Si,
Ge, and As, which are listed in table 4.2.

ppb. Combined with the predicted eddy diffusion coefficient of ∼ 1×108 cm2s−1

[Wang et al., 2015] near the equator, the deep water abundance is constrained to

be ≲ 60 times solar with network A and ≲ 10 times solar with network B.

4.4.2 Simulation results using the H/P/O reaction network

We use the NASA CEA chemical equilibrium code to compute the equilibrium

abundances of phosphorus containing species along Saturn’s adiabat, and the

results are shown in Fig. 4.4. The elemental abundances used in the calculations

are summarized in Table 4.2. Our calculations show that H3PO4 is the major

phosphorus bearing species below 700 K instead of P4O6 in the literature [e.g.,
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Fegley and Lodders, 1994, Visscher and Fegley, 2005]. We find the difference

is due to the different thermodynamic data used for P4O6. Fegley and Lodders

[1994] and others use the standard enthalpy of formation of P4O6 (∆H0
f [P4O6])

from JANAF table [Chase et al., 1985], which is based on the experiments by Ko-

erner and Daniels [1952]. As a comparison, the CEA code uses the ∆H0
f [P4O6]

from Gurvich’s table [Gurvich and Veyts, 1990], which is based on the experi-

ments by Hartley and McCoubrey [1963]. Fegley and Lodders [1994] favored

the data from the JANAF table because they see “no compelling reasons, such

as a problem with experimental methods or data reduction, to reject the work

of Koerner and Daniels [1952] in favor of the work of Hartley and McCoubrey

[1963]”. They point out that the discrepancy needs to be resolved by a new ex-

perimental determination of the ∆H0
f [P4O6]. However, we favor the data from

Gurvich’s table for the following reasons. Hartley and McCoubrey [1963] actu-

ally pointed out that in the experiment of Koerner and Daniels [1952] the sample

examined is a mixture of P4O6 and P4O10 rather than pure P4O6. The identifi-

cation of P4O6 is not necessarily definitive and it may lead to the more negative

values of the enthalpy of formation for P4O6 (due to pollution by P4O10). Later

studies by Muenow et al. [1970] and Smoes and Drowart [1973] also supported

the measurement by Hartley and McCoubrey [1963]. Quantum chemical calcu-

lations by Morgon [2012] get values of the enthalpy of formation of P4O6 that

are closer to the values of Hartley and McCoubrey [1963]. We didn’t find an-

other direct or indirect measurement that supported the values by Koerner and

Daniels [1952]. The Burcat database [Burcat and Ruscic, 2005] adopted the val-

ues by Hartley and McCoubrey [1963] and pointed out that the values used in

JANAF is erroneous. For these reasons, we choose to take the data from Gur-

vich’s table. Our computation shows that PH3 is converted to H3PO4 at about
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700 K in Saturn’s atmosphere. From our computations for Jupiter, PH3 is largely

converted to H3PO4 at about 650 K in Jupiter’s atmosphere.

The main chemical pathway for PH3/H3PO4 conversion is identified from

the H/P/O reaction network by comparing the rates of all the reactions in the

network. This method is very robust since no information is needed other than

the kinetic data. The details of our analysis are presented in the Appendix B.

We find the main chemical pathway consists of the following reactions:

PH3 ↔ PH2 + H (4.1a)

PH2 + H2O ↔ H2POH + H (4.1b)

H2POH + PH2 ↔ HPOH + PH3 (4.1c)

HPOH ↔ HPO + H (4.1d)

HPO ↔ PO + H (4.1e)

PO + H2O ↔ HOPO + H (4.1f)

HOPO + H ↔ PO2 + H2 (4.1g)

PO2 + H2O ↔ HOPO2 + H (4.1h)

HOPO2 + H2O ↔ H3PO4 (4.1i)

PH3 + 4H2O ↔ H3PO4 + 4H2 (4.1, net)

The rate determining step for the pathway is reaction (4.1h). The rate co-

efficient for this reaction is unknown, however, the backward reaction coeffi-

cient is estimated in Twarowski [1995]. For the reverse reaction of 4.1h, the rate

coefficient k4.1h,r = 5.24 × 10−11e−6014/T cm3molecule−1s−1. Using the detailed
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balance, the forward rate coefficient k4.1h = k4.1h,rK4.1h,eq, where K4.1h,eq is the

equilibrium constant of reaction (4.1h). Therefore, the forward rate coefficient is

estimated to be k4.1h = 2.35× 10−12e−1.067×104/T cm3molecule−1s−1.

In Figures 4.5 and 4.6, we have plotted the predicted mixing ratios of PH3 as

a function of the Keddy computed using the rate determining step. Our calcu-

lations show that the mixing ratio of PH3 is not sensitive to the values of Keddy

unless Keddy is less than 1×105 cm2s−1. We also compared the predicted PH3

for different values of EH2O. The mixing ratio of PH3 is also not sensitive to the

value of EH2O unless EH2O is greater than 30. PH3’s insensitivity to parameters

is due to its quench level deep in the regime where it is the dominant species.

For example, when Keddy = 1×107 cm2s−1 and EH2O = 10, the quench level is at

T ≈ 900K. From our equilibrium calculations shown in Fig. 4.4, PH3 is stable

and dominant until below 700 K. Almost all the phosphorus is sequestered in

PH3 on Jupiter and Saturn.

4.4.3 Simulation results for SiH4

Figure 4.7 shows the predicted equilibrium abundances of some Si-bearing

species along Saturn’s adiabat computed using the NASA CEA code. The

elemental abundances used in the calculations are summarized in Table 4.2.

MgSiO3 (l,s) and Mg2SiO4(s) condensate are the primary carriers of Si below

2000 K. The mixing ratio of SiH4 is 1×10−9 at about 1500 K, and decreases to

1×10−18 at about 1000 K. The equilibrium results are in agreement with the re-

sults from Fegley and Lodders [1994]. Observationally, the upper limit for qSiH4

on Jupiter is 2.5×10−9 [Treffers et al., 1978], and the upper limit for qSiH4
on Sat-

72



10
−20

10
−15

10
−10

10
−5

400

600

800

1000

1200

1400

1600

1800

2000

mole fraction

T
(K

)
SiO2

MgSiO3(I I I)

MgSiO3(L)

MgSiO3(I I)

MgSiO3 (I)

Mg2SiO4 (s)

SiO

SiH3

SiH2

SiH4

Saturn

Figure 4.7 Equilibrium mole fractions of some Si-bearing species along Saturn’s
adiabat computed using the NASA CEA code. The elemental input we used are
Si/H = 10 time solar, O/H = 10 times solar, and other elemental abundances are
solar except He, C, N, S, P, Ge, and As, which are listed in table 4.2.

urn is 2.0×10−10 [Noll and Larson, 1991]. This indicates that almost all of the

silicon on Jupiter and Saturn is removed by the rock formation and subsequent

condensation. The total oxygen in Jupiter should be at least the oxygen locked

in the rocks [e.g., Visscher and Fegley, 2005]. Since MgSiO3(s) is the major con-

densates for silicon, each silicon atom is combined with three oxygen atoms.

Assuming the total silicon enrichment relative to solar is similar to the enrich-

ment for carbon, then Si/H is about 1.43×10−4 on Jupiter and 3.24×10−4 on

Saturn. The oxygen locked with silicon therefore has a mixing ratio of O/H >

4.4×10−4 for Jupiter and O/H > 1.0×10−3 for Jupiter and Saturn, corresponding

to about 0.9 and 2.0 times solar, respectively. Adding this part of oxygen and the

oxygen sequestered in water would give the total oxygen in Jupiter and Saturn.

Thanks to the detailed kinetic data of Miller et al. [2004], we can extract the
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main chemical pathway for SiH4 destruction from the reaction network. The

main chemical pathway is identified by comparing the rates of all the reactions

in the network. The analysis is detailed in the Appendix C. The main chemical

pathway of SiH4 destruction is given by the following reactions:

SiH4 + M ↔ SiH2 + H2 + M, (4.2a)

SiH2 + H2O ↔ HOSiH + H2, (4.2b)

HSiOH ↔ SiO + H2, (4.2c)

SiO + H2O ↔ Si(OH)2, (4.2d)

Si(OH)2 + H ↔ HOSiO + H2, (4.2e)

Si(OH)2 ↔ HSiO(OH) (4.2f)

HSiO(OH) + H ↔ HOSiO + H2, (4.2g)

HOSiO ↔ SiO2(cr) + H, (4.2h)

SiO2(cr) + Mg(OH)
2
↔ MgSiO

3
(s) + H2O, (4.2i)

SiH4 + H2O + Mg(OH)
2
↔ MgSiO

3
(s) + 4H2. (4.2, net)

The steps (4.2a) to (4.2h) are directly identified from the network, but the last

step (4.2i) is added because SiO2(cr) is not a stable product in the atmospheres of

Jupiter and Saturn according our equilibrium calculations and those of Fegley

and Lodders [1994]. A reaction incorporating Si into to MgSiO3(s) completes

the chemical pathway. Compared with the chemical path proposed in Fegley

and Lodders [1994], the formation of SiH2 and MgSiO3(s) is the same, but the

path from SiH2 to SiO2(cr) is different. The difference is due to the method-

ologies used to identify main chemical pathways. Fegley and Lodders [1994]
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constructed their chemical pathway by identifying important intermediates ob-

served in the experiments and then devising a pathway to connect the reactants,

intermediates, and the products. There might be other important intermediates

that are missing from the pathway, and the way of connection is not unique.

This method is used when we do not have a reaction network or do not have

enough kinetic data to perform detailed analysis. However, since we now have

a reaction network, we can simulate the chemical evolution using the network

and identify the fastest route from SiH4 to SiO2(cr). Our analysis is detailed in

the Appendix C. Among the chemical pathway, we find reactions 4.2b, 4.2e, and

4.2g all serve as the bottlenecks. There is no unique rate limiting step for SiH4

destruction.

This analysis helps us simplify the original H/Si/O reaction network from

Miller et al. [2004]. The original network is designed for the simulation of SiH4

burning in the molecular oxygen. Therefore, the composition is silicon-rich and

oxygen-rich. However, the atmosphere of Jupiter and Saturn is hydrogen rich.

Some species in the reaction network are expected to be unimportant in Jupiter

and Saturn’s atmosphere, and thus can be removed from the network to in-

crease the efficiency of time integration. In the simplified reaction network,

the species included are H2, He, H2O, OH, H, SiH4, SiH3, SiH2, SiO, Si(OH)2,

HSiOH, HSiO(OH), HOSiO, and SiO2(c). These species are the major interme-

diates for SiH4 destruction, as is shown in Fig. C.1 in the Appendix C. This

simplified reaction network is used to predict the abundance of SiH4 along Sat-

urn’s adiabat for different values of Keddy and EO. The results are presented in

Fig. 4.8. For EO = 2 and Keddy = 1×109 cm2 s−1, the predicted mixing ratio

of SiH4 at a few bars level is about 1 × 10−17, while for EO = 30 and Keddy =

1×107 cm2 s−1, the mixing ratio of SiH4 falls to 1×10−26. For the two extreme
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cases considered here, SiH4 abundance is too small to be detected. Therefore,

we conclude SiH4 is not expected in Saturn’s troposphere. The same analysis is

applied to Jupiter. Similar to the result for Saturn, SiH4 is also not expected in

Jupiter’s troposphere. Fegley and Lodders [1994]’s calculation for SiH4 kinetics

also concludes the low mixing ratio of SiH4. We confirm this result using a new

Si/H/O reaction network.

4.4.4 Simulation results for GeH4

In Fig. 4.9, we show the equilibrium abundances of germanium containing

species along Saturn’s adiabat computed using the NASA CEA code. The el-

emental abundances used in the calculations are summarized in Table 4.2. The
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figures show that GeH4 is not the dominating germanium containing species,

and it is converted to more abundant GeS at lower temperature. Condensa-

tion happens near 700 K, and the major condensates are Ge(cr), GeS(cr) and

GeO2(cr). There are limited data for the GeH4 kinetics, therefore, we propose a

chemical pathway for the conversion between GeH4 and GeS by analogy with

SiH4 and SiO, since Si and Ge are in the same group and next to each other in

the periodic table, and O and S are in the same group and also next to each

other in the periodic table. The main chemical pathway for the conversion from

SiH4 to SiO is given by reactions 4.2a, 4.2b, and 4.2c. The rate determining reac-

tion is 4.2b. By analogy, we propose the main chemical pathway below for the

conversion from GeH4 to GeS.

GeH4 + M ↔ GeH2 + H2 + M, (4.3a)

GeH2 + H2S ↔ HSGeH + H2, (4.3b)

HSGeH ↔ GeS + H2, (4.3c)

and the rate determining reaction is 4.3b. This chemical pathway is very

similar to the one proposed in Fegley and Lodders [1994]. The only difference is

the step from GeH2 to HSGeH. In Fegley and Lodders [1994], two steps are used:

the first is GeH2 + H2S ↔ H2Ge=S + H2, and the second is H2Ge=S ↔ HGe=SH.

In the H/Si/O reaction network, the rate coefficient for SiH2 + H2O ↔ H2Si=O

+ H2 is 3.84 × 1010T−0.6e−4905/T cm3mol−1s−1, and the rate coefficient for SiH2

+ H2O ↔ HSi=OH + H2 is 2.15×1010T 0.7e−4956/T cm3mol−1s−1 [Zachariah and

Tsang, 1995]. At 800 K, the first reaction is much slower than the second reaction.

By analogy, we therefore favor the single step from GeH2 to HGe=SH proposed

here instead of the double step proposed in Fegley and Lodders [1994].
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The rate coefficient for the reaction 4.3b is not in the literature. Again by anal-

ogy with reaction SiH2 + H2O, we use k4.3b ≈ 2.15×1010T 0.7e−4956/T cm3mol−1s−1

[Zachariah and Tsang, 1995]. The predicted mole fraction of GeH4 as a function

of the vertical eddy diffusion coefficient Keddy is shown in Fig. 4.10 and 4.11

for Jupiter and Saturn, respectively. For Jupiter, our predicted mole fraction is

consistent with the observed mixing ratio of 7+4
−2× 10−10 by Bjoraker et al. [1986]

with the values of Keddy predicted by Wang et al. [2015]. For Saturn, our pre-

dicted mole fraction is also consistent with the observed value of (4±2)×10−10

by Noll et al. [1988]. This consistency indicates the rate coefficient of GeH2 +

H2S is close to our estimate here. Within a factor 5 uncertainty on both sides

of the rate coefficient (total factor of 25), we find the predicted mixing ratios of

GeH4 is in agreement with the observed values. Adjusting the rate coefficient

even higher or lower will yield a disagreement between the prediction and the

observation. Therefore, the rate coefficient of reaction 4.3b should be within a

factor of 5 of our estimation. When we have an accurate measurement of the

rate coefficient, we can use the GeH4 abundance to constrain the value of Keddy.

The sensitivity of GeH4 abundance on the Keddy implies the effectiveness of us-

ing GeH4 abundances to constrain the Keddy, but the kinetics needs to be better

constrained by laboratory measurements first.

4.4.5 Simulation results for AsH3

Equilibrium calculations show that AsH3 is the dominant arsenic bearing

species until it is converted to As4 or As2S2 at about 400 K [Fegley and Lodders,

1994]. Due to the lack of kinetic data, it is quite uncertain where the quench

level is. Fegley and Lodders [1994] proposed three possible chemical pathways
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Figure 4.12 The predicted mixing ratio of AsH3 as a function of Keddy, the ver-
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of the conversion from AsH3 to As4 or As2S2. The first pathway starts from the

combination of AsH and AsH3 forming As2H2, then As2H2 is decomposed into

As2 which combines to form the As4 condensates. A similar mechanism starts

from two AsH2 forming the As2H2, and the rest is the same. The third one start

from the combination of AsH with HS forming AsS, and two AsS combines to

form the As2S2 condensates. The first and the third chemical pathway were in-

vestigated by Fegley and Lodders [1994]. The second one was not investigated

because the authors do not have the thermodynamic data for AsH2. However,

the second pathway is more likely than the fist pathway since AsH2 is expected

to be more abundant than AsH. Now we study the second pathway, which is

described by the following reactions:

AsH3 + H ↔ AsH2 + H2, (4.4a)

AsH2 + AsH2 ↔ As2H2 + H2, (4.4b)

As2H2 ↔ As2 + H2, (4.4c)

As2 + As2 ↔ As4, (4.4d)

As4 ↔ As4(s), (4.4e)

where the rate determining step is taken as the reaction 4.4b. The thermody-

namic data for AsH2 is from Tirtowidjojo and Pollard [1986]. The rate coefficient

of the reaction 4.4b is taken as 4.63 × 10−11T 0.04e−16.8/T cm3 molecule−1 s−1, by

analogy with the rate coefficient of SiH2 + SiH2 [Dollet and de Persis, 2007]. The

analogy between As and Si is probably not good, but we are forced by the lack

of kinetic data for elements in the same column. We consider an overall two

order of magnitude uncertainty for the rate coefficient. The kinetic results are

shown in Fig. 4.12 and 4.13. From our calculations, the predicted AsH3 abun-
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dance is nearly equal to the total arsenic abundance for a large range of the

Keddy. Now with the three chemical pathways studied, the conclusion is that

AsH3 abundance is not sensitive to the value of Keddy, and AsH3/H ≈ As/H in

both Jupiter and Saturn.

The AsH3 is observed on Jupiter with a mixing ratio of (2.2 ± 1.1) × 10−10

[Noll et al., 1990], corresponding to 0.3∼0.8 times solar abundance. The AsH3 is

observed on Saturn with a mixing ratio of (3 ± 1) × 10−9 [Bézard et al., 1989,

Noll et al., 1989, Noll and Larson, 1991], corresponding to 5∼10 times solar

abundance. The higher enrichment of As on Saturn than on Jupiter is consis-

tent with other elements, such as C and P. However, the subsolar As/H ratio

on Jupiter is puzzling because other rock forming elements such as phospho-

rus and germanium are all enriched relative to solar [e.g., Fegley and Lodders,

1994]. There could be three possibilities. One is the observations have under-

estimated the AsH3 abundance in Jupiter, and the AsH3 abundance could be

higher than solar. The second possibility is the observations are correct, but the

kinetics are not. This may be hard to understand since the kinetics work well

for Saturn. The third possibility is both observations and the kinetics are correct,

and the subsolar abundance of As is realistic, but then a mechanism is needed

to deplete arsenic on Jupiter. The JIRAM instrument on board Juno spacecraft

has the capability of measuring the AsH3 abundance at a few bars in Jupiter’s

atmosphere [Grassi et al., 2010]. However, to resolve this issue, experimental

measurements on AsH3 are necessary to better determine the arsenic kinetics.
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4.5 Discussion

In section 4, we have presented our modeling results on the disequilibrium

species using updated thermodynamic and kinetic data for Jupiter and Saturn.

We have explored the dependence on the two free parameters in our model:

the eddy diffusion coefficient and the deep water abundance. We find that CO

and CO2 are sensitive to both the eddy diffusion coefficient and the deep water

abundance, while C2H6 and GeH4 are only sensitive to the eddy diffusion co-

efficient. In this section, we discuss how Juno and a Saturn probe can improve

our understanding on the Keddy and EH2O through the measurement of disequi-

librium species. We also discuss the uncertainties on the kinetic networks and

suggest reactions that should be further studied.

4.5.1 Further constraints by Juno

Juno arrived at Jupiter in July 2016, and the microwave radiometer is mapping

the water abundance down to ∼ 100 bars. The JIRAM instrument can measure

the abundances of H2O, NH3, PH3, CO, GeH4, AsH3 at a few bars level [Grassi

et al., 2010]. Using the measured deep water abundance and the tropospheric

CO abundance measured by Bézard et al. [2002], the eddy diffusion coefficient

can be constrained as is shown by Fig. 4.2 in this paper and Fig. 5 in Wang et al.

[2015]. Another constraint on the Keddy can be placed using the measured GeH4

abundance, as is shown by Fig. 4.10. However, a quantified reaction network

is needed, or at least a determination of the rate limiting reaction is required to

reduce the uncertainties in GeH4 kinetics.
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Figure 4.14 Mole fraction of GeH4 as a function of the latitude for Jupiter com-
puted using the germanium chemical model. The horizontal profile of the ver-
tical eddy diffusion coefficient used in the calculation is from Wang et al. [2015].
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Both Flasar and Gierasch [1978] and Wang et al. [2015] predicted latitudinal

variations on the deep eddy diffusion coefficient due to the rotational effects

on the convection. The latitudinal variation of the eddy diffusion coefficient

should result in latitudinal variations of the abundances of CO, C2H6, CO2, and

GeH4 at a few bars level. Multi-latitude measurements of CO and GeH4 will

test the prediction, if performed by JIRAM. We predict no latitudinal variation

on the PH3 and AsH3 abundances since their abundances are not sensitive to the

eddy diffusion coefficient. The horizontal (latitudinal) profile of CO on Jupiter is

presented in the Fig. 9 of Wang et al. [2015]. The mole fraction of CO is predicted

to be about 1× 10−9 near the equator and decreases to about 4× 10−10 near the

pole. Fig. 10 of Wang et al. [2015] shows latitudinal variations of PH3 on Jupiter

because the old chemical model is used in that paper. With the new chemical

model for phosphorus in this paper, we predict no latitudinal variations for PH3

at a few bars level. The predicted horizontal profile of GeH4 is shown in Fig.

4.14. The horizontal profile of eddy diffusion coefficient used in the calculations

is from Wang et al. [2015]. The mole fraction of GeH4 is predicted to be about

7×10−10 near the equator and slowly decreases to about 3×10−10 near the pole.

4.5.2 Application to a Saturn entry probe

A Saturn entry probe with a mass spectrometer on board will be able to make

in-situ measurements of the composition of Saturn, including the abundances of

various disequilibrium species at a few bars level. The mass spectrometer is ex-

pected to have much higher resolution than the one on the Galileo entry probe.

Therefore, it has the capability to make more precise and sensitive measure-

ments. The probe may not be able to descend below the water cloud deck, and
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therefore cannot really determine the deep (global) water abundance. However,

as is shown by Fig. 4.3, if both C2H6 and CO can be measured, useful constraints

can be placed on both the eddy diffusion coefficient and the deep water abun-

dance. The mixing ratio of C2H6 on Saturn is predicted to be about 1 × 10−9,

and the mixing ratio of the tropospheric CO is predicted to be below 1 × 10−9.

Therefore, any instrument must be sensitive enough to measure sub-ppb level

of mixing ratios. In addition, since CO and N2 have nearly identical molecu-

lar weight, the payload must resolve the ppb level CO from the ppm level N2.

In Wang et al. [2015], we predicted a higher eddy diffusion coefficient near the

equator and a decreasing eddy diffusion coefficient at higher latitudes. There-

fore, we expect CO and C2H6 to be higher in abundance near the equator. The

probe entry site should be preferentially near the equator in order to maximize

the possibility of detecting CO and C2H6. The mixing ratio of GeH4 is predicted

to be a few times 10−10, and is a sensitive function of the eddy diffusion co-

efficient. The measurement of GeH4 can add another constraint on the eddy

diffusion coefficient.

The Juno mission measurements provide a potentially important synergy

with the Saturn Probe measurements. By measuring both the deep water abun-

dance and disequilibrium species, it will be possible to determine both the deep

oxygen abundance and the magnitude of vertical eddy mixing. The latter de-

termination is especially robust if the disequilibrium species are measured as a

function of latitude [Wang et al., 2015]. Having a determination of the Jovian

value of the eddy mixing will provide a useful constraint on that for Saturn,

which will help lift the degeneracy between deep water abundance and vertical

mixing from Saturn Probe measurements. Alternatively, if both CO and C2H6

can be measured by Saturn Probe, then an independent determination of the
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eddy mixing from those measurements will allow comparison of the vertical

dynamics from the hundreds of bars pressure level upward on the two planets.

All of this depends on the ability to resolve the uncertainties in the kinetics.

4.5.3 Uncertainties in the kinetics

The uncertainties in the kinetics affect the constraints on both the eddy diffu-

sion coefficient and the deep water abundance. In the planetary science com-

munity, various reaction networks have been developed for modeling many

kinds of atmospheres, such as the atmosphere of Jupiter [Visscher et al., 2010],

hot Jupiters [e.g., Moses et al., 2011, Venot et al., 2012, Miguel and Kalteneg-

ger, 2014], terrestrial exoplanets [e.g., Hu and Seager, 2014] and brown dwarfs

[Zahnle and Marley, 2014]. These reaction networks are successful in pre-

dicting the presence of major species in the atmospheres under a wide range

of temperature and pressure conditions. However, the predicted mixing ra-

tios are subject to large errors due to the large uncertainties on individual

rate coefficients in the network. As an example, the CO/CH4 chemistry has

been studied for decades [e.g., Prinn and Barshay, 1977, Yung et al., 1988,

Visscher and Moses, 2011], yet some uncertainty still remains because of re-

action coefficients under debate [e.g. Moses, 2014]. The accuracy of most ki-

netic networks have yet to be tested by experiments except the one of Venot

et al. [2012]. The Venot et al. [2012] network is derived from one in the com-

bustion industry and has been validated against various combustion experi-

ments. So is this reaction network accurate in modeling the atmospheres of

giant planets? One concern is that the combustion experiments are usually

conducted under carbon and oxygen rich environment, however, the atmo-
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spheres of giant planets are extremely hydrogen-rich (Moses, personal com-

munication, 2015). We investigated several other reaction networks developed

in the combustion community. The reaction networks we investigated are: the

“Aramco Mech v1.3” from Metcalfe et al. [2013]; the “San Diego Mechanism ver-

sion 20141004” (http://web.eng.ucsd.edu/mae/groups/combustion/

mechanism.html); the “C1/O2 mechanism” from Li et al. [2007]; the “fort15

mech” from Sung et al. [1998]; the “aaumech” from Coda Zabetta and Hupa

[2008]; and the “GRI-30 mech” from http://www.me.berkeley.edu/gri_

mech/. All the reaction networks listed above have been validated against

many combustion experiments. We applied these reaction networks to Jupiter’s

atmosphere and compared the predicted CO mixing ratios in Fig. 4.15. The pre-

dicted CO mixing ratios do not agree with each other, especially the Venot et al.

[2012] network, which is predicting a much lower value than other networks.

The source of the difference is that no other networks include the channel H +

CH3OH ↔ CH3 + H2O, which means this channel is not important for oxidation

in an oxygen-rich environment. However, if this channel is indeed as fast as that

measured in Hidaka et al. [1989] as used by the Venot et al. [2012] network, it

can be crucial in determining the whole CO/CH4 conversion rate. The compar-

ison in Fig. 4.15 does not imply the Venot et al. [2012] network is wrong, but

illustrates the point that networks validated under oxygen rich environments

can give different results when applied to a hydrogen-rich environment. Ideally,

networks should be tested by experiments conducted under hydrogen-rich con-

ditions in order to improve their accuracy. In this paper, due to the unresolved

uncertainties in kinetics, we considered two extreme cases for CO reaction net-

works. The Moses et al. [2011] reaction network represents the slowest pathway

for CO destruction, while the Venot et al. [2012] model represents the fastest
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pathway for CO destruction. In order to have more precise predictions on CO,

C2H6 and GeH4, a few reactions need to be further investigated experimentally

or theoretically to determine their rate coefficients. For a tighter CO mixing ra-

tio prediction, the reaction rate coefficient of H + CH3OH ↔ CH3 + H2O should

be experimentally studied under conditions relevant to Jupiter and compared

with the theoretical estimate by Moses et al. [2011], and the experimental esti-

mate by Hidaka et al. [1989]. For a tighter C2H6 mixing ratio prediction, the rate

coefficient of CH3 + CH3 + M ↔ C2H6 + M under high pressure should be better

determined. For a better GeH4 mixing ratio prediction, the rate coefficient of

GeH2 + H2S ↔ HGe=SH + H2 should be determined. The arsenic chemistry in a

hydrogen rich environment should be studied to tighten the constraints on the

total As abundance.

4.6 Conclusions

In this paper, we used a diffusion kinetic code developed in Wang et al. [2015] to

predict the abundances of various disequilibrium species on Jupiter and Saturn

with updated thermodynamic and kinetic data. The dependence on the vertical

eddy diffusion coefficient and the deep water abundance have been explored.

We summarize our simulation results below.

• We find C2H6 is a useful tracer for the deep eddy diffusion coefficient. The

degeneracy between high (low) eddy diffusion coefficient and high (low)

deep water abundance from CO constraints can be broken by adding the

constraint by C2H6.
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• We find PH3 is converted to H3PO4 instead of P4O6 as in previous studies.

We identified a new chemical pathway based on a H/P/O reaction net-

work. The PH3 abundance is predicted to be insensitive to either the eddy

diffusion coefficient or the deep water abundance unless EH2O is higher

than 20.

• We confirm that SiH4 is not expected in the troposphere of either Jupiter

or Saturn based on a H/Si/O reaction network. A new chemical pathway

for SiH4/MgSiO3 (s) conversion is proposed.

• We propose a new chemical pathway for GeH4 destruction. The GeH4

abundance is predicted to be a sensitive function of the eddy diffusion

coefficient.

• We confirm that the element As is primarily sequestered in AsH3 in Jupiter

and Saturn’s atmosphere by exploring a new chemical pathway for AsH3

destruction.

• Since the eddy diffusion coefficient is predicted by theoretical models to be

latitudinally dependent, we predict the tropospheric abundances of CO,

C2H6, CO2, and GeH4 to have latitudinal variations, and the tropospheric

abundances of PH3 and AsH3 to have no latitudinal variations.

Juno can provide multiple constraints on the eddy diffusion coefficient from its

measurement of disequilibrium species by JIRAM and its measurement of the

deep water abundance from the microwave radiometer. A probe with a mass

spectrometer sensitive enough to detect sub-ppb level of CO and C2H6 can place

constraints on both the deep diffusion coefficient and the deep water abundance

on Saturn. A probe should be sent to equatorial latitude to maximize the proba-

bility of detecting disequilibrium species. The predictions on the disequilibrium
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chemistry are limited by the uncertainty in kinetics. Several reactions are worth

further investigations to reduce the uncertainties and they are H + CH3OH ↔

CH3 + H2O, CH3 + CH3 + M ↔ C2H6 + M, and GeH2 + H2S ↔ HGe=SH + H2.
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CHAPTER 5

MODELING SYNTHETIC SPECTRA FOR TRANSITING EXTRASOLAR

GIANT PLANETS: DETECTABILITY OF H2S AND PH3 WITH JWST

5.1 Introduction

The atmospheres of exoplanets can be characterized by transit spectroscopy

[e.g., Seager and Sasselov, 2000, Hubbard et al., 2001]. The transit spectra con-

tain information about the composition and vertical thermal structure of the

atmospheres. Interpretation of the transit spectra has led to the discovery of

atoms like sodium, potassium [Charbonneau et al., 2002, Redfield et al., 2008,

Jensen et al., 2011, Sing et al., 2012, 2015, Nikolov et al., 2014, Wilson et al., 2015],

and molecules like water vapor [Deming et al., 2013, Huitson et al., 2013, Man-

dell et al., 2013, Crouzet et al., 2014, McCullough et al., 2014, Wakeford et al.,

2013, 2017, Kreidberg et al., 2014b, 2015, Evans et al., 2016, Line et al., 2016] in

the atmospheres of hot Jupiters. Other molecules such as CH4, CO, CO2 were

also reported in the literature to be detected, however, the detection of these

molecules are not confirmed by later observations or other retrieval techniques

[e.g., Gibson et al., 2011, Hansen et al., 2014, Line et al., 2014]. Currently, the

determination of molecular abundances is limited by the quality of the transit

spectra [Burrows, 2014].

James Webb Space Telescope (JWST)’s large aperture (6.5 m), wide wave-

length coverage (λ = 0.6 ∼ 28 µm) and multiple instrument modes will ensure

that it will collect the highest quality transit spectra [e.g., Beichman et al., 2014].

Greene et al. [2016] simulated how well JWST observations can constrain the

temperature-pressure profile and molecular abundances of H2O, CH4, CO, CO2
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and NH3. Other molecules such as H2S and PH3 are not included in their cal-

culations. However, H2S and PH3 are the primary carriers of sulfur and phos-

phorus in hydrogen-rich atmospheres [e.g., Visscher et al., 2006], and they po-

tentially contribute to the absorptions in the transit spectra.

PH3 has been observed in the atmospheres of Jupiter and Saturn [e.g.

Fletcher et al., 2009a, and references therein]. The PH3 observed in the up-

per troposphere and stratosphere is supplied by the vertical convection from

deeper and hotter regions of the atmosphere where PH3 is thermochemically

stable. The same process may be at work in the exoplanets. H2S was measured

in the troposphere of Jupiter by the Galileo entry probe[Irwin et al., 1998, Wong

et al., 2004]. H2S is the primary carrier of sulfur in the atmospheres of Jupiter

and Saturn except above a few bars level where H2S is removed by forming the

NH4SH cloud. For exoplanets with higher stellar irradiation, H2S may not con-

dense in the upper atmosphere. Therefore, H2S can potentially contribute to the

transit spectra of extrasolar giant planets.

The non-equilibrium chemistry of phosphorus species was not explored in

the context of exoplanets with hydrogen-rich atmospheres in the literature. The

vertical mixing can drive the chemistry out of equilibrium, just like the case

in Jupiter and Saturn. Non-equilibrium chemistry of sulfur in extrasolar giant

planets was studied by Zahnle et al. [2009]. From their calculations, H2S is pre-

dicted to be the primary carrier of sulfur up to ∼ 10 mbar. Above 10 mbar,

photochemistry is at work and the abundance of H2S decreases at higher alti-

tude.

In this paper, we model the non-equilibrium chemistry of phosphorus in the

hydrogen-rich atmospheres of exoplanets. We also model the non-equilibrium
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chemistry of C/N/O/S bearing species in order to get the vertical profiles of

major molecules in the atmospheres. To evaluate whether H2S and PH3 can be

detected by JWST transit observations, we modeled the synthetic transmission

and emission spectra from a single transit event observation with simulated

noise levels.

The paper is organized as the follows. In section 5.2, we describe our chem-

ical model, synthetic spectra model, and JWST noise model. In section 5.3, we

present our results on the computed abundance profiles of major C/N/O/S/P

bearing species. In section 5.4, we present the synthetic transit spectra for

four planetary systems with different levels of stellar insolation. In section 5.5,

we add simulated JWST noise into the synthetic spectra, and evaluate the de-

tectability of H2S and PH3. In section 5.6, we discuss the implications for JWST

transit observations, and limitations of our model. In section 5.7, we present the

conclusions of this paper.

5.2 Methodology

In this section, we describe our methodology for modeling the synthetic JWST

transit spectra. We first model the chemistry of C/N/O/S/P and identify major

species in the atmospheres that are abundant and thus potentially important

for the opacity. Then we model the noiseless primary and secondary transit

spectra using the computed abundance profiles. Finally we model the transit

spectra with simulated JWST noise, and determine whether certain molecules

will be spectroscopically detectable by JWST. We detail our methodologies in

what follows.
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5.2.1 Chemical model

We use a one-dimensional diffusion-kinetic model developed in Wang et al.

[2015, 2016] to compute the vertical profiles of molecular abundances. The code

solves the equation

∂Yi

∂t
=

1

ρ

∂

∂z
(ρKeddy

∂Yi

∂z
) + Pi − Li, (5.1)

where Yi is the mass fraction of species i, ρ is the density of the atmosphere, z is

the vertical coordinate, Keddy is the vertical eddy diffusion coefficient, Pi is the

chemical production rate of species i, and Li is the chemical loss rate of species

i. Two physical processes are modeled by the equation. One is the chemical

production or loss of species i, and the other is the vertical transport of species

i. The mixing ratio of species in the atmospheres is determined by the dynamic

balance between these two physical processes. We neglect the effect of photo-

chemistry. The effect on the chemical abundances is the photo-dissociation of

hydrogen-bearing species (e.g., H2O, CH4, NH3) and the production of photo-

chemical products (e.g., C2H6, C2H2, HCN) [Moses et al., 2011, 2013, Venot et al.,

2012, Kopparapu et al., 2012, Agúndez et al., 2014, Miguel and Kaltenegger,

2014]. Photochemistry changes the abundances only in the upper atmosphere

that is at millibar levels. Therefore, we expect our computed abundance profiles

are valid below ∼ 10 mbar.

The diffusion-kinetic model requires three kinds of input. First is the

temperature-pressure (T −P ) profile; second is a list of thermodynamic proper-

ties and a list of reactions between these species; third is the elemental compo-

sitions and the eddy diffusion coefficient. We detail how we choose the inputs

below.
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• T − P profile: we compute the T − P profile using the model developed

in Parmentier and Guillot [2014], Parmentier et al. [2015], which is a non-

gray analytical model.

• Thermodynamic properties and reaction rates: the thermodynamic prop-

erties are used to compute the equilibrium abundances as well as the back-

ward reaction rates. The thermodynamic properties are compiled from

Burcat and Ruscic [2005], McBride et al. [1993], Dean and Bozzelli [2000],

and Venot [2012]. The kinetic network used for modeling the C/N/O/H

chemistry is consisting of 108 species and 1000 reactions, originally from

Venot et al. [2012]. The H/P/O reaction network consists of 24 species

and 175 reactions, originally from Twarowski [1995]. A more detailed de-

scription of the C/N/O/H and H/P/O reaction networks used in this pa-

per can be found in Wang et al. [2016], and both reaction networks can be

downloaded at the KIDA database (http://kida.obs.u-bordeaux1.

fr/networks.html).

• Elemental abundances: we assume the elemental composition of the at-

mosphere is solar. The solar elemental abundances are from Asplund et al.

[2009].

• Eddy diffusion coefficient: Keddy is used in the one-dimensional chemi-

cal models for parameterizing the vertical transport. There is no observa-

tional constraint on the eddy diffusion coefficient on exoplanets. However,

its values can be approximated by multiplying the vertical convective ve-

locity derived from 3-D General Circulation Models (GCM) with the pres-

sure scale height [e.g., Moses et al., 2011, Venot et al., 2012, Parmentier

et al., 2013]. This mixing length theory approximation has an uncertainty

on the order of 10 in the estimated eddy diffusion coefficient [Smith, 1998].
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In this paper, we choose to use a constant profile for the Keddy, with values

equal to 1×109 cm2 s−1 throughout the atmospheres. Moses et al. [2011]

computed the abundances of C/N/O/H bearing species in HD209458b

and HD189733b for a range values of eddy diffusion coefficient. The re-

sulted differences in the molecular abundances are between a factor of one

to five for different species.

In each simulation, we provide the elemental abundances, the Keddy, and the

T−P profile to set up the code, then we initialize the Yi of species with chemical

equilibrium mass fractions. The Yi are evolved towards a steady state where the

diffusion terms balance the chemical production/loss terms in equation (5.1).

The output is vertical profiles of Yi for each species in the model.

5.2.2 Synthetic spectra model

To simulate the synthetic spectra of transiting exoplanets, we modified the

Smithsonian Astrophysical Observatory 1998 (SAO98) radiative transfer code

(see Traub and Stier [1976], Traub and Jucks [2002], Kaltenegger and Traub

[2009] and references therein for details). The line-by-line radiative transfer code

calculates the atmospheric emergent spectra and also transmission of stellar

radiation through the atmosphere with disk-averaged quantities at high spec-

tral resolution. The atmosphere is divided in different layers, where the trans-

mission is calculated using Beer’s law. Updates include a new database with

molecules relevant for giant planets that include H2O, CH4, CO, CO2, NH3, N2,

HCN, PH3, H2S taken from HITRAN [Rothman et al., 2013] and HITEMP [Roth-

man et al., 2010] database.
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The overall high-resolution spectrum is calculated with 0.1cm−1 wavenum-

ber steps. We also smear them out to a resolving power of 100 to simulate the

resolution that we will obtain with the MIRI instrument at JWST. The smoothing

was done using a triangular smoothing kernel.

5.2.3 JWST noise model

Table 5.1 Parameters for computing noise - extension of Table 4 in Greene et al.
[2016]

Instrument Mode Optics λ (µm) native R Apix (arcsec2)a nb
pix b (e− s−1 arcsec−2)c Nd nints noise floor (ppm)d

NIRISS bright SOSS GR700XD 1−2.5 ∼700 0.065”×0.065” ∼50 627.61 ∼18 ∼1×104 20
NIRCam LW grism F322W2 2.5−3.9 ∼1700 0.064”×0.064” ∼4 203.62 ∼18 ∼1×104 30
NIRCam LW grism F444W 3.9−5.0 ∼1700 0.064”×0.064” ∼4 308.74 ∼18 ∼1×104 30

MIRI Slitless LRS prism 5.0−11.0 ∼100 0.110”×0.110” ∼4 5156.0 ∼28 ∼1×104 50
ahttp://www.stsci.edu/jwst/instruments/
btwo times the spatial extent of point source spectrum
cThe background photon rate is computed at the JWST exposure time calculator https://demo-jwst.etc.stsci.edu/
dThe adopted noise floor values are from Greene et al. [2016]

The noise of primary and secondary transit spectra is simulated following

the recipes in Greene et al. [2016]. Here we provide a compact summary of the

noise modeling methodology, along with parameters in the model, summarized

in Table 5.1. The selected JWST observing modes are from Table 4 of Greene et al.

[2016]. The NIRISS instrument with bright SOSS mode covers the wavelength

1.0 ∼ 2.5 µm with a native resolution of ∼ 700; the NIRCAM instrument with

LW grism mode covers the wavelength 2.5 ∼ 5.0 µm with a native resolution of

∼ 1700; the MIRI instrument with slitless mode covers the wavelength 5.0 ∼ 12

µm with a resolution of ∼ 100. We adopted a cutoff at 12 µm for MIRI slitless

mode because the transmission becomes low at longer wavelength [Kendrew

et al., 2015]. The selected JWST modes provide a wavelength coverage between

1.0 and 12 µm. We choose a binned resolution of R = 100 for all modes to ensure

each bin contains enough photon in our simulation.
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There are four noise components: the signal photon shot noise, the back-

ground photon shot noise, the detector noise, and the systematic noise. The

equations for computing each component are from Greene et al. [2016]. For

completeness, we present these equations below, and describe how we choose

the parameter values in these equations.

• The number of signal photons in each spectral bin is computed following

the equation

Sλ = FλAtelt
λ2

hcR
τ, (5.2)

where Sλ is the number of signal photons in each spectral bin, Fλ is the

flux of the signal as received at the telescope, Atel is area of the aperture

of JWST, t is the total integration time, R is the binned spectral resolu-

tion, and τ is the total system transmission. The total integration time t

is adopted as 0.9 times the full transit duration T14. The transmission τ is

computed as the product of the telescope (∼ 0.9) and selected instrument

(∼ 0.3). The signal flux Fλ is measured at three configurations, namely,

in-transit, out-transit, and in-eclipse. We assume the total integration time

for the three configurations are all equal to t. The signal shot noise is equal

to the square root of Sλ.

• The background signal is computed following the equation

Bλ = bλtApixnpixRnative/R, (5.3)

where Bλ is the background photon numbers in each spectral bin, bλ is

the background electron flux, Apix is the area subtended by each pixel, npix

is two times the number of spacial pixels covered by the spectrum, and

Rnative is the native resolution of the spectrum before binning. The values
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of above parameters used in this simulation are summarized in Table 5.1.

The background shot noise is equal to the square root of Bλ.

• The total detector noise in single transit observation is calculated as

Nd,tot = Nd

√

npixnintsRnative/R, (5.4)

where Nd is the total detector noise in one integration, and nints is the num-

ber of integrations in one transit observation. The parameter nints depends

on the total transit duration, the brightness limit of each instrument mode,

and the brightness of the star. The parameter values are summarized in

Table 5.1.

• The systematic noise cannot be reduced by summing over more observa-

tions. We adopted the systematic noise floor as suggested by Greene et al.

[2016], as presented in Table 5.1.

The four noise components are combined quadratically to compute the total

noise in each spectral bin for a single transit observation.

5.3 Results for abundance profiles

In this section, we present our results for the chemistry of C/N/O/S/P species.

Temperature and pressure are the most important factors for determining the

molecular abundances. The chemistry is very different for differently irradiated

atmospheres. We simulate the atmospheres with different equilibrium temper-

atures (500 K, 750 K, 1000 K, 1500 K, 2000 K). The T -P profiles used in the cal-

culations are shown in Fig. 5.1. The vertical eddy diffusion coefficient used is

1×109 cm2 s−1, and the composition is assumed to be solar. In the following
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Figure 5.1 Horizontally-averaged temperature-pressure profile for extrasolar gi-
ant planets computed using the approach in Parmentier and Guillot [2014], Par-
mentier et al. [2015]. Different lines correspond to different equilibrium temper-
atures, caused by the irradiation from the star.
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subsections, we present the computed vertical abundance profiles for Teq = 500

K, 1000 K, 1500 K, and 2000 K.

5.3.1 Results for phosphorus species

Assuming a solar elemental abundances for phosphorus, hydrogen, and oxy-

gen, we compute the abundance profiles of H/P/O bearing species for different

levels of insolation. We present our results for the phosphorus chemistry in

Fig. 5.2. The most abundant H/P/O bearing species are PH3, PH2, PH, HOPO,

H3PO4, and P2. For atmospheres with Teq = 500 K and Teq = 1000 K, the abun-

dances are out of chemical equilibrium due to the effect of vertical mixing. For

atmospheres with Teq = 1500 K and Teq = 2000 K, the abundances are in chemical

equilibrium. The vertical mixing still exists, however, the mixing time scale is

longer than the chemical timescale, and the abundances quickly re-equilibrate

after mixing. The major phosphorus species are different for different levels

of insolation. For an atmosphere with Teq = 500 K, the dominant phosphorus-

containing species is PH3. This is similar to Jupiter, which has an equilibrium

temperature at approximately 160 K. For an atmosphere with Teq = 1000 K, PH3

and P2 are the most abundant phosphorus containing species above 1 bar. Be-

low 1 bar, PH3 is still the dominant species. At this temperature, part of the PH3

is thermally decomposed into PH2. The reactions between radicals can produce

molecules with two or more phosphorus atoms such as P2. At Teq = 1500 K and

2000 K, the temperature is high enough that most PH3 is thermally decomposed

into PH2 and PH.
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Figure 5.2 Computed mole fractions of major phosphorus-bearing species (PH3,
PH2, PH, HOPO, H3PO4, and P2) in the atmospheres of extrasolar giant planets.
Solid lines show the disequilibrium abundances computed using the diffusion-
kinetic model, and the dashed lines show the abundances assuming local chem-
ical equilibrium. The four plots correspond to different equilibrium tempera-
tures: (a) Teq = 500 K, (b) Teq = 1000 K, (c) Teq = 1500 K, (d) Teq = 2000 K. The
elemental abundances are summed to be one solar. The eddy diffusion coeffi-
cient Keddy is set at 1× 109 cm2s−1.
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5.3.2 Results for sulfur species

We compute the equilibrium abundances of sulfur species along the T -P pro-

file in order to identify the most abundant sulfur bearing species. We consider

species H2S, HS, H2S2, CH3SH, S, S2, SO, SO2, CS, CS2, COS, and SN. The results

are shown in Fig. 5.3. For atmospheres with Teq = 500 K, 1000 K, and 1500 K,

H2S is the dominant species at pressure levels between 1×10−4 bar and 1×104

bar. For atmospheres with Teq = 2000 K, H2S is the dominant species below 0.01

bar. Above 0.01 bar, atomic S is the dominate species. Since vertical mixing has

the effect of homogenizing the abundances, the addition of vertical mixing into

the model is not expected to change the result for H2S. However, we ignore the

effect of photochemistry, which may affect the vertical profile at low pressure

levels. Zahnle et al. [2009]and Zahnle and Marley [2014] have done photochem-

ical modeling of sulfur species in the atmospheres of hot Jupiters. From their

calculations, H2S is largely photo-dissociated at P ≳ 0.01 bar, but remains the

dominant sulfur carrier at P ≲ 0.01 bar. Therefore, it is reasonable to assume

H2S is the dominant sulfur bearing species below 0.01 bar.

5.3.3 Results for C/N/O/H species

It is necessary to carefully model the contribution of C/N/O/H bearing species

to the transit spectra if we want to identify spectral features of H2S and PH3.

Molecules such as H2O or CO are more abundant than H2S and PH3, and thus

contribute the most to the transit spectra. In order to find molecules that are

more abundant than H2S and PH3, we performed independent calculations for

C/N/O/H chemistry. Our results are in general consistency with results re-
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Figure 5.3 Computed equilibrium mole fractions of major sulfur-bearing species
in the atmosphere of extrasolar giant planets. The disequilibrium calculations
including vertical mixing are not done since the vertical mixing is not expected
to change the profiles of H2S. The four plots correspond to models with different
equilibrium temperatures: (a) Teq = 500K, (b) Teq = 1000K, (c) Teq = 1500K, (d)
Teq = 2000K. The elemental abundances used here is one solar.
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Figure 5.4 Computed mole fractions of major C/N/O/S/P bearing species in
the atmosphere of extrasolar giant planets. The four plots correspond to models
with different equilibrium temperatures: (a) Teq = 500 K, (b) Teq = 1000 K, (c) Teq

= 1500 K, (d) Teq = 2000 K. The elemental abundances used here is one solar. The
vertical eddy diffusion coefficient used here is Keddy = 1× 109 cm2 s−1.
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ported in the literature [e.g., Moses et al., 2011, Venot et al., 2012, Miguel and

Kaltenegger, 2014, Hu and Seager, 2014]. We find the major C/N/O/H bear-

ing molecules are H2O, CO, CH4, CO2, N2, NH3, and HCN. These molecules

must be included in the spectra calculation in order to cover all important opac-

ity sources. We present our computed vertical profile of these molecules along

with PH3 and H2S in Fig. 5.4. The results are shown for four different levels of

stellar insolation.

For atmospheres with Teq = 500 K, the most abundant species are H2O, CH4,

NH3, H2S, N2 and PH3. The abundances are nearly homogeneous in the vertical

direction down to ∼ 10 bars. The atmosphere is strongly homogenized by verti-

cal mixing, and species are in a disequilibrium state. CH4 is the primary carbon-

bearing species, H2O is the primary oxygen-bearing species, NH3 is the primary

nitrogen-bearing species, H2S is the primary sulfur-bearing species, and PH3 is

the primary phosphorus-bearing species.

For atmospheres with Teq = 1000 K, the most abundant species are H2O,

CO, CH4, N2, NH3, H2S, HCN, and PH3. Abundances are nearly homogeneous

down to 1-10 bars due to the effect of vertical mixing. CO carries about 2/3 of

the total carbon abundance, and CH4 carries the other 1/3 of the total carbon

abundance. H2O is the dominant oxygen bearing species. N2 and NH3 each

carries about 1/2 of the total nitrogen abundance. This temperature marks the

transition temperature for CO/CH4 conversion and N2/NH3 conversion. For

Teq ≲ 1000 K, CH4 and NH3 are the major carbon and nitrogen carriers; for Teq

≳ 1000 K, CO and N2 are the major carbon and nitrogen carriers.

For atmospheres with Teq = 1500 K, the most abundant species are CO, H2O,

N2, and H2S. CO is the primary carrier of both oxygen and carbon. The rest of
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Figure 5.5 Mole fractions at 1 bar as a function of the equilibrium temperatures
of atmospheres. The species plotted are H2O, CO, CH4, CO2, NH3, N2, HCN,
H2S, and PH3.

the oxygen is in the form of H2O. N2 is the primary carrier of nitrogen. CH4 and

NH3 are much less abundant in the atmospheres.

For atmospheres with Teq = 2000 K, the most abundant species are CO, H2O,

N2, and H2S. The abundances are nearly in chemical equilibrium due to the high

temperature. CH4, NH3, and PH3 are much less abundant.
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Table 5.2 Fiducial planetary system parameters in the model
Teq (K) Mp (MJ ) Rp (RJ ) asemi (AU) P (days) T⋆ (K) R⋆ (R⊙) T14 (s) D (pc) K (mag)

500 1.0 1.0 0.310 63.1 5700 1.0 26000 50 6.8
750 1.0 1.0 0.138 18.7 5700 1.0 17333 50 6.8

1000 1.0 1.0 0.0776 7.89 5700 1.0 13000 50 6.8
1500 1.0 1.0 0.0345 2.34 5700 1.0 8666 50 6.8
2000 1.0 1.0 0.0194 0.986 5700 1.0 6500 50 6.8

5.3.4 Influence of insolation

There are three regimes for the abundance profiles depending on the level of

insolation. For highly irradiated atmospheres (e.g., Teq > 1500 K), the chemical

abundances are in local chemical equilibrium. Therefore, when doing atmo-

sphere composition and T -P profile retrieval, assumptions of chemical equilib-

rium should be valid. For moderately irradiated atmospheres (e.g., Teq < 1000

K), the vertical mixing tends to produce a homogeneous abundances in the at-

mospheres. It should be valid to assume a constant mixing ratio profile when

doing atmospheric retrieval. In between is the transition regime when both

chemical reactions and vertical mixing are important in the atmospheres. In

this regime, the abundance profiles will depend the vertical eddy diffusion coef-

ficient as well as the T -P profile. In Fig 5.5, we show the computed abundances

at 1 bar level as a function of Teq. From the figure, CO, CO2, and N2 abundances

increase as Teq increases, while CH4, NH3, and PH3 abundances decrease as Teq

increases. H2O and H2S abundances remain approximately unchanged relative

to the change of Teq. The HCN abundance increases and decreases as Teq in-

creases.

113



5.4 Results for noiseless spectra modeling

In this section, we present the synthetic primary and secondary transit spectra

for four fiducial planetary systems. The parameters for the planetary systems

are summarized in Table 5.2. The planets being modeled are extrasolar giant

planets with different levels of insolation. The vertical T -P profiles for the plan-

ets are presented in Fig. 5.1 and the vertical abundance profiles are presented in

Fig 5.4. The molecules included are H2O, CO, CH4, CO2, N2, NH3, HCN, H2S

and PH3.

The spectral features for H2O, CO, CH4, CO2, and NH3 have been explored

in the literature [e.g. Greene et al., 2016]. The other species are H2S, PH3 and

HCN. From our computations in section 5.3, we found H2S is the primary carrier

of sulfur for all different equilibrium temperatures; PH3 is the primary carrier

of phosphorus for planets with Teq < 1000 K; HCN has a mixing ratio of 1 ppm

for Teq = 1000 K. These molecules are potentially identifiable from the transit

spectra. Although HCN is not the primary carrier of either carbon or nitrogen,

it is a disequilibrium species and its abundances are indicative of the strength of

vertical mixing. Therefore, we also investigate the spectral feature of HCN and

see if JWST can potentially detect and measure the abundance of HCN.

Here we focus on identifying spectral features for PH3, H2S, and HCN in the

primary and secondary transit spectra. We compare the spectra including all

nine species with the spectra with one specific species excluded, in order to find

the spectral feature of that specific species.
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Figure 5.6 Simulated transmission and emission spectra for all species (including
H2O, CO, CH4, CO2, NH3, N2, HCN, H2S, and PH3) compared with all species
except PH3. The difference between the blue curve and the green curve indicates
the absorption from PH3. The spectra are smoothed to a resolution of 100.

5.4.1 PH3
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In Fig. 5.6, we present the primary and secondary transit spectra for planets

with Teq = 500 K, 1000 K, and 1500 K in Table 5.2. We compare the spectra

simulated with all species, and the spectra simulated with all species except PH3.

The difference between these two spectra indicates the absorption from PH3.

For the planet with Teq = 500 K, the absorption from PH3 occurs between 4 and

5 µm. The absorption depth is about 40 ppm in the primary transit spectra.

The absorption is about 20 ppm in the secondary transit spectra. For the planet

with Teq = 1000K, the absorption is about 5 ppm in the primary transit spectra,

while in the secondary transit spectra, the absorption is too small to be seen in

the figure. For the plane with Teq = 1500K, there is no apparent PH3 absorption

feature in the spectra.

The lack of PH3 spectral feature for Teq = 1000 K and 1500 K is due to the

thermal decomposition of PH3 under high temperatures. From Fig. 5.2, for

planets with Teq = 500K, almost all of the phosphorus are in the form of PH3;

while for planets with Teq = 1000 K and 1500 K, most phosphorus are in the

form of P2 and PH2. Therefore, the spectral features of PH3 are only expected in

moderately irradiated atmospheres.

5.4.2 H2S

In Fig. 5.7, we present the synthetic primary and secondary transit spectra for

the planets with Teq = 750 K, 1000 K, and 1500 K in Table 5.2. We compare the

spectra simulated with all species and the spectra simulated with all species except

H2S. For planets with Teq = 750 K, the absorption depth is very small. In the

primary transit spectra, there is a 5 ppm absorption at 2.6 ∼ 2.8 µm and a 10 ppm
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Figure 5.7 Simulated transmission and emission spectra for all species (includ-
ing H2O, CO, CH4, CO2, NH3, N2, HCN, H2S, and PH3) and all species except
H2S. The difference between the green curve and the blue curve indicates the
absorption by H2S. The spectra are smoothed to a resolution of 100.
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absorption at 3.9 ∼ 4.3 µm. In the secondary transit spectra, there is a 10 ppm

absorption at 3.9∼ 4.3 µm. For planets with Teq = 1000 K, the absorption depths

are also very small, for both primary transit and secondary transit spectra. For

planets with Teq = 1500 K, the absorption depths are much bigger. In the primary

transit spectra, the absorption depth is about 15 ppm at 2.6∼2.8 µm, and 100

ppm at 3.5∼4.1 µm. In the secondary spectra, the absorption depth is about 10

ppm at 2.6 ∼ 2.8 ppm and 100 ppm at 3.5∼ 4.1 µm.

The spectral feature of H2S is more prominent in highly irradiated atmo-

sphere. What determines the relevance of H2S in the spectra is other species. In

cold atmospheres, H2S has to compete with the more abundant NH3 and CH4 to

absorb photons while in the hottest case those two molecules are less abundant,

leaving more space to H2S to absorb photons and be seen in the spectra. An-

other factor that may also contribute is the larger pressure scale height in hotter

atmospheres.

5.4.3 HCN

In Fig. 5.8, we present the synthetic primary and secondary transit spectra for

planets with Teq = 750 K, 1000 K, and 1500 K listed in Table 5.2. For the planet

with Teq = 750 K and 1500 K, there are little absorption from HCN, mainly be-

cause the mixing ratio of HCN is very low, as shown in Fig. 5.4. For the planet

with Teq = 1000 K, there are small absorption features between 12 and 16 µm.

The absorption depth in the primary transit spectra is about 15 ppm, and the

absorption depth in the secondary transit spectra is about 80 ppm.

118



2 3 4 5 6 7 8 910 12 16 20
wavelength(µm)

10250

10300

10350

10400

10450

10500

tr
a
n
si

t 
d
e
p
th

 (
p
p
m

)
Teq = 750 K

all species

exclude HCN

(a)

2 3 4 5 6 7 8 910 12 16 20
wavelength(µm)

0

100

200

300

400

500

600

700

f p
/f

s
 (
p
p
m
)

Teq = 750 K

all_species

exclude HCN

(b)

2 3 4 5 6 7 8 910 12 16 20
wavelength(µm)

10250

10300

10350

10400

10450

10500

tr
a
n
si

t 
d
e
p
th

 (
p
p
m

)

Teq = 1000 K all species

exclude HCN

(c)

2 3 4 5 6 7 8 910 12 16 20
wavelength(µm)

0

200

400

600

800

1000

1200

f p
/f

s
 (
p
p
m
)

Teq = 1000 K

all_species

exclude HCN

(d)

2 3 4 5 6 7 8 910 12 16 20
wavelength(µm)

10050

10100

10150

10200

10250

10300

10350

10400

tr
a
n
si

t 
d
e
p
th

 (
p
p
m

)

Teq = 1500 K all species

exclude HCN

(e)

2 3 4 5 6 7 8 910 12 16 20
wavelength(µm)

0

500

1000

1500

2000

2500

f p
/f

s
 (
p
p
m
)

Teq = 1500 K

all_species

exclude HCN

(f)

Figure 5.8 Simulated transmission and emission spectra for all species (H2O, CO,
CH4, CO2, NH3, N2, HCN, H2S, and PH3) and all species except HCN. The dif-
ference between the green curve and the blue curve indicates the absorption by
HCN. The spectra are smoothed to a resolution of 100.
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5.5 Results for JWST transit spectra modeling

In this section, we model the JWST spectra observations for primary and sec-

ondary transit. The instruments and modes for transit observations are shown

in Table 5.1. The wavelength range modeled is between 2 µm and 11 µm. In

section 5.4, we identified spectral features for PH3, H2S, and HCN. The spectral

feature of PH3 is between 4 µm and 5 µm, the spectral feature of H2S is between

3 µm and 4 µm, and the spectral feature of HCN is between 12 µm and 16 µm.

The feature of HCN is beyond the limit of MIRI LRS mode [Beichman et al.,

2014]. In this paper, we focus on the detectability of H2S and PH3.

5.5.1 Results for JWST noise modeling

The transit depth is computed by the subtraction between the number of pho-

tons out of transit and in transit, and divided by the number of photons out of

transit. The noise of the transit depth is thus approximately the inverse of the

signal to noise ratio for the stellar flux. Here we compute the noise to signal

ratio following the procedure described in section 5.2.3, including computing

the signal shot noise, the background shot noise, the detector noise, as well as

the systematic noise.

In Fig. 5.9, we show different noise components as a function of wavelength.

The star being modeled is a Sun-like star at a distance of 50 pc, and the K-band

magnitude is 6.8. The integration time is set at three hours. In this case, the

systematic noise is the most important noise component. The signal shot noise

is the most important random noise component. The background noise and the
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Figure 5.9 Different noise components as a function of wavelength for selected
JWST instruments and modes in Table 5.1. The target of the transit observation
is a Sun-like at a distance of 50 pc with K-band magnitude of 6.8. The integration
time is three hours in this calculation.
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Figure 5.10 Total noise as a function of integration time for selected JWST in-
struments and modes in Table 5.1. The target of the transit observation is a
Sun-like star at a distance of 50 pc with K-band magnitude of 6.8. The selected
wavelength bins are at 2 µm, 5 µm, and 10 µm,respectively.
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detector noise contributions are small. The large aperture of JWST enables the

collection of large number of photons in the integration time, thus reducing the

random noise to a very small level. The total noise is limited by the systematic

noise level.

In Fig. 5.10, we show the total noise as a function of the integration time.

The star being modeled is still a Sun-like star at a distance of 50 pc, with K-band

magnitude of 6.8. The total noise includes both systematic noise and the ran-

dom noise. The total noise decreases quickly when the integration time is less

than one hour, due to the reduction of error by collecting more photons. For an

integration time longer than one hour, the total noise converges to the system-

atic noise floor. Note that the random noise is approximately proportional to

the distance. Therefore, for a Sun-like star at a distance of 100 pc, the required

integration time to reach the systematic noise floor is about two hours.

5.5.2 PH3

In Fig. 5.11, we show the synthetic primary and secondary transit spectra with

simulated JWST noise and compare the spectra with and without PH3. We only

show the case with Teq = 500 K. For higher equilibrium temperatures (1000 K

and 1500 K), the spectral feature of PH3 is below 5 ppm that JWST is unlikely

to detect it. The spectral absorption feature is between 4.0 and 4.7 µm. In the

primary transit spectra, the absorption depth from PH3 is approximately one

standard deviation of the noise. Since there are ∼ 10 measurements within this

feature, the shape of the spectral feature can be resolved. A single transit ob-

servation using the NIRCam LW grism mode with F444W filter is sufficient to
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Figure 5.11 Synthetic transmission and emission spectra with simulated JWST
noise for the planets presented in Table 5.2 with Teq = 500 K. The blue curve is
the spectra simulated including all nine species in Fig. 5.4, and the red curve
is simulated including all nine species except PH3. The simulated JWST instru-
ments and modes are summarized in Table 5.1.

cover the spectral feature. The absorption feature in the secondary transit spec-

tra is harder to detect since the absorption depth from PH3 is only about half the

standard deviation of the noise. Therefore, it is the most effective for detecting

PH3 to use the primary transit spectra with the NIRCam LW grism mode and

F444W filter, and get the spectra between 3.9 µm and 5.0 µm.

5.5.3 H2S

In Fig. 5.12, we show the synthetic primary and secondary transit spectra with

simulated JWST noise and compare the spectra with and without H2S. We only

show the case for Teq = 1500 K. For lower equilibrium temperatures (500 K, 750

K, 1000 K), the absorption from H2S is below 10 ppm and JWST is unlikely to

detect it. The spectral absorption feature of H2S is between 3.5 and 4 µm. In the

primary transit spectra, the absorption depth is about two times the standard

deviation of the noise. The shape of the absorption feature can be resolved with
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Figure 5.12 Synthetic transmission and emission spectra with simulated JWST
noise for planets presented in Table 5.2 with Teq = 1500 K. The blue curve is the
spectra simulated including all nine species in Fig. 5.4, and the red curve is sim-
ulated including all nine species except H2S. The simulated JWST instruments
are summarized in Table 5.1.

the binned spectral resolution of R ∼ 100. To cover the spectral feature of H2S,

one can use the NIRCam LW grism mode with F322W2 filter, getting the spec-

tra between 2.4 µm and 4.0 µm. In the secondary transit spectra, the absorption

depth is approximately two times the standard deviation of the noise. There-

fore, it is also likely to detect H2S in the secondary transit spectra. The same

mode of NIRCam can be used to obtain the secondary transit spectra.

5.6 Discussion

In this paper, we investigate the disequilibrium phosphorus chemistry in

hydrogen-rich atmospheres of exoplanets. We find PH3 is the primary carrier of

phosphorus for planets with Teq ∼ 500 K. For planets with 1000 K ≲ Teq ≲ 1500

K, the primary carrier is P2. For very higher temperatures (Teq ∼ 2000 K), phos-

phorus is mainly sequestered in PH2 and PH. We also investigate the chemistry
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of C/N/O/S bearing species. The most abundant carbon and nitrogen bearing

species depend on the level of insolation. H2S is the primary carrier of sulfur for

planets with Teq < 2000 K. With the computed abundance profiles for H2O, CO,

CO2, CH4, NH3, N2, H2S, PH3, and HCN, we model the synthetic primary and

secondary transit spectra and identify spectral features for PH3, H2S, and HCN.

The detectibility of PH3 and H2S with JWST transit observations are evaluated

by simulating the noise levels. We find PH3 can be detected in the primary tran-

sit spectra for moderately irradiated extrasolar giant planets with Teq ≲ 500 K

using JWST NIRCam LW grism mode and F444W filter. H2S can be detected in

both primary and secondary spectra of extrasolar giant planets with Teq ≳ 1500

K using JWST NIRCam LW grism mode and F322W2 filter.

Our results imply that JWST has the potential to detect H2S in exoplanet

atmospheres with Teq > 1500 K in a single transit, and constrain the elemen-

tal abundances of sulfur. The advantage of extrasolar giant planets compared

with solar system giant planets is that H2S does not condense in many hot exo-

planetary atmospheres. The abundance of H2S probed by the secondary transit

spectra should represent the bulk abundance of sulfur. Our results also imply

that it is possible to detect PH3 in the atmospheres of extrasolar giant planets

with Teq < 500 K, but the determination of abundances may be difficult since

the absorption depth from PH3 is close to the expected noise level. JWST’s large

aperture and photon collection abilities enable the reduction of random noise to

∼ 20 ppm level in a single transit observation of three hours (see Fig. 5.9 and

Fig. 5.10). However, the total noise is limited by the systematic noise compo-

nent. Further reduction of systematic noise would be necessary for determining

the abundances of PH3 in extrasolar giant planets.
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The transit spectra of PH3 and H2S are complicated by the presence of clouds

or hazes in the atmospheres of extrasolar giant planets. Current observations in-

dicate that clouds or hazes are ubiquitous in the atmospheres of exoplanets [e.g.

Pont et al., 2008, Deming et al., 2013, Kreidberg et al., 2014a]. Clouds and hazes

reduce the amplitude of transmission spectra and thus decrease the molecular

spectral features with a negative effect on the determination of molecular abun-

dances. The emission spectra are less affected by the clouds and hazes [e.g.,

Line et al., 2016]. The spectral absorption depth of H2S in the emission spectra

is much greater than the expected noise level. Therefore, the H2S feature can

be detected using the emission spectra for atmospheres with clouds and haze.

However, the absorption depth of PH3 in the emission spectra is smaller than

the expected noise level, therefore, the detection of PH3 will be difficult if the

atmosphere is covered by clouds or hazes.

Our results also highlight the importance of including H2S when doing

abundances retrieval from future JWST transit observations. For planets with

Teq ≳ 1500 K, the absorption from H2S is non-negligible in both transmission

and emission spectra. PH3 is not spectroscopically important except for planets

with Teq ≲ 500 K.

We also considered HCN in our model since we find HCN is non-negligible

for planets with Teq = 1000 K, with a mixing ratio of 1 ppm. Since photochem-

istry also produces HCN, we expect more HCN in the upper atmospheres. The

absorption features of HCN are mainly between 12 and 16 µm. This wavelength

range is beyond the coverage of the MIRI LRS siltless mode. Therefore, we did

not discuss further the detectability of HCN with JWST.

Our paper is subject to improvements in the following aspects.
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• In this paper, we restrict our study to solar composition atmospheres.

However, the elemental composition of exoplanetary atmospheres can be

diverse. Jupiter’s atmosphere is enriched in heavy elements relative to

solar. It is reasonable to assume extrasolar giant planets have similar en-

richment. If all the heavy elements (C,N,O,S,P) are enriched similarly, the

shape of the abundance profiles is preserved with only an upward shift.

We expect the transmission spectra to have smaller spectral amplitudes

since the pressure scale height is expected to be smaller for higher molec-

ular mass atmospheres. This has an adverse effect on detecting molecules.

However, higher mean molecular weight often correlates with smaller

mass. For Neptune-size planets, the smaller gravity means higher scale

height, and larger spectral amplitudes. The opposite effect of gravity and

molecular mass on the spectra should rely on detailed modeling of Nep-

tune -size exoplanets, which will be discussed in our next paper. If carbon

and oxygen are not similarly enriched, for example C/O different than

solar, the composition will be dramatically different for hot atmospheres.

• In this paper, we neglect the effect of photochemistry on the primary and

secondary transit spectra. Photochemistry affects the spectra in two ways.

First, photochemistry changes the abundance profiles in the upper atmo-

spheres. The effect on the secondary transit spectra is expected to be small

since the absorption in the planetary emission spectra occurs near the 1 bar

level. There may be some effects on the primary transit spectra since the

light travels a longer path in the transmission spectra than in the emission

spectra. Most absorption should still be from more abundant molecules

(e.g. H2O, CH4, CO, NH3, H2S, PH3) in the atmospheres. The photo-

chemical products (C2H6, C2H2, HCN) may contribute a small amount
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of absorption and it is unclear whether JWST is able to detect these photo-

chemical species. The second effect of photochemistry is the production of

hazes. The flat transmission spectra for hot Jupiters and super-Earth may

be caused by the photochemical hazes in the upper atmospheres. The ef-

fect of hazes on the spectra is the shrinking of the spectral amplitude, mak-

ing the detection of molecules more difficult.

5.7 Conclusions

We modeled phosphorus chemistry in the atmospheres of Jupiter-mass planets

assuming solar composition. We find PH3 is the primary carrier of phosphorus

for atmospheres with Teq < 1000 K; P2 is the primary carrier of phosphorus for

Teq greater than 1000 K and smaller than 1500 K; PH and PH2 are the primary

phosphorus bearing species for Teq > 2000 K. We also compute the abundance

profiles of major H/C/N/O/S bearing species. With the computed vertical pro-

files for H2O, CO, CO2, CH4, NH3, N2, HCN, H2S, PH3, we compute the syn-

thetic transit spectra for planets with different levels of insolation. We focus

on identifying the spectral features for H2S, PH3, and HCN. We find spectral

features of PH3 at 4.0 ∼ 4.8 µm, H2S at 2.5 ∼ 2.8 µm and 3.5 ∼ 4.1 µm, HCN

at 12 ∼ 16 µm. We then simulate the noise of JWST transit observations and

compute the errorbar of the synthetic spectra. We find PH3 can be detected for

planets with Teq < 500 K in a single transit, using the NIRCam instrument with

LW grism mode and F444W filter. We find H2S can be detected for planets with

Teq > 1500 K in a single transit, using the NIRCam instrument with LW grism

mode and F322W2 filter. For our simulated Sun-like star located at 50 pc, the

noise is limited by the systematic noise level instead of the random noise. The
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spectral amplitude can be diminished by the clouds and hazes. In this case, H2S

may still be detected in the emission spectra, but PH3 is difficult to detect since

its absorption feature is smaller than the estimated JWST noise in the emission

spectra.
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CHAPTER 6

CONCLUSIONS AND REMAINING QUESTIONS

In this dissertation, we modeled the disequilibrium chemistry of giant plan-

etary atmospheres, including Jupiter, Saturn, and Jupiter-size extrasolar giant

planets. Our primary contributions are as follows.

• We improved the chemical constraints on the deep water abundance of

Jupiter. CO abundance as observed in the troposphere of Jupiter depends

on the efficiency of vertical mixing as well as the deep water abundance

at a few hundred bars level, for a given chemical model. In principle,

the deep water abundance is dependent on the CO abundance, the eddy

diffusion coefficient, and the chemical model. In Chapter 3, we revisited

the eddy diffusion coefficient and the chemical models. We proposed a

new formulation for the vertical eddy diffusion coefficient (Keddy) in the

convective envelope of Jupiter based on the experimental results of tur-

bulent rotating convection. The new formulation indicates two regimes,

one is in the non-rotating limit near the equatorial region, and a rotating

limit at higher latitudes. With experimentally determined coefficients, our

new formulation has a much smaller uncertainty compared with that in

the literature. We also considered two different chemical models, one is

compiled specifically for modeling planetary atmospheres but not vali-

dated against any experiments, while the other model was originally for

combustion studies, but validated against various experiments. We re-

computed the constraints on the deep water abundance by the measured

CO abundance with the two different chemical models. One model pre-

dicts the enrichment of water is between 0.1 and 0.75, the other model pre-
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dicts the enrichment of water between 3 and 11. The dramatic difference

is due to the uncertainties on the kinetic data of C/H/O bearing chemical

species.

• We developed an approach for break the degeneracy between the eddy

diffusion coefficient and the deep water abundance. Although we have

proposed a formulation for the eddy diffusion coefficient in Chapter 3, the

formulation is based on extrapolation of experimental parameter space to

the Jupiter’s parameter space. Direct constraints on the deep eddy dif-

fusion coefficient is not available. Through our detailed modeling on the

atmospheric chemistry of Saturn, we found C2H6 as another disequilib-

rium species present in the troposphere of Saturn with a mixing ratio of

1 ppb. The abundance of C2H6 is only a function of the eddy diffusion

coefficient, with no dependence on the water abundance. This provided a

way to break the degeneracy between the water abundance and the eddy

diffusion coefficient. A shallow Saturn entry probe has the potential to

measure the abundance of CO and C2H6 at a few bars level, thus poten-

tially has the capability to constrain the deep water abundance for Saturn.

Similarly, if C2H6 can be measured on Jupiter, the constraints on water will

bear less uncertain. However, the Juno spacecraft does not have the capa-

bility to measure deep C2H6 for Jupiter, and it remains to be investigated

whether ground based observations will be able to measure the deep C2H6

for Jupiter.

• The latitudinal variation of the eddy diffusion coefficient implies the lati-

tudinal variation of disequilibrium species. We compute the abundances

of CO, PH3, GeH4, AsH3 as a function of latitude for Jupiter. We find the

abundances of CO and GeH4 decrease towards higher latitudes, but the
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abundances of PH3 and AsH3 remain constant across latitudes. Giles et al.

[2017] measured the latitudinal profile of disequilibrium species GeH4,

AsH3, and PH3, and confirmed the variability. However, they found en-

hancements of PH3 and AsH3 abundances towards higher latitudes, and

approximately constant GeH4 abundances. Such difference from our pre-

dictions merit further investigations.

• For extrasolar giant planets, observations using the Hubble space tele-

scope have detected molecules in their atmospheres, including several re-

ported observations of water vapor. With the upcoming JWST observa-

tions, more molecules can be uncovered from the atmospheres of extraso-

lar giant planets. We focused on investigating the chemistry of sulfur and

phosphorus in the atmospheres of extrasolar giant planets. By modeling

the spectra of extrasolar giant planets with JWST, we evaluated the de-

tectability of H2S and PH3 in the atmospheres of extrasolar giant planets.

Using the abundance profiles computed for major C/N/O/S/P bearing

species, we model the JWST primary and secondary transit spectra for

systems with a Sun-like star at a distance of 50 pc and with different lev-

els of insolation. We find PH3 is detectable in the transmission spectra for

planets with Teq < 500 K using the NIRCam instrument with LW grism

mode and F444W filter, and the H2S is detectible in the transmission and

emission spectra for planets with Teq >1500 K using the NIRCam instru-

ment with LW grism and F322W2 filter. Our results specially highlight the

importance of including H2S for future abundances retrieval with JWST.

There are several remaining questions that merit further investigation.

• In this dissertation, we selected two updated kinetic networks for
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C/N/O/H chemistry. However, these two kinetic networks differs in

reaction rates for several key reactions, which leads to overall large un-

certainties on the deep water abundance as constrained by the CO abun-

dance. The reaction network proposed by Moses et al. [2011] is compiled

by adding reactions that are potentially relevant to Jupiter’s atmospheres,

but the overall reaction network is not validated against any experiments.

While the reaction network proposed by Venot et al. [2012] has been val-

idated against various combustion experiments, the conditions of these

experiments are oxygen-rich instead of hydrogen-rich. Reactions that are

important in hydrogen-rich environment may not be important in oxygen-

rich environment, and vice versa. Therefore, it is necessary to test the

existing reaction networks against kinetic experiments in hydrogen-rich

environment, and preferentially also under high pressure environment ( a

few hundred bars). Such experiments will be crucial for tightening the

constraints on the deep water abundance for all giant planets.

• In this dissertation, we proposed a latitudinal variation of disequilibrium

species in the troposphere of Jupiter. Such variation was later observed by

Giles et al. [2017], however, the observed variations of AsH3, GeH4, and

PH3 are different from our prediction in Chapter 4. There are still no good

models for the observed variations. The NH3 distributions measured by

the Juno microwave radiometer indicates higher eddy diffusion coefficient

near the equator, which is consistent with our prediction in Chapter 3.
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APPENDIX A

CHEMICAL PATHWAY FOR CO/CH4 CONVERSION

Table A.1 Non-equilibrium parameter fnoneq for reactions on the CO/CH4 chem-
ical pathway.

reactions fnoneq, for network A, t = 4×104 s fnoneq, for network B, t = 4×106

CO → HCO 5.1×10−4 1.8×10−6

HCO → H2CO 9.1×10−1 3.2×10−3

H2CO → CH3O 4.3×10−1 1.3×10−4

H2CO → CH2OH 2.5×10−1 7.8×10−5

CH3O → CH3OH 7.6×10−1 1.3×10−4

CH2OH → CH3OH 8.2×10−1 1.9×10−4

CH3OH → CH3 2.1×10−1 9.5×10−1

CH3 → CH4 4.1×10−8 2.5×10−11

In this appendix, we introduce our method of identifying the main chemical

pathway for CO/CH4 conversion. The main chemical pathway for CO/CH4

conversion is automatically identified from the C/N/O/H reaction network by

examining the conversion rate between different carbon bearing species using

Cantera. As an example, consider the conversion between CH3O and CH3OH, a

non-exhaustive list of relevant reactions are

CH3O + HCO ↔ CH3OH + CO, (A.1a)

CH3O + H2CO ↔ CH3OH + HCO, (A.1b)

CH3O + CH3O ↔ CH3OH + H2CO, (A.1c)

CH3O + CH2OH ↔ CH3OH + H2CO, (A.1d)

CH3O + H2 ↔ CH3OH + H, (A.1e)

....... (A.1f)

The total conversion rate from CH3O to CH3OH, the inverse conversion rate,

and the net conversion rate are computed by summing all the rates of each in-
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Figure A.1 Reaction path diagram for carbon bearing species generated by Can-
tera. The left figure is generated using the C/N/O/H reaction network A,
and the right figure is generated using the network B. The composition and
temperature-pressure condition resemble the CO quench level of Saturn (∼ 900
K, 550 bars). The arrows show the flow directions of element carbon, and the
labels show the net flux (in the unit of mole cm−3 s−1) of element carbon as well
as the forward flux and backward flux. The reactions responsible for the for-
ward and backward flux are also labeled. All the carbon bearing species are
considered, but only fluxes above a threshold are shown in the diagram.
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dividual reactions. All pairs of carbon bearing species are considered in the

computation by Cantera. Then the conversion rates are displayed with a di-

agram generated using a method called ReactionPathDiagram in Cantera. The

conversions with rates higher than a threshold are summarized in the diagram.

Specifically, we start our simulation from a mixture of Saturn composition gas

under the condition of Saturn’s CO quench level (∼ 900 K, 500 bars), with CO

abundance slightly higher than the equilibrium abundance. The system auto-

matically evolves to the chemical equilibrium state, and some fraction of CO

is converted to CH4. This conversion process can be viewed as a flow of car-

bon element from CO to CH4 (and other species) across the reaction network.

The flow channel with the fastest rate is the main chemical pathway connecting

CO and CH4. In Fig. A.1, we show two reaction path diagrams, one using the

network A and the other using the network B. The net flux of element carbon

from one species to another species are labeled in the diagrams. By following

the path with the highest net flux from CO to CH4, we find the main chemical

pathway for CO/CH4 conversion as
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CO + H + M ↔ HCO + M, (A.2a)

HCO + H2 ↔ H2CO + H, (A.2b)

H2CO + H + M ↔ CH3O + M, (A.2c)

CH3O + H2 ↔ CH3OH + H, (A.2d)

H2CO + H + M ↔ CH2OH + M, (A.2e)

CH2OH + H2 ↔ CH3OH + H, (A.2f)

CH3OH + H ↔ CH3 + H2O, (A.2g)

CH3OH + M ↔ CH3 + OH + M, (A.2h)

CH3 + H2 ↔ CH4 + H, (A.2i)

CO + 3H2 ↔ CH4 + H2O. (A.2, net)

The conversion from H2CO to CH3OH follows two branches. The two net-

works agree with each other on the main chemical pathway.

Among the chemical pathway, some steps are slower than other steps, which

serves as the bottleneck of the pathway. The slowest steps among the main path-

way are usually called the rate determining steps. Fast steps can reach chemical

equilibrium very quickly, but the slow steps are far from equilibrium. The de-

gree of non-equilibrium can be defined in the following way. For reactions from

species A to species B, we define the forward rate as rf and the backward rate

as rb. The non-equilibrium parameter can be defined as

fnoneq = (rf − rb)/rf , (A.3)
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fnoneq is close to zero for nearly equilibrium and between zero and one for

non equilibrium. In table A.1, we show the computed value of fnoneq for all the

steps on the pathway. For the simulations using the network A, there are sev-

eral steps that are far from equilibrium. Only the first step and the last step are

close to equilibrium. This indicates that the steps HCO → H2CO and H2CO

→ CH3OH have similar rate and both bottleneck the overall chemical pathway.

Using a quench-level model, we find using a single rate determining step will

introduce an error about 30∼50% in the prediction. For the simulations using

the network B, the step from CH3OH to CH3 is the only step far from equilib-

rium, therefore, it is the rate determining step. Since the network B is similar to

the network in Moses et al. [2011], our findings of the rate determining step is

therefore the same as the one identified by Moses et al. [2011] and Visscher and

Moses [2011]. The different choice of rate determining step is easy to under-

stand. Since the network A adopted a larger reaction constant for the reaction

H + CH3OH ↔ CH3 + H2O, the conversion from CH3OH to CH3 is no not a

bottleneck, and the overall rate increases.
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APPENDIX B

CHEMICAL PATHWAY FOR PH3/H3PO4 CONVERSION

Table B.1 Non-equilibrium parameter fnoneq for reactions on the PH3/H3PO4

chemical pathway.

reactions fnoneq, t = 1×108 s
PH3 → PH2 4.7×10−8

PH2 → H2POH 1.5×10−2

H2POH → HPOH 1.1×10−5

HPOH → HPO 3.6×10−5

HPO → PO 8.3×10−2

PO → HOPO 2.7×10−4

HOPO → PO2 1.1×10−7

PO2 → HOPO2 9.3×10−1

HOPO2 → H3PO4 1.1×10−8

The chemical pathway for PH3 destruction is automatically identified by ex-

amining the conversion rate between all species in the reaction network. The

method is detailed in the Appendix A using the CO/CH4 conversion as an ex-

ample. We start our simulation from a mixture with the Saturn-like composi-

tion: He/H = 0.27, O/H = 20 times solar, and P/H = 8 times solar. The tem-

perature and pressure are held constant as the mixture chemically evolves to

an equilibrium state. In Fig. B.1, we show the reaction path diagram for phos-

phorus bearing species generated using Cantera. PH3 is converted to H3PO4

bypassing a list of species: PH2, H2POH, HPOH, HPO, PO, HOPO, PO2, and

HOPO2. In table B.1, we present the computed values of fnoneq at one instant

during the chemical evolution. The only step that is far from equilibrium is the

step PO2 → HOPO2. Therefore, the rate determining reaction for PH3/H3PO4

conversion near the PH3 quench level of Saturn is PO2 + H2O ↔ HOPO2 + H.

The rate determining step could be different if the temperature and pressure

conditions were very different from 800 K and 370 bars.
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Figure B.1 Reaction path diagram for phosphorus bearing species generated by
Cantera. The input reaction network here is the H/P/O network described in
Chapter 2. The arrows in the diagram show the flow directions of element phos-
phorus. The labels show the net element flux (in the unit of mole cm−3 s−1) as
well as the forward flux and the backward flux. The reactions responsible for
the forward and backward flux are also labeled. All species in the network are
considered, but only species that have net flux above a threshold are shown in
this figure.
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APPENDIX C

CHEMICAL PATHWAY FOR SIH4 DESTRUCTION

Table C.1 Non-equilibrium parameter fnoneq for reactions on the SiH4 destruc-
tion chemical pathway.

reactions fnoneq, t = 2×105 s
SiH4 → SiH2 2.3×10−4

SiH2 → H2SiOH 1.0
HSiOH → SiO 9.0×10−4

SiO → Si(OH)2 3.3×10−10

Si(OH)2 → HOSiO 1.0
Si(OH)2 → HSiO(OH) 2.9×10−5

HSiO(OH) → HOSiO 1.0
HOSiO → SiO2(c) 1.8×10−3

Silane (SiH4) is oxidized into various species in the atmosphere of Jupiter

and Saturn. The major products are MgSiO3 condensates. The main chemical

pathway is identified following the approach detailed in the Appendix A using

CO/CH4 conversion as an example. We start our simulation from a mixture

with a Saturn like composition: He/H = 0.27, O/H = 10 times solar, and Si/H

= 10 times solar. The temperature and pressure are held constant as the mixture

evolves into chemical equilibrium state. The reaction path diagram is shown in

Fig. C.1. The main destruction pathway of SiH4 is identified from the diagram:

SiH4 → SiH2 → HSiOH → SiO → Si(OH)2 → (HOSiOOH) → HOSiO → SiO2.

SiO2 will react with Mg(OH)2 to form MgSiO3 under the conditions of Jupiter

and Saturn. In table C.1, we present the computed values of fnoneq at an instant

of the chemical evolution. There are three steps that are far from equilibrium.

The first step is the conversion from SiH2 to HSiOH, and the other two are both

at the step from Si(OH)2 to HOSiO. There is no unique rate-determining step for

SiH4 destruction.
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Figure C.1 Chemical pathway for silicon bearing species generated by Cantera.
The input reaction network here is the H/Si/O network described in chapter
2. The arrows show the flow directions of element silicon. The labels show
the net flux (mole cm−3 s−1) of element silicon as well the forward flux and the
backward flux. Also labeled are the reactions responsible for the forward and
backward flux. All species in the network are considered, but only species that
have net flux above a threshold are shown in the diagram.
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Leclerc, S Jay, and A Cruz. Kinetic modelling of a surrogate diesel fuel applied

to 3d auto-ignition in hcci engines. International journal of vehicle design, 44(1-

2):124–142, 2007.

Roda Bounaceur, Oliver Herbinet, Rene Fournet, Pierre-Alexandre Glaude,

Frederique Battin-Leclerc, Antonio Pires da Cruz, Mohammed Yahyaoui,

Karine Truffin, and Gladys Moreac. Modeling the laminar flame speed of

natural gas and gasoline surrogates. Technical report, SAE Technical Paper,

2010.

F. H. Briggs and P. D. Sackett. Radio observations of Saturn as a probe of its

atmosphere and cloud structure. Icarus, 80:77–103, July 1989. doi: 10.1016/

0019-1035(89)90162-0.

Alexander Burcat and Branko Ruscic. Third millenium ideal gas and condensed

phase thermochemical database for combustion with updates from active thermochem-

ical tables. Argonne National Laboratory Argonne, IL, 2005.

A. S. Burrows. Spectra as windows into exoplanet atmospheres. Proceedings

146



of the National Academy of Science, 111:12601–12609, September 2014. doi: 10.

1073/pnas.1304208111.
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150



Calcutt, P. L. Read, F. W. Taylor, N. Bowles, R. E. Samuelson, M. M. Abbas,

F. Raulin, P. Ade, S. Edgington, S. Pilorz, B. Wallis, and E. H. Wishnow. Tem-

peratures, Winds, and Composition in the Saturnian System. Science, 307:

1247–1251, February 2005. doi: 10.1126/science.1105806.

FM Flasar and PETER J Gierasch. Eddy diffusivities within jupiter. In Planetary

Atmospheres, pages 85–87, 1977.

L. N. Fletcher, G. S. Orton, N. A. Teanby, and P. G. J. Irwin. Phosphine on

Jupiter and Saturn from Cassini/CIRS. Icarus, 202:543–564, August 2009a.

doi: 10.1016/j.icarus.2009.03.023.

L. N. Fletcher, G. S. Orton, N. A. Teanby, P. G. J. Irwin, and G. L. Bjoraker.

Methane and its isotopologues on Saturn from Cassini/CIRS observations.

Icarus, 199:351–367, February 2009b. doi: 10.1016/j.icarus.2008.09.019.

L. N. Fletcher, K. H. Baines, T. W. Momary, A. P. Showman, P. G. J. Irwin, G. S.

Orton, M. Roos-Serote, and C. Merlet. Saturn’s tropospheric composition and

clouds from Cassini/VIMS 4.6-5.1 µm nightside spectroscopy. Icarus, 214:

510–533, August 2011. doi: 10.1016/j.icarus.2011.06.006.

L. N. Fletcher, B. Swinyard, C. Salji, E. Polehampton, T. Fulton, S. Sidher, E. Lel-

louch, R. Moreno, G. Orton, T. Cavalié, R. Courtin, M. Rengel, H. Sagawa,
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