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ABSTRACT

Hot Jupiters are the only class of exoplanets for which detailed atmospheric char-

acterization is possible with current instruments. Because of the strong horizontal

temperature contrasts and the global-scale circulation expected on these planets,

simulations with three-dimensional global circulation models (GCMs) are needed

to place observations in context. Two effects that previously have been neglected

in GCMs are transport-induced disequilibrium chemistry and photochemical hazes.

Both have the potential to substantially change temperature structure, atmospheric

circulation and predicted spectra.

In the first part of this dissertation, I simulated the effects of disequilibrium abun-

dances of methane, carbon monoxide and water on radiative transfer, temperature

structure and phase curves in a GCM of hot Jupiter HD 189733b. The tempera-

ture changes by 50 to 100 K for the range of methane abundances expected from

chemical kinetics calculations, with the dayside cooling and the nightside warming.

I found little effect on the model-predicted 4.5 µm phase curve but large changes to

the 3.6 µm phase curve. This disproves a previous hypothesis that disequilibrium

chemistry could explain the low nightside fluxes observed in the 4.5 µm band.

In the second part, I developed a model simulating hazes as passive tracers in

a GCM to study the 3D distribution of photochemical hazes in the atmospheres of

hot Jupiters. The results show that the haze mass mixing ratio varies horizontally

by over an order of magnitude. Contrary to previous predictions, hazes with small

particle sizes (<30 nm) are more abundant at the nightside and morning terminator

than at the dayside and evening terminator.

Finally, I included haze radiative feedback in the GCM to investigate how heating

and cooling by photochemical hazes change temperature structure and atmospheric

circulation. The dayside heats up by hundreds of Kelvin at low pressures. The



13

response of the atmospheric circulation to the haze radiative feedback strongly de-

pends on the assumed haze optical properties. For soot-like hazes, the jet strength

somewhat decreases, and the haze distribution remains qualitatively similar to simu-

lations without haze radiative feedback. For refractive indices resembling Titan-type

hazes, the jet strength increases dramatically, leading to much higher haze abun-

dances near the evening terminator.
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CHAPTER 1

Introduction

1.1 The role of hot Jupiters in the atmospheric characterization of exoplanets

Hot Jupiters—planets with radii and masses comparable to Jupiter that orbit their

host stars at very short orbital periods of a few days or less—are found around less

than 1 percent of stars (Fressin et al., 2013; Batalha, 2014). Thus, they are thought

to make up only a small fraction of the total number of planets in the galaxy. Yet,

the first discovered exoplanet orbiting a main-sequence star, 51 Pegasi b (Mayor and

Queloz, 1995), as well as the first exoplanet detected to transit in front of its host

star, HD 209458b, (Charbonneau et al., 2000; Henry et al., 2000) are hot Jupiters.

The first attempts at characterizing the atmospheres of exoplanets and the majority

of current atmospheric observations of exoplanets all have focused on hot Jupiters.

What makes hot Jupiters so interesting to study and why do they play such an

important role in the field of exoplanets?

To understand this, one has to look at the available techniques for characterizing

the atmospheres of exoplanets. The main challenge for characterizing exoplanet

atmospheres is that the star is much brighter than the planet next to it and thus

dominates the measured signal. There are two fundamentally different approaches

for solving this problem: direct imaging and the transit method. For the former,

a coronagraph is used to block out the light of the host star, which then allows

to directly image the exoplanet on the detector. With current instruments, only

hot, young planets at very large distances from their star can be characterized. A

further challenge for directly imaged planets is that their radii and masses cannot

be directly measured, introducing additional uncertainty in the interpretation of the

spectrum (e.g., Barman et al., 2011; Madhusudhan et al., 2011; Marley et al., 2012).

The transit method, in contrast, takes advantage of the fact that the orbits of
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some exoplanets by chance are aligned such that from the perspective of an observer

on the Earth, the planet passes in front of the star once every orbital period. This

is visible to telescopes as a small temporary dimming of the star, due to the planet

blocking a portion of the starlight. For a planet with an atmosphere, the amount of

dimming depends on the wavelength: At some wavelengths, the atmosphere absorbs

or scatters starlight more efficiently, thus blocking a larger fraction of the starlight

and making the planet appear larger. From the detailed wavelength dependence of

this effect, it is possible to make inferences on the chemical composition and temper-

ature of the atmosphere (transit spectroscopy). An advantage of the transit method

is that for transiting planets, the radius of the planet (relative to the stellar radius)

can be directly derived from the observed amount of dimming (so-called transit

depth). For many transiting planets, the mass can also be determined through ra-

dial velocity measurement. Furthermore, for some transiting planets, it is possible

to measure the dayside emission and reflected light spectra as well, by taking the

difference of the stellar spectrum alone (when the planet passes behind the star) and

the combined spectrum of the star and planet (right before or after the planet passes

behind the star). This method is called secondary eclipse spectroscopy. Finally, it

is possible to observe how the flux of a transiting planets changes over the course of

an entire orbit, as different parts of the planet face the observer. This measurement

is called a phase curve.

Because of their size, mass, short orbital periods and their high transit proba-

bility (a direct result of their proximity to their host stars), hot Jupiters are easy to

detect compared to other types of exoplanets. These same qualities also make them

prime targets for atmospheric characterization through the transit method. In ad-

dition, hot Jupiters have large atmospheric scale heights thanks to their hydrogen-

dominated atmospheres and high temperatures. This results in a large signal in

transit spectroscopy. Their high temperatures also lead to relatively large amounts

of emitted light, making secondary eclipse and thermal phase curve measurements

possible with current telescopes.

Hot Jupiters thus provide an unprecedented opportunity to extend planetary
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and atmospheric science to planets outside the Solar System. Scientists can now

ask questions such as “How does an atmosphere behave under these extreme con-

ditions not found in the Solar System?” and “Can existing theories and models of

atmospheres be applied to hot Jupiters or do they have to be extended or modified?”

Studying the atmospheres of hot Jupiters also allows scientists to develop and re-

fine observational techniques and methods for data interpretation that in the future

could be used to study other exoplanets, such as mini-Neptunes and super-Earths

(the most common known planets around other stars, Fressin et al., 2013; Batalha,

2014) and potentially habitable terrestrial planets around M dwarfs1.

Finally, many scientists hope that determining the abundances of trace species in

the atmospheres of hot Jupiters and from that, deriving the elemental composition

of their atmospheres (including, most prominently, the C/O ratio), could constrain

the formation and evolutionary history of hot Jupiters (e.g., Öberg et al., 2011;

Mordasini et al., 2016). However, the details of how different processes in proto-

planetary disks affect the final composition of planetary atmospheres are complex

and a topic of ongoing research (e.g., Öberg and Bergin, 2016; Booth and Ilee, 2019;

Schwarz et al., 2019; Cridland et al., 2019, 2020; Krijt et al., 2020).

1.2 The need for 3D models of hot Jupiters

Because of their extreme proximity to their stars, it is thought that tidal forces have

slowed down the rotation of hot Jupiters such that they are in synchronous rotation.

As a consequence, extreme heating contrasts between the permanent dayside and

nightside strongly shape the atmospheres of hot Jupiters. These heating contrasts

lead to horizontal temperature differences of hundreds of Kelvin (in some cases

exceeding 1,000 K) and drive a vigorous atmospheric circulation. Showman and

1Most observational techniques used to study hot Jupiters rely on the planet transiting in front

of its host star. Because the transit probability is proportional to the ratio of the stellar radius to

distance of the planet from the star, and the distance of the habitable zone from the star increases

for more massive stars, habitable zone planets around other stellar types, including (sun-like) G

stars, are much less likely to transit
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Guillot (2002) were the first to simulate the atmospheric circulation of hot Jupiters

using a general circulation model (GCM). In their simulations, a broad superrotat-

ing (eastward) equatorial jet formed, advecting heat from the dayside to the night

side. The hottest point shifted eastward from the substellar point by about 60◦.

The authors predicted that this eastward offset could be observed in phase curve

measurements at infrared wavelengths, where the thermal emission dominates. If

the hottest point of the planet is east of the substellar point, the highest flux would

be received several hours before the planet disappears behind the star (secondary

eclipse) instead of immediately before or after secondary eclipse. This prediction

was later confirmed by phase curve measurements with the Spitzer Space Telescope

(Knutson et al., 2007, 2009).

Since then, a wide range of GCMs using different dynamical cores (e.g., Showman

et al., 2008; Dobbs-Dixon and Lin, 2008; Rauscher and Menou, 2010; Thrastarson

and Cho, 2010; Mayne et al., 2014; Mendonça et al., 2016; Sainsbury-Martinez et al.,

2019), different levels of complexity in the treatment of radiative transfer (e.g.,

Showman et al., 2009; Heng et al., 2011; Rauscher and Menou, 2012; Dobbs-Dixon

and Agol, 2013; Amundsen et al., 2016) and solving different approximations of

the fluid dynamics equations (from shallow-water models to the primitive equations

to the Navier-Stokes equation, see e.g., Mayne et al., 2014; Heng and Showman,

2015, for a comparison) have been applied to hot Jupiters. Overall, these models

overwhelmingly confirm the existence of the eastward equatorial jet and the eastward

shift of the hottest point. The exact location of the hottest point as well as the

speed of the jet vary somewhat between different model assumptions and dynamical

cores. The general circulation pattern with a single superrotating equatorial jet is

found in simulations of hot Jupiters in synchronous rotation over a wide range of

equilibrium temperatures, from 500 K to 2, 000 K and above (Kataria et al., 2016;

Komacek and Showman, 2016; Komacek et al., 2017)2. The pattern also persists

2Planets with equilibrium temperatures above that range are now considered to belong to a

separate class of planets, so-called ultra-hot Jupiters. Their atmospheres are significantly shaped

by the thermal dissociation of molecular hydrogen on their daysides, which noticably alters tem-
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also for planets with moderate eccentricities (Lewis et al., 2010; Kataria et al., 2013)

and in scenarios in which the planet is locked into a 3:2 spin-orbit resonance rather

than in synchronous rotation (Showman et al., 2009). However, in the case of strong

atmospheric drag, direct day-to-night flow becomes the dominant circulation pattern

(Komacek and Showman, 2016; Komacek et al., 2017) and for some sufficiently hot

planets, magnetic effects could lead to westward flow (Rogers and Komacek, 2014).

On the observational side, more than a decade after the first observational con-

firmation of the eastward shift of the hottest point, a large body of work provides

evidence for a superrotating equatorial jet in hot Jupiters: The infrared phase curves

of many additional hot Jupiters have been observed to peak before secondary eclipse

(e.g., Zellem et al., 2014; Stevenson et al., 2014, 2017; Wong et al., 2016; Zhang et al.,

2018). This includes observations in multiple wavelength bands and with multiple

instruments, including the Spitzer Space Telescope Infrared Array Camera (IRAC)

3.6 µm and 4.5 µm channels (e.g., Knutson et al., 2012; Cowan et al., 2012), the

IRAC 8 µm channel (Knutson et al., 2007), the Spitzer Multiband Imaging Pho-

tometer (MIPS) 24 µm array (Knutson et al., 2009), and the Hubble Space Telescope

Widefield Camera 3 (WFC3) G141 grism (Stevenson et al., 2014). High-resolution

cross-correlation measurements further find a Doppler shift consistent with an equa-

torial jet (Louden and Wheatley, 2015; Brogi et al., 2016; Flowers et al., 2019; Beltz

et al., 2021).

Showman and Polvani (2011) proposed a theoretical mechanism to explain the

acceleration of the eastward jet. Their work utilized a two-dimensional shallow water

model with thermal forcing simulating the day-night heating contrast characteristic

for hot Jupiters. Building on the work of Matsuno (1966) and Gill (1980), they

demonstrated that in this case, the analytical stationary solution of the linearized

shallow-water equations takes a shape that can be understood as a combination of a

global standing n=1 Rossby wave and a global standing Kelvin wave. This pattern

often is called Matsuno-Gill pattern. The location of the maxima of the Rossby and

perature structure, atmospheric circulation and chemical processes (e.g., Parmentier et al., 2018;

Mansfield et al., 2018; Bell and Cowan, 2018; Tan and Komacek, 2019; Lothringer et al., 2018).
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Kelvin waves depend on the two parameters of the system, the radiative timescale

and drag timescale. For intermediate radiative and drag timescales, the relative loca-

tions are such that the eddy velocities exhibit an eastward-equatorward/westward-

poleward tilt. This tilt transports eastward eddy zonal momentum towards the

equator, accelerating the jet. In the case of a long drag timescale, the tilt disap-

pears. However, when considering numerical solutions of the fully non-linear equa-

tions instead, it becomes evident that the non-linear terms replace the role of drag

in the limit without drag, and the eastward-equatorward tilt of the eddy velocities is

retained even in the drag-free case. Tsai et al. (2014) extended this theory to three

dimensions, providing further support for the mechanism. While the analytical,

linear solution presented in Showman and Polvani (2011) produces the right eddy

acceleration and closely resembles the pattern observed during the spin-up of GCMs

initialized from a state of rest, one limitation is that it cannot capture changes to

the eddy pattern and accelerations observed in GCMs as the jet develops. Follow-

up work has therefore focused on these changes to the accelerations and on finding

solutions to the shallow-water equations that include a background zonal jet (Tsai

et al., 2014; Hammond and Pierrehumbert, 2018; Debras et al., 2020; Mendonça,

2020). For a detailed review of the mechanism of equatorial superrotation in hot

Jupiters, the reader is referred to the review of Showman et al. (2020).

Beyond being of interest from an atmospheric dynamics point of view, the three-

dimensional structure of hot Jupiter atmospheres has direct implications for the

interpretation of emission and transit spectra. Feng et al. (2016) and Taylor et al.

(2020) showed that using a single temperature profile for the dayside in atmospheric

retrievals of emission spectra can lead to incorrect retrieved abundances of methane.

Blecic et al. (2017) demonstrated that temperature profiles retrieved from synthetic

emission spectra generated from a GCM are closer to the arithmetic mean of the

dayside spectra than to the average weighed by the angle of incidence (the latter is

the type of average typically assumed in 1D models). These insights led to the de-

velopment of retrievals that are take into account horizontal temperature variations

(often called “2D” or “2.5D” retrievals) (Irwin et al., 2020; Feng et al., 2020).
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In transmission spectra, partial cloud coverage at the terminator can mimic the

spectrum of a high mean-molecular-weight atmosphere (Line and Parmentier, 2016).

Follow-up studies demonstrate that in addition, strong temperature gradients near

the terminator (Caldas et al., 2019; Pluriel et al., 2020; Lacy and Burrows, 2020),

chemical abundance contrasts (Caldas et al., 2019; Pluriel et al., 2020) and temper-

ature differences between morning and evening terminator (MacDonald et al., 2020)

introduce biases in retrievals applied to transmission spectra. Again, this has driven

the development of more complex retrieval codes (e.g., MacDonald and Madhusud-

han, 2017; Pinhas et al., 2019; Barstow, 2020; Welbanks and Madhusudhan, 2021).

The results of GCMs have been crucial for recognizing these biases and informing

efforts to mitigate them.

1.3 Current questions in the study of hot Jupiters with general circulation models

Since the first attempts at atmospheric characterization of hot Jupiters, the qual-

ity and quantity of hot Jupiter observations have improved tremendously. Scien-

tists have developed better observing modes for existing instruments and advanced

methods for data reduction and analysis. As a result, it has become possible and

necessary to take into account effects in GCMs that the first generation of models

for hot Jupiters, focusing on the big picture only, neglected. This thesis focuses

on two different effects that were previously neglected in GCMs: transport-induced

disequilibrium chemistry and photochemical hazes. In this section, I will provide an

overview of the motivation behind the study of these phenomena with GCMs.

1.3.1 Transport-induced disequilibrium chemistry

For several prominent hot Jupiters, the observed night side fluxes are significantly

lower than what state-of-the-art GCMs predict (Knutson et al., 2012; Zellem et al.,

2014). One hypothesis for the origin of this mismatch between models and observa-

tions, first suggested by Knutson et al. (2012), is transport-induced disequilibrium

chemistry. In state-of-the-art GCMs using wavelength-dependent radiative transfer,



21

opacities typically are calculated assuming chemical abundances based on equilib-

rium chemistry. The assumed opacities directly impact the heating and cooling rates

in a GCM. Equilibrium chemical abundances are the chemical abundances that a

mixture of gases with given elemental abundances would obtain if it were kept at

the same temperature and pressure for an infinitely long time. These abundances

only depend on pressure and temperature, making them very convenient to use in

a model. In reality, however, an air parcel in an atmosphere is in constant motion,

with the surrounding conditions changing as the parcel is advected across the planet.

In the layers of the atmosphere typically probed with broadband observations and

low-resolution spectroscopy (≈1 bar to 1 mbar), the timescales for horizontal and

vertical transport are much shorter than the timescales for many chemical reactions.

This includes the interconversion between methane and carbon monoxide, two im-

portant infrared absorbers in hot Jupiter atmospheres. The abundances of these

two species (and many more minor species) can thus strongly deviate from their

equilibrium abundances.

Simulations from Cooper and Showman (2006) coupling a simple chemistry

scheme to a GCM predicted that atmospheric circulation efficiently homogenizes

the methane and carbon monoxide abundances within the observable atmosphere

of hot Jupiters. The pseudo-2D chemical kinetics model of Agúndez et al. (2014)

corroborates this picture. However, using the assumption of Newtonian cooling to

calculate heating and cooling rates in their GCM, the model used by Cooper and

Showman (2006) cannot fully capture the effects of disequilibrium chemistry on

the temperature structure and phase curves. In Chapter 3, I investigate the hy-

pothesis put forth by Knutson et al. (2012) that transport-induced disequilibrium

chemistry can explain the discrepancy between the observed phase curve and the

predictions from GCMs using a state-of-the art GCM with wavelength-dependent

radiative transfer. I also examine how including disequlibrium abundances changes

the 3D temperature structure in the simulation.
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1.3.2 Clouds and hazes

An alternative explanation for the low nightside emissions of hot Jupiters relative

to models is the presence of aerosols. Aerosols located on the nightside can lower

the night side flux by increasing the opacity of the atmosphere, such that the out-

going emission probes higher, cooler layers of the atmosphere. In addition, aerosols

located on the day side are a source of additional heating and cooling, changing the

atmospheric circulation and impacting the efficiency of energy transport towards

the night side (Roman and Rauscher, 2019).

There are two fundamentally different types of aerosols expected to be present

in exoplanet atmospheres that can be distinguished based on their formation mech-

anism: particles forming through condensation when air cools as it moves to cooler

regions of the atmosphere (i.e., moving to higher altitudes or moving from the day-

side to the nightside) and particles forming as the result of photochemical reactions

initiated at high altitudes by UV radiation. Throughout this thesis, aerosols forming

through condensation will be called “condensate clouds”, sometimes abbreviated as

“clouds” and aerosols forming through photochemical reactions will be called “pho-

tochemical hazes”, sometimes abbreviated as “hazes”. 3

Among the observational lines of evidence for the presence of aerosols in hot

Jupiter atmospheres are:

• Transmission spectra: Signatures of aerosols in transmission spectra in-

clude strong scattering slopes (e.g., Pont et al., 2008, 2013; Nikolov et al.,

2015; Alam et al., 2020), non-detection or low amplitude of the sodium and

3Within the planetary science and exoplanet communities, the words “clouds” and “hazes”

are used in various ways. A very common convention is to distinguish based on the formation

mechanism (e.g., Hörst, 2016; Hörst, 2017; Gao et al., 2021), as used in this dissertation. However,

other works (especially those focused on observations and atmospheric retrievals) use a definition

based on the impact on the spectrum, with the term “clouds” denoting aerosols with a “gray”

opacity that shows no or little wavelength-dependence and “haze” being used for aerosols with an

opacity decreasing with increasing wavelength, causing a spectral slope. To minimize confusion,

this thesis will therefore frequently spell out “condensate clouds” and “photochemical hazes” rather

than abbreviating these terms to “clouds” and “hazes”.
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potassium lines in low-resolution spectroscopy (e.g., Charbonneau et al., 2002;

Pont et al., 2008; Sing et al., 2013; Gibson et al., 2013; McGruder et al., 2020),

muted wings of sodium lines in observations at medium resolution (Huitson

et al., 2012) and the low amplitude of the water feature (e.g., Line et al., 2013;

Deming et al., 2013; McCullough et al., 2014; Wakeford et al., 2017). When

viewing an individual spectral feature of a gas species, there is a degeneracy be-

tween the abundance of the species and the abundance and location of aerosols.

For example, a low amplitude of the sodium doublet could be explained ei-

ther by a low sodium abundance or the presence of aerosols or a combination

of both. However, for some planets, the observed feature amplitudes would

require sodium and potassium abundances orders of magnitude lower than

expected based on the host star metallicity (e.g., Gibson et al., 2013), which

is difficult to reconcile with the current understanding of planet formation.

Furthermore, because scattering by aerosols is wavelength-dependent in the

optical and ultra-violet, observations of short-wavelength spectral slopes can

be used to break the degeneracy. In a survey of ten hot Jupiters, Sing et al.

(2016) found a correlation between the spectral slope from optical to infrared

wavelengths and the amplitude of the water feature. This correlation is much

better explained by the presence of aerosols than by clear atmospheres with

sub-solar elemental abundances(see also Barstow et al., 2017; Pinhas et al.,

2019). Multiple planets also show a scattering slope that is steeper than

Rayleigh scattering of a species with vertically uniform abundance and cross-

section at the retrieved temperature (e.g., Pinhas et al., 2019; Alderson et al.,

2020; Chen et al., 2021), which can be explained by aerosols with a vertically

varying size and mixing ratio (Pont et al., 2013; Ohno and Kawashima, 2020).

• Night side temperatures: Since the above-mentioned first Spitzer phase

curve observations in the 3.6 µm and 4.5 µm channels (Knutson et al., 2012;

Zellem et al., 2014), which measured much lower night side fluxes than pre-

dicted by cloud-free GCMs, many additional phase curves of hot Jupiters have
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been observed in these channels (Cowan et al., 2012; Dang et al., 2018; Steven-

son et al., 2017; Zhang et al., 2018; Kreidberg et al., 2018), including some

planets hot enough that disequilibrium chemistry should play a diminished

role (e.g., Maxted et al., 2013; Wong et al., 2015, 2016). Analyzing trends

in this larger sample of phase curves, Keating et al. (2019) and Beatty et al.

(2019) found that the dayside temperature increased almost linearly with equi-

librium temperature while the nightside temperature remained close to 1,100

K independent of equilibrium temperature for equilibrium temperatures be-

low ≈2,500 K. While it is difficult to explain this trend with varying atmo-

spheric heat redistribution efficiency, nightside clouds that condense at the

same temperature on all of these planets, blocking the emission from deeper,

hotter layers of the atmosphere, offer a natural explanation. Furthermore, the

spectroscopically resolved phase curve observations of hot Jupiter WASP-43b

between 1.1 and 1.7 µm with the Wide Field Camera 3 (Stevenson et al.,

2014) also reveal low nightside fluxes, which cannot be explained through dis-

equilibrium chemistry and is more naturally explained by nightside clouds

(Mendonça et al., 2018a).

• Westward phase curve offsets: While infrared phase curves of hot Jupiters

almost uniformly peak before secondary eclipse (eastward offset), broadband

optical observations by Kepler and TESS show that the phase curves of mul-

tiple planets peak after secondary eclipse (Demory et al., 2013; Esteves et al.,

2015; Angerhausen et al., 2015; Shporer and Hu, 2015). This is best explained

by inhomogeneous coverage of aerosols on the dayside, with reflective aerosols

located near the morning terminator (Demory et al., 2013; Garcia Munoz and

Isaak, 2015; Oreshenko et al., 2016; Parmentier et al., 2016).

For a more in-depth review of the observational evidence for aerosols in hot Jupiter

atmospheres, the reader is referred to Gao et al. (2021). Some of these observations

are best explained by condensate clouds, others might be easier to explain by pho-

tochemical hazes or are equally well explained by either. For example, condensate
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clouds are a much more natural explanation for the uniform nightside temperature:

For hotter planets, the cloud deck moves to lower pressures with cooler temper-

atures. Thus, the temperature at the top of the cloud deck, where the observed

emission originates from, remains constant between different planets. Cloud micro-

physics models suggest that silicate clouds are responsible for the uniform nightside

temperature (Gao and Powell, 2021). Condensate clouds are also favored as expla-

nation for westward phase curve offsets. Aerosol signatures in transmission spectra

can in principle be explained by either condensate clouds or hazes or both present

in the same atmosphere. Microphysics models suggest that photochemical hazes

likely are the dominant source of aerosol opacity in transmission for relatively cool

planets (Teq / 1, 000 K) while silicate clouds dominate for substantially hotter plan-

ets, where photochemical haze formation is less efficient (Gao et al., 2020). For

equilibrium temperatures between ≈ 1, 000 K and ≈ 1, 300 K, depending on model

assumptions and C/O ratio, either or both could play an important role (e.g., Lee

et al., 2016; Lavvas and Koskinen, 2017; Fleury et al., 2019; Lavvas and Arfaux,

2021). The very extended aerosol layers observed in some planets (Pont et al., 2013;

Estrela et al., 2021) might be easier to explain by invoking photochemical hazes.

Short-wavelength slopes steeper than expected from Rayleigh scattering with a con-

stant mixing ratio are also more naturally explained by photochemical hazes than

by condensate clouds (Ohno and Kawashima, 2020). In reality, it is likely that both

types of aerosols are present in the atmospheres of many hot Jupiters, though their

relative importance may differ between different planets.

All of these observations strongly motivate the inclusion of both photochemical

hazes and condensate clouds in GCMs of hot Jupiters. Yet, until recently, GCM

modeling of hot Jupiters has almost exclusively focused on clear-atmosphere models.

The reason is the high degree of additional complexity that aerosols introduce to

already highly complex GCMs. When adding aerosols to a GCM, one faces numerous

modeling choices. Due to the high computational cost of running a GCM, it is not

possible to examine the sensitivity to often poorly constrained parameters to the

same degree as can be done in one-dimensional models. Nevertheless, in the past
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few years, a growing body of work has examined condensate clouds in GCMs with

cloud models with varying complexity. The approaches range from only including

clouds during post-processing of GCM results (Parmentier et al., 2016) to including

cloud particles as passive tracers (Parmentier et al., 2013) to prescribing a fixed

cloud coverage (Oreshenko et al., 2016; Roman and Rauscher, 2017) to including

clouds based on equilibrium condensation (Parmentier et al., 2016, 2021; Roman

and Rauscher, 2019; Roman et al., 2021) to coupling the somewhat more complex

cloud model of Ackerman and Marley (2001) to each vertical column of the GCM

(Lines et al., 2019; Christie et al., 2021) to including a full microphysics model that

simulates the nucleation and growth of cloud particles (Lee et al., 2016; Lines et al.,

2018). Furthermore, multiple studies have used temperature profiles from GCMs

as input for detailed cloud microphysics models to study how cloud properties vary

across a planet (Lee et al., 2015; Helling et al., 2016; Powell et al., 2018, 2019; Helling

et al., 2019, 2021; Gao and Powell, 2021).

In contrast, photochemical hazes have not previously been explored within GCMs

of hot Jupiters. A possible reason is that for a long time, it has been assumed that

methane is a prerequisite for haze formation. For hot Jupiters with equlibrium

temperatures '1,300 K, most of the atmospheric carbon is expected to be in the

form of carbon monoxide. However, recent laboratory experiments simulating haze

formation under conditions relevant to hot Jupiters (Fleury et al., 2019) and mini-

Neptunes (Hörst et al., 2018; He et al., 2018; Moran et al., 2020; He et al., 2020)

challenge the assumption that methane is necessary for the formation of carbon-

based hazes. Furthermore, multiple prominent and well-studied hot Jupiters (e.g.,

HD 189733b, WASP-6b, HAT-P-12b, WASP-39b) have equilibrium temperatures

below 1,300 K, making photochemical hazes relevant to hot Jupiters even with

conservative assumptions.

There is no doubt that another contributing factor for the lack of studies includ-

ing photochemical hazes is that the uncertainties surrounding haze formation are

even larger than those surrounding condensate clouds. Carbon-based photochemical

hazes form from long-chained carbon molecules possibly involving hundreds of car-
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bon atoms, yet even the most sophisticated chemical models for exoplanets cannot

accurately track species with more than 6 carbon atoms (e.g., Moses et al., 2011;

Venot et al., 2015; Tsai et al., 2021). Laboratory experiments are thus crucial for

constraining the properties of photochemical hazes, yet performing experiments at

the temperatures relevant for the daysides of hot Jupiters is challenging. So far,

only one group has published experiments simulating haze formation at tempera-

tures above 1,000 K (Fleury et al., 2019, 2020). Sulfur-based hazes might also be

possible in the atmospheres of some extrasolar giant planets but are even less studied

(Zahnle et al., 2016; Gao et al., 2017; Tsai et al., 2021).

Despite these uncertainties, one can expect that much insight can be obtained

by including idealized models of photochemical hazes in GCMs. One of the goals of

this dissertation therefore is to start building a body of work that examines photo-

chemical hazes within GCMs of hot Jupiters. In Chapter 4, I develop an idealized

model of photochemical hazes to be used with the MITgcm (Adcroft et al., 2004). In

the model, hazes are simulated as passive tracers (feedback by hazes on the circula-

tion such as through heating and cooling by hazes is neglected) and have a constant

particle size. Using this model, I explore how inhomogeneous one can expect the

haze distribution to be, how the strength of vertical mixing (a key quantity affecting

the growth of hazes) compares to 1D models and whether inhomogeneities in the

haze distribution could be observed in transit spectra. In Chapter 5, I add two

key improvements to the model: wavelength-dependent radiative transfer and haze

radiative feedback (heating and cooling by hazes). I investigate how these improve-

ments change temperature structure, atmospheric circulation, haze distribution and

transit observations. Finally, in Chapter 6, I discuss avenues for future work.
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CHAPTER 2

Methods

The aim of this chapter is to give the reader a brief overview of the underlying

equations that govern atmospheric circulation as well as the basic model assumptions

and numerical methods used in this dissertation to solve these equations.

2.1 Atmospheric dynamics

In this work, the MITgcm (Adcroft et al., 2004) is used to solve the primitive

equations globally in spherical coordinates with pressure as the vertical coordinate.

Compared to the full Navier-Stokes equations (formulated for flow on a rotating

sphere), three key simplifying assumptions are made in the primitive equations (e.g.,

Vallis, 2006):

1. hydrostatic equilibrium: The vertical equation of motion is dominated by the

vertical pressure gradient term and the gravitational term.

2. shallow atmosphere: The vertical extent of the atmosphere is small compared

to the planetary radius.

3. traditional approximation: In the horizontal momentum equations, Coriolis

terms and curvature terms that include the vertical velocity as a factor are

neglected.

Note that the shallow atmosphere and traditional approximations are related to

each other and have to be taken together in order to ensure conservation of angular

momentum and energy (see Vallis, 2006).

These assumptions result in the set of equations



29

DvH

Dt
+ fk× vH = −∇HΦ +Dv, (2.1)

∂Φ

∂p
= −1

ρ
, (2.2)

∇H · vH +
∂ω

∂p
= 0, (2.3)

Dθ

Dt
=

θ

T

q

cp
+Dθ. (2.4)

Here, vH is the horizontal velocity on isobars, ∇H the horizontal gradient evaluated

on isobars and D/Dt = ∂/∂t+ vH ·∇H +ω∂/∂t is the material derivative. Further,

ω = Dp/Dt is the vertical velocity and f = 2Ω sinφ is the Coriolis parameter,

with Ω being the planetary rotation rate and φ the latitude. The unity vector in

the local vertical direction is denoted by k. Φ = gz is the geopotential, with g

being the gravitational acceleration of the planet, and ρ is the density. Finally,

the thermodynamic equation is expressed in terms of the potential temperature

θ = T (p0/p)
R/cp , where T is the temperature, p0 a reference pressure, R is the

specific gas constant, cp the specific heat capacity at constant pressure and q is the

thermodynamic heating rate per unit mass (in units of W kg−1), which is calculated

by radiative transfer module. The terms Dv and Dθ stand for additional forcing

terms that can be included through various packages. These terms include a Shapiro

filter to damp horizontal noise at the grid-scale (used in all chapters) as well as terms

associated with atmospheric drag (used in Chapters 4 and 5).

In addition to solving Eq. (2.1-2.4), the MITgcm can solve the transport equa-

tion,
Dcn
Dt

= Dn, (2.5)

for an arbitrary number of additional quantities that are transported with the flow

(“tracers”1) and are characterized by a tracer concentration (or mass mixing ratio)

1Note that in geophysical fluid dynamics, the term “tracer” usually refers to a quantity described

by an (Eulerian) field while in other subfields, e.g., planet formation, the term frequently is used

to describe Lagrangian particles following the fluid motion. This work uses the term tracer in the

former way.
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cn. Here, Dn stands for forcing terms that can be defined depending on the physical

meaning of cn. In Chapters 4 and 5, this work makes use of this capability to simulate

the mass mixing ratio distribution of photochemical hazes. Chapter 4, the hazes act

as passive tracers, not exerting any feedback on the flow and temperature structure.

In Chapter 5, however, heating and cooling by hazes is added to the model. In this

case, Eqs. (2.1)-(2.4) and Eq. (2.5) thus become a set of five coupled equations. The

details of the setup and the forcing terms are described in the respective chapters.

2.1.1 Boundary conditions, discretization and numerical setup

As the simulations with our GCM are global, in the horizontal direction, periodic

boundary conditions are applied. In the vertical direction, the vertical velocity in

pressure coordinates ω is set to zero at the top and bottom of the model. Free-slip

boundary conditions are applied to the horizontal velocities.

The MITgcm uses a finite-volume discretization on a staggered Arakawa C-

grid (Arakawa and Lamb, 1977). While multiple grid geometries are available in

the MITgcm, in this work, the cubed-sphere grid is used. This choice avoids the

singularities at the poles in a longitude-latitude grid. Longitude-latitude grids also

have the disadvantage that the cell spacing becomes much smaller towards the pole.

For fluid dynamics simulations, this small cell spacing requires a small time step due

to the Courant-Friedrichs-Lewy (CFL) criterion (Courant et al., 1928). The cubed-

sphere grid is one possibility to avoid this problem and maintain a close-to-uniform

grid spacing on (almost) the entire globe. Eight corner points, close to which the

cell spacing is less regular, remain, however, they are not coordinate singularities

and the extent of the distortion is less than near the poles of a longitude-latitude

grid. Compared to grids that have an entirely uniform grid spacing, such as the

icosahedral grid used e.g. in the exoplanet GCM THOR (Mendonça et al., 2016), a

large advantage of the cubed-sphere grid is that a rectangular grid is maintained.

The algorithm used to solve the primitive equations is called semi-implict pres-

sure method with implicit linear free-surface. The MITgcm uses Adams-Bashforth

timestepping. As advection scheme, we choose second-order flux limiters.
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2.2 Radiative transfer

The theory used to describe the scattering, absorption, and emission of light is called

radiative transfer. Radiative transfer plays a key role in determining the temperature

structure of an atmosphere. In the context of atmospheric dynamics, radiative

transfer determines the heating rate q in Eq. (2.4), one of the most important

forcing terms when considering the atmospheres of hot Jupiters. The heating rate

is given by

q = −1

ρ
∇ · F, (2.6)

where F is the radiative flux. For most atmospheres, the horizontal length scales are

much larger than the vertical length scales. It is therefore a reasonable assumption

to neglect the horizontal divergence of the flux. The heating rate then becomes

q = g
∂F

∂p
. (2.7)

To calculate the radiative fluxes in an atmosphere, one needs to solve the radiative

transfer equation. A common simplification used when considering radiative transfer

in planetary atmospheres is the plane-parallel atmosphere approximation. This

approximation treats the atmosphere as a horizontally infinite layer, For a plane-

parallel atmosphere, the radiative transfer equation can be written as (e.g., Seager,

2010; Heng, 2017; Thomas and Stamnes, 2002)

µ
dI(τν , µ, ν)

dτν
= I(τν , µ, ν)− S(τν , µ, ν). (2.8)

Here, I is the intensity, τ is the vertical optical depth, µ is the cosine of the an-

gle of incidence of the light beam, defined such that for a beam directed into the

atmosphere,µ < 0 and for a beam directed out of the atmosphere, µ > 0, and S is

the so-called source function, which describes thermal emission and light added to

the beam through scattering.

A frequently used further simplification is that the radiation field can be ap-

proximated by two hemispheric average intensities, the upward intensity I↑ and the

downward intensity I↓. This is called the two-stream approximation. Both radiative

transfer codes used in this thesis make use of this approximation.
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2.2.1 Treatment of wavelength dependence

Another challenge of radiative transfer calculations is how to treat the wavelength

dependence of Eq. (2.8). The simplest possible approach is to integrate Eq. (2.8)

over the entire wavelength range. This would be called a “gray” model. A slightly

increase in complexity that allows to capture the most important physics, including

the possiblility of greenhouse and anti-greenhouse effects, consists in recognizing

that the incident radiation and the thermal emission typically are separated in

wavelength. Thus, one can choose one wavelength-integrated opacity to describe

the incident radiation (also called short-wave or optical2 component) and one differ-

ent opacity for the thermal emission (also called long-wave or infrared component).

This small step up in complexity allows to capture two extremely important physi-

cal effects occuring in real atmospheres: the greenhouse effect (when the long-wave

opacity is larger than the short-wave opacity, the temperature profile decreases with

height, leading to a hotter surface or deep atmosphere) and the anti-greenhouse

effect (when the longwave opacity is smaller than the shortwave opacity, the tem-

perature profile decreases with height, leading to a temperature profile increasing

with height). Such models using one short-wave and one long-wave opacity are called

double-gray, semi-gray or dual-band models. Chapter 4 makes use of a double-gray

radiative transfer code that uses the TWOSTR package(Kylling et al., 1995) to solve

the two-stream equations.

In reality, opacity often is highly wavelength-dependent. The logical next level

of complexity is to use multiple wavelength bands with different opacities (multi-

band models). While this significantly increases the realism of a model, there is a

significant shortcoming of band models: The average opacity in a wavelength band

typically is much smaller than the opacity near the core of the strongest molecular

lines in atmosphere. At the same time, it can be much larger than the continuum

opacity or the opacity in distinct spectral windows. As a result, absorption of in-

2While for many atmospheres, the incident radiation peaks at optical wavelengths, the term

“optical” used in the context of double-gray models does not mean that the incident radiation has

to be restricted to optical wavelengths.
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cident radiation in band models is much more localized than in a real atmosphere.

However, increasing the number of bands to the extent that most lines are resolved

would require thousands to millions of wavelength bins. This is too computation-

ally expensive to be used within a GCM. A solution to this problem is given by the

correlated-k method. Using the results from a detailed line-by-line calculation, the

opacities in each wavelength band are sorted by their value and transformed into a

cumulative distribution. Instead of integrating over the band in wavelength-space,

one can then integrate over the cumulative distribution. For the integration, Gaus-

sian quadrature can be used. Thus, the opacity information of up to millions of

individual lines within a band can be condensed into a handful of Gauss points and

respective k-coefficients. In Chapters 3 and 5, I examine the effects of disequilib-

rium abundances and photochemical hazes on the temperature structure. For these

topics, an accurate treatment of radiative transfer is important and therefore, a ra-

diative transfer module using the correlated-k method is used (SPARC, Showman

et al., 2009). The version of SPARC used in this work makes use of 11 wavelength

bins, each of which has 8 Gauss points. A detailed description of the implementation

is given in Kataria et al. (2013).
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CHAPTER 3

The Effect of 3D Transport-Induced Disequilibrium Carbon Chemistry on the

Atmospheric Structure and Phase Curves and Emission Spectra of Hot Jupiter HD

189733b
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Abstract

On hot Jupiter exoplanets, strong horizontal and vertical winds should homogenize

the abundances of the important absorbers CH4 and CO much faster than chemical

reactions restore chemical equilibrium. This effect, typically neglected in general

circulation models (GCMs), has been suggested as explanation for discrepancies be-

tween observed infrared lightcurves and those predicted by GCMs: On the nightsides

of several hot Jupiters, GCMs predict outgoing fluxes that are too large, especially

in the Spitzer 4.5 µm band. We modified the SPARC/MITgcm to include disequi-

librium abundances of CH4, CO and H2O by assuming that the CH4/CO ratio is

constant throughout the simulation domain. We ran simulations of hot Jupiter HD

189733b with 8 CH4/CO ratios. In the more likely CO-dominated regime, we find

temperature changes ≥50-100 K compared to the equilibrium chemistry case across

large regions. This effect is large enough to affect predicted emission spectra and

should thus be included in GCMs of hot Jupiters with equilibrium temperatures

between 600K and 1300K. We find that spectra in regions with strong methane

absorption, including the Spitzer 3.6 and 8 µm bands, are strongly impacted by

disequilibrium abundances. We expect chemical quenching to result in much larger

nightside fluxes in the 3.6 µm band, in stark contrast to observations. Meanwhile,

we find almost no effect on predicted observations in the 4.5 µm band, as the opacity

changes due to CO and H2O offset each other. We thus conclude that disequilib-

rium carbon chemistry cannot explain the observed low nightside fluxes in the 4.5

µm band.

3.1 Introduction

Close-in extrasolar giant planets, known as hot Jupiters, are the best characterized

exoplanets to date. Due to their proximity to their host stars, they are expected

to be tidally locked. This creates strong temperature contrasts between the per-

manent day side and the night side. For the temperature ranges of typical hot

Jupiters, assuming chemical equilibrium, these temperature contrasts translate to
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large horizontal gradients in the abundance of methane (CH4) and carbon monoxide

(CO), two important infrared absorbers in the atmospheres of hot Jupiters. Car-

bon is preferentially found in CH4 at high pressures and low temperatures, while at

low pressures and high temperatures, CO is the dominant carbon-bearing species.

Most models of hot Jupiters, especially three-dimensional general circulation models

(GCMs) allowing for realistic representation of opacities and the effect that chemical

composition exert on them, assume equilibrium chemistry as a basis for calculating

opacities. However, the stark day-night temperature contrast also drives a vigorous

atmospheric circulation, with a strong eastward equatorial jet advecting thermal

energy from the day side to the night side and strong vertical mixing (e.g. Showman

and Guillot, 2002; Showman and Polvani, 2011; Dobbs-Dixon and Lin, 2008; Heng

et al., 2011; Thrastarson and Cho, 2011; Rauscher and Menou, 2012; Perna et al.,

2012; Dobbs-Dixon and Agol, 2013; Parmentier et al., 2013; Mayne et al., 2014;

Kataria et al., 2016; Mendonça et al., 2016). In addition, at low pressures (. 1

bar), the chemical time scale at which the interconversion between CH4 and CO

acts, becomes very long. Therefore, an air parcel is advected much faster than its

CH4 and CO abundances can adapt to the local equilibrium values. This process,

called quenching, is expected to vertically and horizontally homogenize the abun-

dances of CH4 and CO (as well as of many other species, including N2 and NH3)

in the near-infrared photospheres (located roughly between 1 bar and 1 mbar) of

hot Jupiters (Cooper and Showman, 2006; Agúndez et al., 2012, 2014; Drummond

et al., 2018b,a).

These disequilibrium abundances can have a significant effect on the opacities

and thus the radiative transfer. Including this effect in general circulation models

(GCMs) could potentially impact the thermal structure and atmospheric circulation,

as well as the predicted spectra and phase curves. In fact, this has been proposed

as a solution for the observed discrepancy between phase curves predicted by state-

of-the-art GCMs assuming equilibrium chemistry and observations with the Spitzer

Space Telescope (Knutson et al., 2012). GCMs over-predict the night side fluxes in

the Spitzer 4.5 µm band for the hot Jupiters HD 189733b (Knutson et al., 2012),
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HD 209458b (Zellem et al., 2014) and WASP-43b (Stevenson et al., 2017). Within

this wavelength bandpass, CO has a strong absorption band. For relatively cool

hot Jupiters, like HD 189733b, transport-induced disequilibrium chemistry is ex-

pected to enhance the CO abundance on the night side compared to the equilibrium

chemistry value (Cooper and Showman, 2006; Agúndez et al., 2014). Knutson et al.

(2012) argued that this would lead to increased opacity in the 4.5 µm band, such

that the outgoing radiation in that band would probe higher, cooler regions of the

atmosphere, decreasing the flux emitted in this band. In addition to changing the

pressure level from which the outgoing radiation is emitted, the altered opacities

can also affect the thermal structure and the atmospheric circulation in a GCM, an

effect not considered in the argumentation of Knutson et al. (2012). So far, this

effect has only been taken into account by Drummond et al. (2018b,a).

The goal of this study is to better quantify how the combination of these two ef-

fects of disequilibrium carbon chemistry (the change in the level from which radiation

escapes to space and the change in thermal structure) affects the thermal emission

spectra predicted from GCMs. We assume that the abundance ratio of CH4 to CO is

constant throughout the entire simulation domain and treat the CH4/CO abundance

ratio as free parameter. This simple approach allows us to explore a broader param-

eter range than Drummond et al. (2018b,a) and to focus on the radiative effects.

Our approach is justified by the findings of previous studies: Coupling a simple

chemical relaxation scheme to a GCM of HD 209458b, both Cooper and Showman

(2006) and Drummond et al. (2018b) found that the CO and CH4 abundances are

homogenized everywhere above the ∼ 3 bar level. In a later study (published while

this paper was in the peer-review process), Drummond et al. (2018a) find that the

same is true for HD 189733b. Agúndez et al. (2014) instead used a full kinetical

network in a pseudo-2D framework that was able to capture vertical and horizontal

transport, and included photochemistry on the day side. They found that quenching

homogenized the CO and CH4 abundances at pressures between ∼ 1 and ∼ 10−4

bars on HD 189733b. (At lower pressures, photochemical processes destroy CH4

on the day side.) While these studies disagree on the relative importance of ver-
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tical versus horizontal quenching, all of them conclude that the abundances of CO

and CH4 should be homogeneous in the near-infrared photosphere, justifying our

assumption.

However, coupling a chemical relaxation scheme to their GCM, Mendonça et al.

(2018b) found that on WASP-43b, the CH4 abundances were only homogenized

horizontally but not vertically. A similar behavior is seen in the HD 209458b case

of Agúndez et al. (2014) (though only for their nominal eddy diffusion profile).

While there are several differences in the models and planet parameters used that

could contribute to this different outcome, the perhaps most important factors are

the hotter day side and the weak vertical mixing in both of these models. If hor-

izontal transport dominates over vertical transport in setting the disequilibrium

abundances, as these two papers find, whether abundances are homogenized only

horizontally or vertically and horizontally depends on whether vertical quenching

happens in the hottest region of the day side. Abundances thus are homogenized

vertically and horizontally if in the hottest regions of the day side the vertical mixing

time scale is shorter than the chemical time scale. If vertical mixing is very weak or

the day side is too hot (leading to a shorter chemical time scale), this condition is

not fulfilled and abundances are only homogenized horizontally but not vertically.

In the case of Agúndez et al. (2014), the hotter day side compared to Drummond

et al. (2018b) at low pressures is largely due to their assumption of a thermal inver-

sion on the day side of HD 209458b. Mendonça et al. (2018b) look at WASP-43b,

for which Kataria et al. (2015) also found a larger day-night contrast and hotter day

side compared to HD 209458b due to its shorter orbital period and larger gravity.

Our study looks at HD 189733b, which has a significantly lower zero-albedo equilib-

rium temperature than HD 209458b and WASP-43b. Since the chemical time scale

dramatically increases with decreasing temperature, it is likely that abundances are

homogenized horizontally and vertically on this planet, and both published studies

looking at HD 189733b confirm this (Agúndez et al., 2014; Drummond et al., 2018a).

With the focus of these previous studies being on chemistry, most of them did not

self-consistently calculate the radiative transfer, and thus were not able to quantify
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the effect of the changed opacities on the temperature structure in their model. In

their GCM, Cooper and Showman (2006) used a Newtonian cooling scheme, in which

the temperature relaxes towards a prescribed temperature profile at each point in the

atmosphere. Like typical kinetical networks, Agúndez et al. (2014) used a prescribed

background pressure-temperature profile (in this case derived from a GCM assuming

equlibrium chemistry). Mendonça et al. (2018b) use a double-gray radiative transfer

scheme. Only Drummond et al. (2018b) and Drummond et al. (2018a), whose GCM

uses state-of-the-art radiative transfer with correlated k-coefficients, included the ef-

fect of the changed opacities on the temperature structure in a GCM. Our approach

complements previous studies by focusing on the radiative transfer rather than on

chemistry. The photospheric disequilibrium CH4 and CO abundances found in cou-

pled chemistry-circulation models such as Drummond et al. (2018b) strongly depend

on the temperature profile in transition region between equilibrium chemistry and

disequilibrium chemistry (∼ 1 to 10 bars)(Moses et al., 2011; Venot et al., 2014).

However, the temperature profile in this region depends on the initial temperature

profile used in the GCM (Amundsen et al., 2016), assumptions about the interior

heat flux (e.g., Guillot and Showman, 2002; Burrows et al., 2003; Fortney et al.,

2008) and dissipation in deep layers (e.g., Guillot and Showman, 2002; Tremblin

et al., 2017; Komacek and Youdin, 2017) . Furthermore, typical GCM simulations

only resolve dynamic mixing through the large-scale circulation. If unresolved sub-

grid-scale turbulence is relevant near the quench level (e.g., Menou, 2019), it might

further alter the quenched abundances. Uncertainties in reaction rates can also af-

fect the resulting abundances (e.g., Visscher and Moses, 2011). Overall, although

it is well established that the CH4/CO ratio should be reasonably homogenized

throughout the photosphere, many unconstrained factors will determine the actual

value of this ratio. Studying how the thermal response and the resulting emission

spectra and phase curves depends on the CH4/CO ratio, as is our goal, thus adds

to the overall understanding of the effects of disequilibrium chemistry.

We choose to focus on HD 189733b. Due to its cooler temperature compared

to HD 209458b and WASP-43b, disequilibrium effects are expected to be stronger
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Figure 3.1 Left: horizontal temperature maps of the reference simulation (equi-
librium chemistry) at pressures of 1 mbar, 30 mbars and 1 bar, respectively. The
substellar point (0 ◦ longitude, 0 ◦ latitude) is at the center of each panel. The arrows
represent the velocities of the horizontal component of the wind. Right: horizontal
maps of the abundance ratio of methane to carbon monoxide assuming chemical
equilibrium. Methane dominated regions are magenta while carbon-monoxide dom-
inated regions are green. The contours are evenly spaced in log space and mark
log10(CH4/CO)=(-4,-3,-2,-1,0,1, 2), respectively. The zero contour (corresponding
to CH4/CO=1) is thickened.
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on this planet. The latter two planets are hot enough that in simulations assuming

equilibrium chemistry, CO is the dominant carbon species at all longitudes and

latitudes (Showman et al., 2009; Drummond et al., 2018b). In contrast, on the cooler

HD 189733b, in chemical equilibrium one expects that the day side is dominated by

CO, while the night side is dominated by CH4 (see Figure 3.1). HD 189733b thus

occupies an interesting point in the parameter space: Regardless of the quenched

CH4 and CO abundances, including disequilibrium chemistry will change which of

the two species is dominant on about half of the planet. The radiative effects of

disequilibrium chemistry are thus expected to play a larger role than on hotter

planets. In addition, unlike for HD 209458b, for HD 189733b there exist phase

curve observations in multiple Spitzer bandpasses (Knutson et al., 2007, 2009; Agol

et al., 2010; Knutson et al., 2012), providing stronger observational constraints.

3.2 Methods

We use the SPARC/MITgcm model (Showman et al., 2009) to perform simulations

of hot Jupiter HD 189733b. This model couples the two-stream, non-gray radiative

transfer code of Marley and McKay (1999) to the MITgcm general circulation model

of Adcroft et al. (2004) and has previously been applied to a wide range of hot

Jupiters and other exoplanets (e.g., Showman et al., 2009, 2013, 2015; Parmentier

et al., 2013, 2018; Lewis et al., 2010, 2014; Kataria et al., 2013, 2014, 2015).

3.2.1 Dynamics

Using the MITgcm (Adcroft et al., 2004), we solve the three-dimensional global

primitive equations on a cubed sphere grid. The primitive equations are valid for

stably stratified shallow atmospheres. Horizontal noise is smoothed with a fourth-

order Shapiro filter (Shapiro, 1970).

The key model parameters are summarized in Table 3.1. We assume a gravity

of g = 22.86 m s−2, a planetary radius of 7.9559 · 107 m and a rotation period equal

to the orbital period of 2.22 days, as the planet is assumed to be in synchronous
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Table 3.1. Model parameters

Parameter Value Units

Radius 7.9559 · 107 m

Gravity 22.86 m s−2

Rotation period 2.22 d

Semimajor axis 0.03142 AU

Specific heat capacity 1.3 · 104 J kg−1 K−1

Specific gas constant 3714 J kg−1 K−1

Interior flux 0 W m−2

Horizontal resolution C32a

Vertical resolution 53 layers

Lower pressure boundary 2 · 10−6 bar

Upper pressure boundary 200 bar

Hydrodynamic time step 25 s

Radiative time step 50 s

aequivalent to a resolution of 128x64 on a longitude-latitude grid
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rotation. We use a value of cp = 1.3·104 J kg−1 K−1 for the specific heat capacity and

κ = R/cp = 2/7, where R is the specific gas constant. These values are appropriate

for hydrogen dominated atmospheres. Our simulations use a horizontal resolution

of C32, which is roughly equivalent to a resolution of 128x64 on a longitude-latitude

grid. The pressure spans from 200 bars to 2 µbar and is resolved by 53 vertical levels.

We use a timestep of 25 s, run the simulations for 1,000 days and then average over

the last 100 days. Convergence tests in previous studies using the SPARC/MITgcm

have shown that simulations have sufficiently converged at that point. Specifically,

the emitted infrared flux changes by less than a few percent between integration

times of ≈ 1, 000 days and ≈ 4, 000 days. (Showman et al., 2009, Fig. 12).

3.2.2 Radiative transfer

The radiative transfer code in our model is based on the plane-parallel code of

Marley and McKay (1999). This code was originally developed to study Titan’s

atmosphere (McKay et al., 1989) and has since been applied to Uranus (Marley and

McKay, 1999) , brown dwarfs (Burrows et al., 1997; Marley et al., 1996, 2002) and

hot Jupiters (Fortney et al., 2005, 2008; Showman et al., 2009). The code uses the

delta-discrete ordinate method (Toon et al., 1989) for the incident stellar flux, while

the thermal flux is calculated using the two-stream source function method (also of

Toon et al., 1989). Molecular opacities are treated using the correlated k-method

(e.g. Goody and Yung, 1989): In each frequency bin, the opacity information from

line-by-line calculations using as many as 10,000 to 100,000 frequency bins is turned

into a cumulative distribution of opacities, which is then described by 8 k-coefficients.

We use 11 frequency bins spanning from 0.26 µm to 325 µm (see Kataria et al.,

2013). The correlated-k method is the most sophisticated and accurate treatment

of opacities in GCMs of exoplanets to date and is used both in the SPARC/MITgcm

and in the adaptation for hot Jupiter of the UK MetOffice model (Amundsen et al.,

2016).

In order to combine the opacities from different species within the atmosphere,

we employ the approach of pre-mixed opacities, meaning that the k-coefficients of
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the mixture are derived from line-by-line opacities that are calculated for a mixture

with specified chemical abundances that are specified functions of temperature and

pressure (typically derived from equilibrium chemistry). This approach is fast and

accurate. We use the equilibrium chemistry abundances for solar metallicity of

Lodders and Fegley (2002) and Visscher et al. (2006) with the modifications for CH4,

CO and H2O described in section 3.2.3 and the opacities of Freedman et al. (2008)

including the updates of Freedman et al. (2014). Note that the updated opacities

result in changes in the thermal structure and the resulting equilibrium chemistry

phase curve compared to Showman et al. (2009) and Knutson et al. (2012) (see

Section 3.4.2). The disadvantage of this method is that it leaves little flexibility for

varying abundances due to disequilibrium chemistry. However, alternative methods

combining the k-coefficients of individual species on the fly come at a much higher

computational cost and are thus impractical when coupled to GCMs (as discussed

in Amundsen et al., 2017). To explore the effect of disequilibrium abundances, we

thus take advantage of the fact that due to strong horizontal and vertical mixing,

the disequilibrium abundances of CH4 and CO are expected to be close to constant

throughout the photosphere, as further detailed in section 3.2.3.

To obtain spectra and phase curves, we postprocess our simulation output using

the same plane-parallel two-stream radiative transfer code as used in our full 3D

simulations, but adopting 196 wavelength bins instead of 11 to yield improved spec-

tral resolution. Given the time-averaged temperature structure from the GCM at a

particular time, we calculate the outgoing flux in the line of sight to the observer

for each atmospheric column. The fluxes are then combined into a weighted average

across the disk to give the total flux received at a particular observing vantage point

and at a particular time during the orbit. We do this calculation at many orbital

phases (throughout which the Earth-facing hemisphere shifts in longitude) to assem-

ble full orbit phase curves at wavelengths of interest. This method is similar to the

method described in Fortney et al. (2006), Showman et al. (2009) and Parmentier

et al. (2016) and naturally takes into account limb darkening of the planet. We use

a NextGen spectrum (Hauschildt et al., 1999) for HD 189733, a stellar radius of
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Figure 3.2 Water abundance at the 30 mbar level in the equilibrium chemistry
simulation. The substellar point is at the center of the panel. In disequilibrium
chemistry, in contrast, the abundances are expected to be homogenized between the
day- and night side of the planet.

0.805 R� (Boyajian et al., 2015) and a planet-to-star radius ratio Rp/R∗ = 0.0145.

3.2.3 Disequilibrium chemistry

All previous studies of hot Jupiters using the SPARC/MITgcm utilized k-coefficient

tables calculated assuming equilibrium chemistry. To explore the effect of transport-

induced disequilibrium carbon chemistry, in this study we instead assume that the

CH4 to CO ratio is quenched to a constant value throughout the entire atmosphere.

This assumption is a good approximation at pressures lower than roughly 1 to

10 bars, as shown by Cooper and Showman (2006), Agúndez et al. (2014) and
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Drummond et al. (2018b,a). At higher pressures, the chemical timescale becomes

shorter than the mixing time scale and the approximation of a constant quenched

value breaks down. Since this study focuses on the effect on the outgoing radiation

in the near infrared, which probes pressures beween 1 mbar and 1 bar (see Fig. 9

in Showman et al. (2009) and Fig. 12 and 14 in Moses et al. (2011), we believe

this approximation is justified. The deep regions of the atmosphere (deeper than 10

bars) also have extremely small net fluxes compared to the fluxes in the observable

atmosphere (where the incoming starlight is absorbed and radiation is escaping to

space), and so the dynamics in the observable atmosphere are not strongly sensitive

to modest changes in the opacities and fluxes in the deep (p >10 bar) atmosphere. In

addition, because of the low net fluxes, the error in opacity we make by extending

constant CH4/CO ratios to the deep atmosphere is expected to have a relatively

small effect on the temperature structure. We expect the error in the temperature

profile in the deep atmosphere to be smaller than, or at most comparable to, the

uncertainty due to the unknown internal heat flux of hot Jupiters and certainly

smaller than the error due to the limited integration time. (Because of the low net

fluxes and long radiative time scales in the deep atmosphere, the time it takes for

3D GCM simulations to converge in the deep atmosphere far exceeds simulation

runtimes feasible with state-of-the-art computational facilities. This problem is not

unique to our model, but universal to 3D GCMs of hot Jupiters when realistic

radiative transfer is included.)

Our approximation of a constant CH4/CO ratio also breaks down at pressures

lower than ∼ 10−4 bars, as on the day side CH4 is destroyed photochemically in

these regions (Moses et al., 2011; Agúndez et al., 2014). Again, this process is not

expected to affect the broadband emission spectra that we are interested in or the

temperatures in the regions probed by broadband emission.

The quenched CH4/CO ratio can in general be constrained by comparing the

chemical time scale and the mixing time scale. In a 1D picture, the quenched

abundances are approximately given by the abundances at the point at which both

time scales are equal. In practice, however, the vertical mixing time scale in 1D
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and 2D models depends on the assumptions about the strength of vertical mixing

(parametrized through the eddy diffusion coefficientKzz) and the chemical time scale

depends on the reaction rates, some of which are not well-known in the pressure and

temperature range encountered in hot Jupiter atmospheres. A variety of different

1D and pseudo-2D thermochemical kinetics models of HD 189733b find CH4/CO

ratios roughly between 0.001 and 0.5 (Moses et al., 2011; Visscher and Moses, 2011;

Agúndez et al., 2014; Drummond et al., 2016). However, CH4/CO ratios larger than

one might also be possible if vertical mixing is very strong (Tsai et al., 2018). GCM

simulations with simplified chemical schemes have focused on the hotter HD 209458b

and find CH4/CO ratios ∼ 0.01 (Cooper and Showman, 2006; Drummond et al.,

2018b). For HD 189733b, Drummond et al. (2018a) find CH4/CO ratios between 0.1

and 0.2. We thus choose to treat the CH4/CO ratio as a free parameter and perform

8 simulations varying this ratio from 0.001 to 100 as well as a reference simulation

assuming equilibrium chemistry. Although kinetics models favor CH4/CO ratios

< 1, we include the full range for completeness.

Water and CO2 abundances

The net reaction that converts CH4 to CO and vice versa is

CH4 + H2O
 CO + 3H2. (3.1)

Together with the CH4 and CO abundances, the water abundance thus changes as

well. CO and H2O are the only major oxygen-bearing species in the region where

quenching dominates the abundances (Moses et al., 2011), and the total number

of oxygen atoms has to be preserved. As a consequence, when reaction (3.1) is

quenched, the water abundance is frozen to a constant value as well. This value

is directly tied to the CH4 and CO abundances (e.g., Moses et al., 2011, Fig. 4,

5 and 8). As long as either CO or CH4 dominates over the other, a change in the

CH4/CO ratio results in only a marginal change in the water abundance. However,

when transitioning from the CO-dominated to the CH4 dominated regime, the water

abundance varies by a factor of ≈ 2. Assuming equilibrium chemistry, the water
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abundance thus varies by this factor of ≈ 2 between the day- and night side of HD

189733b, as can be seen in Figure 3.2. Including horizontal and vertical transport,

however, the water abundance is expected to remain constant between day- and

night side due to quenching (Agúndez et al., 2014, Fig. 12). Since water is such an

important infrared absorber, it is necessary to adjust the water abundance in our

model to reflect this. We achieve this by adjusting the water abundance such that

the total number of oxygen atoms present in water and CO is conserved. The C/H

and O/H ratios thus remain at solar values, consistent with our general assumption

of solar elemental abundances.

We leave the abundance of CO2 unchanged from its equilibrium chemistry value,

as it is not the dominant carbon species in either equilibrium or disequilibrium chem-

istry and deviations from equilibrium chemistry are expected to remain moderate

compared to CH4 (Agúndez et al., 2014).

Changes in Opacity

To illustrate the changes in opacity, the resulting near-infrared opacities for different

CH4/CO ratios at a typical photospheric pressure and temperature are shown in

Figure 3.3. The plotted opacities represent the bin-averaged opacity for each of

the 196 wavelength bins used for the postprocessing averaged over the inverse of

the opacity. This kind of average is a good way of representing the effects on

the broadband emission. Note that the average is only used for illustration in the

figure—in the radiative transfer in the GCM and for post-processing we use the

correlated-k method instead (with 11 and 196 bins, respectively). It is obvious

from Figure 3.3 that for a higher CH4/CO ratio, the opacity significantly increases

for almost all wavelengths in the near and mid-IR. This is mainly because CH4 has

many broad absorption bands in the near- and mid-infrared while CO only has a few

narrow absorption bands. On top of that, with increased CH4, the water abundance

also increases by a factor of ∼ 2. Similar to CH4, water has many broad absorption

bands. The only spectral region in which the opacity decreases for high CH4/CO

ratios is near the CO absorption band centered around 4.7 µm. Even in this region,
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the opacity decreases only by a factor of ∼2, much less than it increases at most

other wavelengths. This is likely because the water feature centered around 6.3

µm contributes significantly to the total opacity in this region. Since for every CO

molecule that is removed, a water molecule is added, these two changes in opacity

partially offset each other in this region.

3.3 Results

3.3.1 Reference simulation: equilibrium chemistry case

First, we give a brief overview of the reference simulation, which assumes equilibrium

chemistry. The left column of Figure 3.1 shows the temperature and horizontal wind

velocities at pressures of 1 mbar, 30 mbars and 1 bar. The pressure levels in the

figure are chosen such that the lowest pressure level shown (1 mbar, uppermost

panel) is slightly above the photosphere at most infrared wavelengths, while the

highest pressure level (1 bar, lowermost panel) is somewhat below the photosphere at

most infrared wavelengths. The temperature and wind patterns are typical for a hot

Jupiter: The simulation exhibits a large day-night temperature contrast, especially

at low pressures, and a superrotating (eastward) equatorial jet. The hottest point

is shifted east with respect to the substellar point. The coldest regions in the

simulation are east of the antistellar point at roughly 40◦ to 50◦ latitude, at the

center of two large gyres.

At low pressures, where the radiative time scale is short compared to the dynam-

ical time scale, the temperature difference between day- and night side is largest.

In addition to the jet, there is a strong day-to-night flow. As pressure increases

and the radiative timescale becomes longer, the eastward equatorial jet dominates

more over the day-to-night flow. At a pressure of 1 bar, the equatorial jet efficiently

transports heat from the day side to the night side and longitudinal temperature

differences along the equator are small. Winds at mid-latitudes are much smaller

than at lower latitudes. The cold spots associated with the night side gyres are still

several hundred K colder than the equatorial regions.
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The ratio of the equilibrium chemistry abundances of CH4 to CO is plotted

in the right column of Figure 3.1. In chemical equilibrium, CH4 is the dominant

carbon species at high pressures and low temperatures, while carbon preferentially

forms CO at low pressures and high temperatures. On isobars, abundances thus

directly follow the temperature pattern. On the day side, CO is the prevailing

carbon species and is up to 5 orders of magnitude more abundant than CH4. At

most locations of the night side, the abundances of both species become more even,

with CH4 prevailing. Methane abundances peak at the night side cold spots at mid-

latitudes. As with temperature gradients, the abundance gradients become much

less pronounced deeper in the atmosphere: While the abundance ratios span over 8

orders of magnitude at the 1 mbar level, they differ by only 3 orders of magnitude

at the 1 bar level.

3.3.2 Simulations with quenched abundances: Thermal structure

In response to the different opacities, the thermal structure changes in the simula-

tions with disequilibrium chemistry compared to the reference case. We consider

two of the quenched simulations, CH4/CO=0.01 and CH4/CO=100, in detail to il-

lustrate these changes for the CO dominated and the CH4 dominated regime. Figure

3.4 shows the temperature difference with respect to the reference case on isobars.

Vertical pressure-temperature profiles from these two simulations along with the

reference simulation are plotted in Figure 3.5.

In the CO dominated regime (the regime favored by kinetics models), the day

side is cooler compared to the equilibrium case, while the temperature of large parts

of the night side, including the midlatitude cold spots, increases. Temperatures also

drop at high latitudes, especially on the night side. All of these effects can be seen

in the left column of Figure 3.4. In the particular case shown (CH4/CO=0.01), day

side temperatures drop by about 50 K throughout most of the photosphere. This

is also evident in the pressure-temperature profiles near the substellar point (upper

left panel of Figure 3.5). A closer look at the pressure-temperature profiles reveals

that the vertical temperature gradient is slightly larger compared to the equilibrium
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chemistry case near the substellar point, but slightly smaller at the antistellar point.

This is likely because on the day side, greenhouse gases (CH4, H2O) are added

compared to the equilibrium composition while on the night side greenhouse gases

are taken away. The CH4/CO=0.001 simulation (not shown) displays very similar

changes in thermal structure, but with a somewhat larger amplitude.

Our interpretation for why the day side is cooler is related to energy-balance:

The changes in opacity lead to only slight changes in albedo, so for all the CH4/CO

ratios considered, the total amount of absorbed starlight is nearly the same. Since

the simulations achieve an approximate energy balance (energy gained equals energy

lost), this means that the total IR energy radiated to space (from the entire planet)

is also nearly the same regardless of the CH4/CO ratio. Compared to equilibrium

chemistry, the overall infrared opacity decreases on the night side. Therefore, the

radiation on the night side escapes to space from deeper levels, where the atmosphere

tends to be hotter, leading to a larger flux being radiated away. As a consequence,

less energy is returned to the day side and the day side cools, which in turn leads

to a dayside radiating less IR flux.

In the (less likely) CH4 dominated case, the temperature changes are more strik-

ing: Below roughly the 10 mbar level, temperatures are significantly hotter at almost

all longitudes and latitudes. In the CH4/CO=100 simulation, the temperature dif-

ference with respect to the reference simulation reaches 200 to 400 K at the 1 bar

level in the equatorial region (see right column of Figure 3.4). In this simulation,

the location of the night side cold spots shifts to slightly higher latitudes. In Figure

3.4, this is visible in the center right panel as the light blue regions and in the upper

right panel as the two small deep purple regions at ≈ ±60◦ latitude in conjunction

with two orange regions at lower latitudes.

At the 1 mbar level, temperatures are similar or slightly colder compared to the

reference simulation. Looking at the temperature profiles in Figure 3.5, it is obvious

that the temperature gradient between 1 mbar and 1 bar is steeper in the CH4

dominated case than for the other simulations at all four locations shown, signifying

a stronger greenhouse effect. Given that in the CH4 dominated case the abundances
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of the greenhouse gases methane and water are enhanced compared to equilibrium

chemistry by several orders of magnitude and a factor of ∼ 2, respectively, at any

location other than the night side mid-latitude cold spots, this behavior is expected.

3.3.3 Phase Curve Predictions and Comparison with Observations

We post-process the GCM results as described in Section 3.2.2 to obtain phase

curves and emission spectra and compare them to the available observational data

(Figure 3.6). In short, the fit with respect to the observational phase curve worsens

substantially in the 3.6 µm band for all quenched ratios while the changes in the 4.5

µm band are negligible in the expected CO dominated case and lead to a worse fit

in the CH4 dominated regime.

In the 3.6 µm band, the phase curve amplitude decreases for all quenched simu-

lations compared to equilibrium chemistry. A similar, but less drastic behavior can

be seen in the 8 µm band. This behavior is expected for wavelength regions with

strong methane absorption bands, including these two band passes: In equilibrium

chemistry, the outgoing radiation on the day side, where there is little methane,

probes deeper, hotter layers while on the night side, where more methane is present,

the radiation is emitted from higher, cooler layers. Thus the temperature varies

more strongly from day to night on the photosphere in these bands (which differs

in pressure from day to night) than it does on isobars. This enhances the day-night

contrast of the phase curve relative to what would occur if the photosphere were

at constant pressure (see also Dobbs-Dixon and Cowan, 2017). When assuming

a constant methane abundance throughout the atmosphere, however, regardless of

the exact value, the outgoing radiation emerges from similar pressure regions every-

where on the planet and the phase curve amplitude decreases. Consistent with this

picture, the day side fluxes from the CH4/CO=0.01 simulation are relatively close

to those from the equilibrium chemistry simulation, while the night side fluxes from

the CH4 dominated simulations match those from equilibrium chemistry at the flux

minimum.

In the 4.5 µm band, the night side fluxes are similar to or higher than the value
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from the equilibrium chemistry simulation for all quenched values. At first, this

seems surprising, given that Knutson et al. (2012) base their argument for dise-

quilibrium chemistry almost entirely on the fact that equilibrium chemistry models

over-predict the 4.5 µm night side fluxes, arguing that adding CO on the night side

will shift the photosphere in this band to a higher, colder atmospheric layer and

thus decrease the flux. However, they ignore that when changing the CO abun-

dance through quenching, the water abundance should also change. Water has

significant opacity in the 4.5 micron band as well. Averaged across the band, its

molecular absorption cross section is comparable to that of CO (see e.g. Figure 5 in

Fortney et al. (2006) or Figures 2 and 3 in Sharp and Burrows (2007)). For each CO

molecule added, an H2O molecule is removed (assuming metallicity is held constant),

and the resulting changes in opacity in the 4.5 micron band due to CO and H2O

largely offset each other (see also Section 3.2.3 and Figure 3.3). The changes in the

4.5 micron phase curve are thus mainly due to the change in thermal structure and

not due to a change of the photospheric level. In the hotter CH4 dominated case,

the flux increases at all phase angles in this band. In the CO dominated case, the

flux near the phase curve maximum decreases slightly compared to the equilibrium

chemistry case, reflecting the cooler day side, while the phase curve follows closely

the equilibrium chemistry phase curve at other phase angles.

In the 24 µm band, the difference between the disequilibrium and equilibrium

chemistry simulations is relatively small. None of the predicted phase curves match

the available data on the night side well. However, as observations in this band

do not cover all phase angles, the shape of the phase curve in this band remains

uncertain.

3.3.4 Phase Curve Trends

We now examine trends in the phase curve properties with the quenched ratio.

Two factors control how the phase curve in the quenched case differs from the

the equilibrium chemistry case. First, the change in opacities directly impacts the

thermal structure of the planet, as discussed in Section 3.3.2. Second, the change
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in opacities causes the photospheric level to shift upwards or downwards. As a

result, the outgoing radiation probes cooler or hotter layers. This change in the

location of the photosphere can also be studied by postprocessing the output of

GCM simulations assuming equilibrium chemistry with quenched opacities instead

of self-consistently including quenched opacities in the GCM. It is thus of significant

interest to examine the relative importance of both of these factors in shaping the

predicted phase curve. If it turned out that the change in the thermal structure had

only a small effect on the phase curve, modelers could restrict themselves to including

disequilibrium chemistry in the postprocessing of the GCM output, which is simpler

and computationally less expensive. In addition to computing the phase curves

from the simulations with disequilibrium chemistry (self-consistent opacities), we

thus also computed phase curves by postprocessing the output from the equilibrium

chemistry simulation with quenched opacities.

Figures 3.7 to 3.9 show trends in secondary eclipse depth, phase curve offset and

phase curve amplitude, respectively, with the quenched ratio for phase curves ob-

tained from both simulations with self-consistent opacities and from the equilibrium

chemistry simulation postprocessed with quenched opacities. If both curves align,

the change is dominated by the shift in the photosphere pressure. If there are large

discrepancies between the postprocessed and the self-consistent GCM phase curves,

the change in thermal structure plays an important role.

In the 3.6 and 8 µm bands, which include strong methane absorption features, the

phase curve amplitude increases with increasing methane abundance (Figure 3.9),

while the phase curve offset and the secondary eclipse flux decrease (Figures 3.8

and 3.7, respectively). This is expected as the photosphere in these bands shifts to

higher levels of the atmosphere with stronger day-night contrasts. All of these trends

flatten once CH4 starts to dominate over CO. The phase curve amplitudes from

the post-processed simulations closely match the ones with self-consistent opacities,

indicating that the change of the photospheric level is the dominant cause for this

trend. For the phase curve offset, the direction of the trend is similar; however,

the trend is weaker in the post-processed only points, indicating that the change in
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thermal structure significantly contributes to the trend.

In the 4.5 µm band, secondary eclipse flux, phase curve offset and phase curve

amplitude from the postprocessed-only simulations are close to the equilibrium

value, indicating that the location of the photosphere changes only marginally. In

the simulations with self-consistent opacities, however, the secondary eclipse flux is

increasing with increased methane abundance, in line with the hotter temperatures

in the simulation described in Section 3.3.2. The phase curve offset also decreases

with increasing CH4 in the CO dominated regime. The phase curve amplitudes stay

similar.

In the 24 µm band, there are no trends in secondary eclipse and phase curve

amplitude. For the phase curve offset, the simulations with self-consistent opacities

replicate the same decreasing trend as in other wavelength bands, as would be

expected for a trend due to a change in thermal structure.

It is also of interest to examine how the described trends compare to the proper-

ties of the observed phase curve (indicated in black with gray error bars in Figures

3.7 to 3.9). In the 3.6 µm and 8 µm bands, the secondary eclipse depth is closer to

the observed value for low CH4/CO values than for high CH4/CO values. The phase

curve offset, in contrast, matches the observed value for CH4/CO values near 0.5

in the 3.6 µm band and is closest to the observed value for CH4/CO values greater

than one for the 4.5 µm and 8 µm bands. The phase curve amplitude in the 3.6 µm

band is closer to the observed value for high CH4/CO ratios. In short, among the

quenched simulations there is no one CH4/CO ratio that matches the phase curve

properties best, as low CH4/CO ratios match the secondary eclipse better but high

CH4/CO ratios match the phase curve offset better. This further underlines our

finding from Section 3.3.3 that quenching of CH4 and CO does not provide a good

explanation for the shape of the observed phase curves.

3.3.5 Emission spectra

To move beyond a discussion restricted to the Spitzer bands, we plot the predicted

emission spectra of the day side (Figure 3.10) and night side (Figure 3.11) for the
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CO-dominated simulations. We focus on our CH4/CO < 1 cases as these are ex-

pected to be more likely for the temperature range of HD 189733b. Even though we

found in the previous subsections that the disequilibrium chemistry cases from our

model do not match existing observations, it is instructive to look at the effect of

disequilibrium chemistry on the emission spectra. The findings could also be applied

to other planets in a similar temperature regime.

In general, the day side fluxes from the quenched simulations are lower than

the fluxes from the reference case, while the night side fluxes from the quenched

simulations are significantly higher than for the reference case. This is consistent

with the change in energy balance mentioned in Section 3.3.2.

The quenched day side emission spectra deviate moderately from the equilibrium

chemistry spectrum. The difference is largest in the water absorption bands between

1 and 2 µm for the CH4/CO=0.001 spectrum (up to -30%) and largest near the 3.3

µm methane absorption band for the CH4/CO=0.01 and 0.1 spectra (up to -25%

and -40%, respectively). In the CH4/CO=0.1 spectrum, methane absorption bands

clearly show up.

In the night side spectra, for CH4/CO=0.001 and 0.01 there are large differences

compared to the equilibrium chemistry case, especially in the methane absorption

bands. The largest flux difference can be found near the 3.3 µm methane band (up

to 160% and 80%, respectively), but the 2.3 µm (up to 100% and 80%) and 7.7 µm

(up to 55% and 40%) methane bands also show substantial flux differences. For the

CH4/CO=0.1 case, the difference to equilibrium chemistry is in general much smaller

and the largest difference can be seen in the water absorption bands between 1 and

2 µm. In the region around 4.5 µm, the differences from the equilibrium chemistry

case are small for all three quenched ratios, reinforcing our previous conclusion that

this wavelength region is not suitable for detecting disequilibrium chemistry on the

night sides of hot Jupiters.

The fact that disequilibrium chemistry mainly affects spectral regions with CH4

bands, as well as H2O bands, raises the question how the spectral signatures of

disequilibrium chemistry can be distinguished from the spectral signatures of in-
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creased or decreased CH4 and H2O abundances in equilibrium chemistry due to a

non-solar C/O or C/H ratio. While for a single secondary eclipse or night side emis-

sion spectrum, these scenarios may look similar, we expect that the combination of

a secondary eclipse and night side emission spectrum would be able to discriminate

between these scenarios.

3.3.6 Simulated JWST spectra

In order to determine whether the CH4/CO ratio can be distinguished with fu-

ture observations, we simulated JWST observations of HD 189733b using PandExo

(Batalha et al., 2017). PandExo is a noise simulator that uses the Space Telescope

Science Institute’s exposure time calculator, Pandeia (Pontoppidan et al., 2016).

Using PandExo, we find that in many NIRSpec and NIRISS observing modes the

detector becomes saturated due to HD 189733b’s brightness (J=6.07). We therefore

simulate data for two of NIRCam’s grisms, F322W2 (2.413-4.083 µm) and F444W

(3.835-5.084 µm), and MIRI Low-Resolution Spectroscopy (LRS) (5-12 µm). These

three modes all remain below 80% full well saturation across the detector. The

NIRCam grisms ultilize the 64 x 2048 pixel subarray to reduce readout times. MIRI

LRS uses a dedicated slitless prism subarray region.

Each instrument mode was simulated assuming only a single eclipse with equal

time in eclipse as out of eclipse. We also assume a 40 PPM noise floor, which is

similar to the noise floors found in WFC3 on HST (Kreidberg et al., 2014). We simu-

lated data for different CH4/CO ratios and for equilibrium chemistry. Observations

were simulated for both the day side and the night side. Since PandExo only mod-

els eclipses and transits and not phase curves, the planet’s night side spectrum was

given to PandExo as if it were the planet’s day side since the expected noise should

be the same, except for the reduced brightness of the planet’s night side. We plot the

results for the CO dominated simulations in Figure 3.12 in terms of the difference

to the equilibrium chemistry model. We also include the simulated observations for

the equilibrium chemistry case to give a sense of the expected residuals. Note that

the scale on the y-axis is different in each panel. For better orientation, the regions
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Figure 3.10 Predicted day side emission spectra, as would be observed at secondary
eclipse. The ratio of the planet flux to the stellar flux is plotted in the top panel.
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at the bottom indicate the filter sensitivity profiles of the Spitzer 3.6 µm, 4.5 µm,
8 µm and 24 µm bands. The emission spectra in this Figure are available as Data
behind the Figure.
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Figure 3.11 Same as Fig. 3.10 but for night side emission spectra, as would be
observed right before or after transit. The emission spectra in this figure are available
as Data behind the Figure.
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Figure 3.12 Simulated JWST observations for NIRCam (left panels) using the
F322W2 (circles) and F444W (squares) grisms and MIRI LRS (right panels, tri-
angles). Plotted is the difference to the flux predicted by the equilibrium chemistry
model, binned to a spectral resolution of R ≈ 50, with 1σ error bars. The simulated
observations in this figure are available as Data behind the Figure.
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shown in each panel are indicated with gray boxes in Figures 3.10 and 3.11.

In secondary eclipse, all quenched cases can be distinguished from the disequi-

librium chemistry case in all three observing modes. The different CH4/CO ratios

0.1, 0.01 and 0.001 can also clearly be distinguished from each other. With MIRI

LRS, the fluxes in the CH4/CO=0.01 and 0.001 cases are relatively close to each

other, but can still be distinguished from each other at greater than 3σ confidence.

Looking at night side emission spectra, the relative deviations from the equilib-

rium chemistry spectra are much larger. The CH4/CO=0.01 and 0.001 can easily be

distinguished from equilibrium chemistry in all three observing modes. The night

side fluxes of the CH4/CO=0.1 case are in general much closer to the equilibrium

chemistry case in the wavelength ranges covered by these observing modes, but still

can be distinguished from disequilibrium chemistry. With the NIRCam F322W2

grism and MIRI LRS, it is possible to clearly distinguish the three shown CH4/CO

ratios from each other as well. With simulated data from the NIRCam F444W

grism, it is still possible to tell the different CH4/CO ratios apart from each other

at 3σ confidence, but differences between the quenched ratios are only evident at

wavelengths shorter than 4 µm, at the very edge of the wavelength range of this

grism. Thus, it may not be the first choice for observing disequilibrium chemistry.

Our intent in presenting these simulated observations is to demonstrate the need

of including disequilibrium chemistry when interpreting future observations with

JWST and to guide observers in which regions to look for signatures of disequilib-

rium carbon chemistry. However, it would be premature to conclude that one would

be able to determine the CH4/CO ratio, as other factors not considered in this work

can influence the results of GCM simulations and the emission spectra, including

clouds, metallicity, C/O ratio and atmospheric drag (see Section 3.4.2). Especially

an optically thick cloud deck on the night side could limit our ability to observe

signatures of disequilibrium chemistry, as it would block emission from the layers

in the atmosphere below the cloud deck. This could mute the strongly visible CH4

features in Figures 3.10 to 3.12 in which the difference to equilibrium chemistry is

most obvious. Future work in this direction is necessary.
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3.4 Discussion

3.4.1 Importance of including disequilibrium chemistry in GCM

In their study of HD 209458b, Drummond et al. (2018b) find that the effect of

transport-induced disequilibrium chemistry on the temperature structure and winds

is ∼ 1% relative to otherwise similar models with chemical equilibrium. In contrast,

in our simulations of HD 189733b we find an effect on the temperature of up to

∼ 5 − 10% across large regions (larger changes in very localized regions) in the

more likely CO-dominated regime and even larger temperature changes in the CH4-

dominated regime. While this paper was in review, Drummond et al. (2018a) found a

similar result in their simulations of HD 189733b. This raises the question of why this

effect is so much larger on HD 189733b. The answer lies in the cooler temperature of

HD 189733b. On the hotter HD 209458b (equilibrium temperature Teq ≈ 1450 K),

CO remains the dominant species even on the night side in both equilibrium and

disequilibrium chemistry. The change in opacity due to disequilibrium chemistry is

thus less drastic. In contrast, on the cooler HD 189733b (Teq ≈ 1200 K) the night side

is cold enough that with equilibrium chemistry, CH4 becomes the dominant species

on a significant fraction of the night side. In disequilibrium chemistry, however,

CO is expected to be the dominant species everywhere at pressures below 1 bar.

Thus, when including disequilibrium chemistry in the radiative transfer, for most of

the night side the dominant carbon species switches from CH4 to CO, significantly

changing the opacities. With this switch between CH4 and CO as dominant species,

the H2O abundance changes by a factor of about two as well, further affecting the

opacities. For planets much cooler than HD 189733b, even the day side becomes CH4

dominated in both equilibrium and disequilibrium chemistry. Regardless of exact

disequilibrium abundances, the dominant species remains the same as in equilibrium

chemistry on these planets. For this situation, we would thus again expect a smaller

effect on the opacities and thus on the resulting temperatures.

Therefore, we expect that including the effect of disequilibrium carbon chemistry

on the opacities in the GCM is most important for planets for which equilibrium
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chemistry predicts a CO dominated day side but a CH4 dominated night side. As-

suming solar metallicity, the equilibrium abundance of CH4 becomes comparable to

the CO abundance on the coldest regions of the night side for planets with equilib-

rium temperatures below ∼ 1300 K (Kataria et al., 2016, Fig. 7, taking the morning

terminator profiles to be representative of the coldest regions of the planet). This

demarcates the upper boundary of the regime in which we expect disequilibrium car-

bon abundances to be important in GCMs. The colder end of this regime has been

less explored by GCMs. Based on 1D models, for solar composition the day side

is expected to transition from CO-dominated to CH4-dominated roughly at equilib-

rium temperatures around 700 K, with the transition occurring at slightly higher

temperatures in equilibrium chemistry and at slightly lower temperatures in disequi-

librium chemistry (Moses et al., 2013a; Venot et al., 2014; Miguel and Kaltenegger,

2014). We thus expect that it is important to include disequilibrium CH4 and CO

abundances in GCMs of hot Jupiters for planets with equilibrium temperatures be-

tween ∼ 600 K and 1300 K, assuming solar abundances. As the temperature of

the transition between CH4 and CO strongly depends on the metallicity and C/O

ratio, this temperature range may change depending on atmospheric composition.

Future work spanning a range of planets is necessary to test this prediction. This

could include both simulations coupling a chemical scheme to a GCM similar to

Drummond et al. (2018b) and Cooper and Showman (2006) and simulations with a

simpler approach comparable to ours.

While we expect these findings to qualitatively also apply to atmospheres with

moderate deviations from solar metallicity and C/O ratio, our conclusions may

not apply to planets with C/O ratios >1. In that case, the composition changes

drastically and the abundances of CH4 and HCN can become comparable to CO

for both equilibrium chemistry and disequilibrium chemistry even on the day sides

of planets with temperatures comparable to HD 189733b or hotter (Moses et al.,

2013b). However, up to date no planet atmosphere has been shown to have a C/O

ratio> 1 (Line et al., 2014; Benneke, 2015).

We further note that our method of assuming a constant CH4/CO ratio is only
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a good approximation for situations in which CH4 and CO abundances have been

homogenized horizontally and vertically throughout most of the photosphere (at

pressures between ∼1 mbar to 1 bar). While for hot Jupiters with relatively cool

equilibrium temperatures such as HD 189733b this is expected to be the case (Cooper

and Showman, 2006; Agúndez et al., 2014; Drummond et al., 2018b), there can be

situations in which abundances are homogenized only horizontally but not vertically

or in which the quenching happens only at lower pressures and significant parts of

the photoshpere are still in chemical equilibrium (Agúndez et al., 2014; Mendonça

et al., 2018a). In general, such situations are expected for planets with hotter day

side temperatures and weak vertical mixing. Future work is necessary to better

understand when such situations occur and to clarify the relative importance of

horizontal and vertical quenching.

3.4.2 Other factors impacting the predicted phase curves

As discussed in Section 3.3.3, disequilibrium carbon chemistry barely affects the 4.5

µm phase curve while significantly decreasing the phase curve amplitude in the 3.6

µm band, thus worsening the fit of the 3.6 µm phase curve to observations. Among

the simulations we ran for this paper, the equilibrium chemistry simulation actually

matches the data better than any of the disequilibrium chemistry simulations. At

this point, we would like to note that the equilibrium chemistry phase curve in this

paper somewhat differs from the solar metallicity (equlibrium chemistry) phase curve

presented in Showman et al. (2009) and Knutson et al. (2012). This is due to updates

of the opacities (Freedman et al., 2014) and planetary and stellar parameters. In

general, in all wavelength bands, the phase curve amplitude increases and the phase

curve offset decreases slightly with the updated opacities. With these changes,

the issue of the model overpredicting the night side fluxes in the 4.5 µm band is

somewhat mitigated and difference in phase curve offset becomes the more dominant

discrepancy between observations and the solar metallicity equilibrium chemistry

model.

Our finding that the phase curve from the equilibrium chemistry simulation
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matches the observational phase curve better than the ones assuming disequilibrium

chemistry is in agreement with Dobbs-Dixon and Cowan (2017) who find that based

on their GCM the phase curve data are consistent with equilibrium chemistry. Does

this mean that the atmosphere of HD 189733b is in chemical equilibrium? Based

on the theoretical understanding of chemical kinetics and atmospheric dynamics,

this is highly unlikely. It is much more likely that other processes that our model

does not take into account are responsible for the shape of the phase curve. A

likely explanation is the presence of clouds on the night side of HD 189733b. Cloud

microphysics models (Lee et al., 2015; Powell et al., 2018) and GCM simulations

including clouds with varying levels of complexity (e.g. Parmentier et al., 2016; Ore-

shenko et al., 2016; Lee et al., 2016; Lines et al., 2018) show that in the atmospheres

of hot Jupiters there exist a variety of species that may condense to form clouds

on the night side. An optically thick cloud deck on the night side would block the

emission from hotter, deeper layers in the atmosphere, thus reducing the flux emit-

ted on the night side over a broad range of wavelengths. Clouds present only on the

night side of the planet would therefore increase the amplitude of the phase curve.

Mendonça et al. (2018a) include a simple parametrization of night side clouds in

their GCM simulations of WASP-43b and study the effect on the spectra and phase

curves. They are able to match the spectrally resolved HST WFC3 phase curve from

1.1-1.7 µm and the Spitzer 3.6 µm phase curve quite naturally. This demonstrates

both the importance of including the effect of night side clouds and the potential of

clouds to explain the low observed night side fluxes on several hot Jupiters. How-

ever, the effect of clouds on spectra depends on many unknown properties such as

cloud top pressure, composition and latitudinal and longitudinal distribution and

more theoretical and observational work is necessary. Furthermore, to match the

4.5 µm phase curve, Mendonça et al. (2018a) include additional CO2 compared to

the equilibrium chemistry abundance on the night side. There is no clear theoretical

motivation for additional CO2 on the night side—in contrast, Agúndez et al. (2014)

find that disequilibrium chemistry tends to reduce the CO2 abundance on the night

sides of HD 209458b and HD 189733b compared to equilibrium chemistry. Men-
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donça et al. (2018b) find that disequilibrium chemistry reduces the CO2 abundance

on the night side in the C/O=0.5 case but increases it in the C/O=2 case. They

conclude that the changes in CO2 due to disequilibrium chemistry cannot resolve

the remaining discrepancy in the 4.5 µm band.

Especially on relatively cool planets such as HD 189733b, clouds need not be

restricted to the night side. An optically thick cloud deck extending into parts of

the day side or even covering the entire planet is another plausible possibility (e.g.,

Parmentier et al., 2016; Roman and Rauscher, 2019). Using a simple, constant

particle size cloud scheme that includes radiative feedback, Roman and Rauscher

(2019) find that their cloud distribution (covering large fractions of the day side)

results in a larger phase amplitude and lower phase offset than in the cloud-free

case. They stress the role of cloud radiative feedback in shaping the phase curve.

However, it is likely that a realistic distribution of clouds over the planets is not

uniform in particle size and density (Lee et al., 2016; Lines et al., 2018), potentially

resulting in a much more complex effect on the phase curve (Lines et al., 2018).

In addition to clouds, several other parameters not explored in this study can sig-

nificantly impact the phase curves, including non-solar metallicities and C/O ratios

and atmospheric drag due to subgrid-scale turbulence or due to Lorentz forces in a

partially ionized atmosphere. Independent of these factors, there are also moderate

uncertainties associated with the numerical model, most notably the uncertainty in

the opacities of some species which are not well-known at high temperatures. In this

context, we would like to remind the reader that the simulations presented are pure

forward models and we make no attempt to fit the observational data. The general

trends observed in this paper thus are much more important and meaningful than

specific predictions for the emitted flux or other observable quantities.

3.5 Conclusion

We have included the radiative effect of transport-induced disequilibrium CH4, CO

and H2O abundances in a GCM to study the effect on the atmospheric structure,
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phase curves and emission spectra. We have assumed that the ratio of CH4 to CO

is constant throughout the entire simulation (an assumption that is expected to be

well fulfilled at pressures between ∼ 10−4 bars and 1 bar) and treat the CH4/CO

ratio as free parameter. The water abundance is updated accordingly, such that the

total number of oxygen atoms is preserved. It is important to include this change

in the water abundance, as in equilibrium chemistry the water abundance varies by

a factor of ∼ 2 between the CO-dominated day side and the CH4-dominated night

side. Assuming vertical and horizontal quenching, however, the water abundance is

expected to be homogenized between day and night side. We ran simulations of hot

Jupiter HD 189733b with eight different quenched CH4/CO ratios.

We find that in the CO dominated case, which is the case favored by chemical

kinetics models, the temperature changes locally by up to 150 K, with cooler temper-

atures compared to equilibrium chemistry on the day side and warmer temperatures

on part of the night side. In the less plausible CH4 dominated case, the addition of

greenhouse gases leads to hotter temperatures everywhere at pressures higher than

a few tens of mbars. When comparing the predicted phase curves from GCM simu-

lations including disequilibrium CH4 and CO abundances to phase curves obtained

from an equilibrium chemistry GCM simulation that has been post-processed as-

suming quenched CH4/CO abundances, we find that the eastward offset of the phase

curve maximum can differ by up to 10◦.

We thus conclude that it is important to self-consistently include the effect of

disequilibrium abundances of CH4 and CO on the opacities in GCMs rather than

including disequilibrium abundances only in the post-processing while continuing to

use opacities based on equilibrium chemistry abundances in the GCM. This is in

contrast to Drummond et al. (2018b) who find in their study of HD 209458b that the

effect of radiative feedback of disequilibrium abundances on the temperature and

wind fields is only ∼ 1%, but agrees with their more recent findings for HD 189733b

(Drummond et al., 2018a). These seemingly conflicting results can be understood

when considering the difference in the equilibrium temperatures of the planets: On

the hotter HD 209458b, the CH4 abundance remains low compared to the CO and
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H2O abundances in both equilibrium and disequilibrium chemistry even on the night

side. In contrast, on the cooler HD 189733b, the night side is cool enough to be

dominated by CH4 in equilibrium chemistry. Including disequilibrium chemistry

thus changes the dominant carbon species on half of the planet, resulting in much

larger changes. In addition, in the regions where disequilibrium chemistry changes

the dominant carbon species, the water abundance is also altered by a factor of ∼ 2,

further contributing to the effect on temperatures.

Furthermore, we show that disequilibrium CH4 and CO abundances have only

a small effect on the Spitzer 4.5 µm phase curve despite CO having a prominent

absorption band within this wavelength band. This is because the change in opacity

due to CO is offset by a change in water opacity in the opposite direction. In

wavelength regions dominated by CH4 opacity, including the Spitzer 3.6 µm and 8

µm bands, the phase curve amplitude decreases significantly, resulting in a much

worse fit to the observed Spitzer 3.6 µm and 8 µm phase curves. We thus conclude

that disequilibrium carbon chemistry cannot explain the observed low night side

fluxes in the 4.5 µm band, in contrast to the interpretation of Knutson et al. (2012).

Other effects, for example night side clouds, must be responsible for the observed

shape of the phase curve.

While disequilibrium chemistry does not explain existing observations of HD

189733b, it may be detectable on other hot Jupiters with a similar equilibrium

temperature. Therefore, we examine the effect of disequilibrium carbon chemistry

on emission spectra and simulated JWST observations. We find that in the expected

CO dominated regime, spectral regions dominated by methane absorption bands are

most suitable to observe disequilibrium abundances. Assuming that the spectral

signatures of disequilibrium carbon chemistry are not obscured by clouds or other

effects not considered in our model, it will be possible to distinguish between different

quenched ratios with JWST in both secondary eclipse and phase curve observations.
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CHAPTER 4

3D simulations of photochemical hazes in the atmosphere of hot Jupiter

HD 189733b
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Abstract

Photochemical hazes have been suggested as candidate for the high-altitude aerosols

observed in the transmission spectra of many hot Jupiters. We present 3D sim-

ulations of the hot Jupiter HD 189733b to study how photochemical hazes are

transported by atmospheric circulation. The model includes spherical, constant-

size haze particles that gravitationally settle and are transported by the winds as

passive tracers, with particle radii ranging from 1 nm to 1 µm. We identify two gen-

eral types of haze distribution based on particle size: In the small-particle regime

(<30 nm), gravitational settling is unimportant, and hazes accumulate in two large

mid-latitude vortices centered on the night side that extend across the morning ter-

minator. Therefore, small hazes are more concentrated at the morning terminator

than at the evening terminator. In the large-particle regime (>30 nm), hazes settle

out quickly on the nightside, resulting in more hazes at the evening terminator. For

small particles, terminator differences in haze mass mixing ratio and temperature

considered individually can result in significant differences in the transit spectra

of the terminators. When combining both effects for HD189733b, however, they

largely cancel out each other, resulting in very small terminator differences in the

spectra. Transit spectra based on the GCM-derived haze distribution fail to repro-

duce the steep spectral slope at short wavelengths in the current transit observations

of HD 189733b. Enhanced sub-grid scale mixing and/or optical properties of hazes

differing from soot can explain the mismatch between the model and observations,

although uncertainties in temperature and star spots may also contribute to the

spectral slope.

4.1 Introduction

Hot Jupiter HD 189733b is one of the best-studied exoplanets to date. Its trans-

mission spectrum exhibits a particularly strong short-wavelength slope (Pont et al.,

2008; Sing et al., 2011; Pont et al., 2013). In combination with the non-detection

of the wings of the sodium line (Huitson et al., 2012) and the low amplitude of
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the water feature (Sing et al., 2009; Gibson et al., 2012; McCullough et al., 2014),

this has been interpreted as evidence for an extended layer of high-altitude aerosols

(Pont et al., 2013; Sing et al., 2016). McCullough et al. (2014) pointed out that

a significant fraction of the slope could also be caused by unocculted star spots,

in which case the small amplitude of the water feature could be caused by a clear

atmosphere with a subsolar water abundance. However, without invoking high-

altitude aerosols, the muted wings of the sodium feature remain difficult to explain.

Furthermore, strong short-wavelength slopes have been observed in the transmis-

sion spectra of a number of hot Jupiters around different stellar types and stellar

activity levels (e.g., Nikolov et al., 2015; Sing et al., 2016; Wong et al., 2020; Spake

et al., 2021). Sing et al. (2016) examined the correlation between the spectral slope

from the near-infrared to mid-infrared and the amplitude of the water feature in a

sample of ten hot Jupiters. They found that the observed correlation is consistent

with aerosols and inconsistent with highly sub-solar water abundances. These ob-

servations suggest that aerosols contribute significantly to the transmission spectra

of many hot Jupiters, including HD 189733b.

The origin of the aerosols is unclear. They could either form as the result of

photochemical reactions initiated by the UV radiation of the host star at high al-

titudes (photochemical hazes) or through condensation of gas phase species as air

is mixed towards regions with lower temperatures (condensate clouds). The photo-

chemical haze scenario so far has received less attention from modelers compared

to condensate clouds. Yet, photochemical hazes are found in the atmospheres of

all giant planets in the Solar System and are also expected to form on short-period

extrasolar giant planets. Laboratory experiments show that photochemical hazes

readily form over a broad range of conditions expected for short-period exoplan-

ets (Hörst et al., 2018; He et al., 2018, 2020) and can form in hydrogen-dominated

atmospheres at temperatures as high as 1,500 K (Fleury et al., 2019), though the

latter result strongly depends on the C/O ratio (Fleury et al., 2020).

Using a combination of a 1D photochemistry-thermochemisty-transport model

and a haze microphysics model, Lavvas and Koskinen (2017) found that hydrocar-
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bon hazes with soot-like properties can explain the spectrum of HD 189733b. Gao

et al. (2020) also showed that photochemical hazes are expected to be the dominant

opacity source for hot Jupiters with equilibrium temperatures below 950 K. Haze

production rates in their model were based on methane photolysis rates derived

using the equilibrium chemistry abundance of methane at low pressures and did

not take into account transport-induced quenching. This procedure may underesti-

mate the haze production rate for some hot Jupiters. Lavvas and Koskinen (2017)

found larger haze production rates in comparison based on their more detailed pho-

tochemical model. Therefore, haze opacity could be important for hot Jupiters

with significantly higher equilibrium temperatures than the 950 K limit inferred by

Gao et al. (2020). Helling et al. (2020) found that hydrocarbon hazes even form

on the dayside of WASP-43b, which has a zero-albedo equilibrium temperature of

1,400 K. Despite the clear relevance of photochemical hazes, no studies to date have

explored how atmospheric circulation shapes the three-dimensional distribution of

photochemical hazes.

Hazes form predominantly on the dayside but transmission spectra probe the

terminator. When using 1D models to interpret transmission spectra, one has to

make assumptions about how the haze distribution obtained using dayside-average

conditions (typically used in haze microphysics models) relates to the haze distri-

bution at the terminator. Typically, for this purpose, it is assumed that hazes are

distributed homogeneously around the planet. Without testing this assumption with

3D general circulation models (GCMs), it is, however, unclear if that assumption is

justified. Studies of condensate clouds show that the combination of atmospheric

circulation and gravitational settling can produce significant horizontal abundance

variations (Parmentier et al., 2013; Charnay et al., 2015a). More complex models

of condensate clouds also point towards the importance of horizontal mixing (Lee

et al., 2016; Lines et al., 2018).

Further, one-dimensional studies treat vertical mixing in a highly simplified way

by assuming that it is a purely diffusive process. The strength of vertical mixing then

becomes a free parameter, the eddy diffusion coefficient (Kzz). A common method
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for estimating the eddy diffusion coefficient is to multiply the root-mean-square of

the vertical velocity (taken from a general circulation model) with the atmospheric

scale height. Parmentier et al. (2013) demonstrated that the Kzz derived using the

distribution of cloud particles in a GCM is significantly lower than the Kzz from

the root-mean-square velocity. Zhang and Showman (2018a,b) further showed that

when simulating a gas-phase chemical species with a limited chemical lifetime in two

and three dimensions, non-diffusive effects can be significant or even dominant when

the species have a long chemical lifetime or when there are horizontal variations in

the equilibrium abundance. This is particularly relevant for photochemical species,

which are produced on the dayside only.

Understanding the extent of which an inhomogeneous haze coverage can be ex-

pected is crucial for interpreting observations correctly and for planning future obser-

vations. For example, Line and Parmentier (2016) demonstrated that partial cloud

coverage can lead to bias in the interpretation of transmission spectra. Kempton

et al. (2017) suggested that measuring differences between the morning terminator

(leading limb in transit) and evening terminator (trailing limb in transit) through

ingress and egress spectroscopy could help distinguish between condensate clouds

and photochemical hazes. Their argument was based on the assumption that pho-

tochemical hazes would predominantly be found at the evening terminator, because

they would be carried eastward from the dayside by the equatorial jet and settle out

on the nightside. Condensate clouds, in contrast, would be predominantly found at

the morning terminator, which is colder. Follow-up studies show that for condensate

clouds, the picture might be more complicated. Even though the total cloud mass

is larger at the morning terminator, the hotter temperature profile at the evening

terminator can result in condensate clouds forming at lower pressures. This can

lead to a larger transit radius at the evening terminator compared to the morning

terminator at short wavelengths (Powell et al., 2019). There remains significant in-

terest in investigating terminator differences observationally. A theoretical study of

the 3D distribution of photochemical hazes is required to complement these efforts.

The aim of this study is thus to explore how photochemical hazes are mixed glob-
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ally using GCM simulations of the hot Jupiter HD 189733b. Our model assumes a

haze source at low pressures centered on the dayside. The spherical, constant-size

haze particles are advected by atmospheric circulation and are subject to gravi-

tational settling. Once hazes reach higher pressures, they are expected to either

thermally decompose because of higher temperatures or be removed from the pop-

ulation of ‘pure’ hazes because cloud species condense on them. To represent these

processes in a simple fashion, a haze sink is included for pressures higher than

100 mbar. The model is described in more detail in Section 4.2. Section 4.3 summa-

rizes the results from the GCM, including an overview of the atmospheric circulation

and a detailed description of the haze distribution in the two regimes we identify:

small particles (<30 nm) and large particles (>30 nm). Section 4.4 examines how

the globally averaged haze mixing ratio profile compares to 1D models and infers an

effective eddy diffusion coefficient Kzz. In Section 4.5, we explore the implications

for transit spectra. Section 4.6 briefly investigates the possibility that sub-grid-scale

turbulence not captured by the GCM results in stronger vertical mixing. Finally,

Section 4.7 discusses the limitations of our model and future directions and Section

4.8 summarizes our conclusions.

4.2 Methods

We use the MITgcm (Adcroft et al., 2004) to simulate the atmosphere of

HD 189733b. This model has been successfully applied to a wide range of ex-

oplanets, including hot Jupiters (e.g., Showman et al., 2009; Liu and Showman,

2013; Parmentier et al., 2013; Kataria et al., 2016; Steinrueck et al., 2019), highly

eccentric hot Jupiters (e.g., Kataria et al., 2013; Lewis et al., 2014), warm Jupiters

(Showman et al., 2015), mini-Neptunes (Kataria et al., 2014; Zhang and Showman,

2017) and terrestrial exoplanets (Carone et al., 2014). The radiative transfer in

the GCM is calculated using a double-gray two-stream solver (Kylling et al., 1995)

which has previously been used in conjunction with the MITgcm to simulate the
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Table 4.1 Model parameters
Parameter Value Units
Radius 1 1.13 RJ

Gravity 1 21.93 m s−2

Rotation period 1 2.21857567 d
Semimajor axis2 0.03142 AU
Specific heat capacity 1.3 · 104 J kg−1 K−1

Specific gas constant 3714 J kg−1 K−1

Interior flux3 851 W m−2

Horizontal resolution C32a

Vertical resolution 60 layers
Lower pressure boundary 1.75 · 10−7 bar
Upper pressure boundary 200 bar
Hydrodynamic time step 25 s
Radiative time step 50 s
1 Stassun et al. (2017)
2 Southworth (2010)
3 corresponding to an internal temperature of 350K,

based on Thorngren et al. (2019)
a equivalent to a resolution of 128x64 on a longitude-

latitude grid

atmospheres of hot Jupiters (Komacek et al., 2017, 2019) and ultra-hot Jupiters

(Tan and Komacek, 2019).

4.2.1 Dynamics

The dynamical core of the MITgcm (Adcroft et al., 2004) solves the three-

dimensional primitive equations on a cubed-sphere grid. The primitive equations

describe atmospheric flow well for shallow and stably stratified atmospheres, con-

ditions fulfilled for hot Jupiters (e.g., Showman et al., 2008; Mayne et al., 2014).

Sources of small-scale numerical instability are controlled by applying a fourth-

order Shapiro filter (Shapiro, 1970). To stabilize the flow in the deep atmosphere,

a pressure-dependent linear drag −kvv is applied at pressures P > 10 bar. The

pressure dependence of the drag coefficient kv takes the same form as in Liu and

Showman (2013), with kv = kF (p−pdrag,top)/(pbottom−pdrag,top), where pbottom is the
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Figure 4.1 Horizontal (arrows) and vertical (colorscale) velocities in our simulation
on 6 different isobars. Velocities have been averaged over the last 100 days of the
simulation. The substellar point is located at the center of the panel. The morning
terminator (leading limb) and evening terminator (trailing limb) are located at a
longitude of -90◦ and 90◦, respectively. Note that the color scale varies between
panels while the arrows remain at the same scale throughout all panels.
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bottom boundary of the simulation domain (200 bar). For the simulations presented

here, kF = 10−4 s−1 and pdrag,top = 10 bar.

The key simulation parameters are summarized in Table 4.1. HD 189733b has a

radius of 1.13±0.01RJ and a mass of 1.13±0.08MJ (Stassun et al., 2017), resulting in

a gravity of 21.93 m s−2. The orbital period of the planet is 2.21857567±0.00000015

days. As it is expected that tidal forces have synchronized the rotation of the

planet, we assumed this period to be the rotation of the planet around its axis. We

further assume that the atmosphere behaves as ideal gas and assume values for the

specific gas constant and the heat capacity appropriate for a hydrogen-dominated

atmosphere (see Table 4.1). We initialize the simulation from a state of rest with a

pressure-temperature profile based on a global-mean radiative equilibrium solution.

We run the nominal simulations for 4,500 Earth days of simulation time and average

the results over the last 100 days of simulation time.

4.2.2 Radiative transfer

We use the TWOSTR package (Kylling et al., 1995) to solve the radiative transfer

equations for a plane-parallel atmosphere in the two-stream approximation. This

package is based on the general-purpose multistream discrete ordinate algorithm

DISORT (Stamnes et al., 1988). The opacities in the visible and the thermal band

are set to constant values of κv = 6 · 10−4
√
Tirr/2000K m2 kg−1 = 5.5 · 10−4 m2 kg−1

and κth = 10−3 m2 kg−1. These values were chosen based on Section 2.5 of Guillot

(2010) who found that these values lead to a good match of their analytical solu-

tion for the temperature profile to the more detailed numerical models of Fortney

et al. (2008). The assumption of gray opacities is a poor approximation for very

low pressures (p < 1 mbar), leading to significantly higher temperatures in these

regions compared to models using more complex radiative transfer methods, such as

SPARC (Showman et al., 2009). However, the circulation pattern remains qualita-

tively similar. The vertical velocities, crucial for the mixing of haze particles, show

qualitatively similar patterns between the double-gray model and SPARC, though

the peak velocities (restricted to localized regions near the terminators) can differ
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by up to a factor of two. The effect of higher temperatures at low pressures on the

particle settling velocities is small. For example, the settling velocities at tempera-

tures of 800 K and 1,000 K differ only by 8%. Given that the focus of this paper is

on the dynamical mixing rather than on the detailed thermal structure or emission

spectra, the assumption of constant opacities is thus expected to be sufficiently ac-

curate. Using gray opacities allows us to achieve longer simulation runtimes, and

thus to explore the convergence of the haze distribution and the dependence on

model parameters more thoroughly.

4.2.3 Haze parametrization

We utilize the passive tracer package of the MITgcm to simulate the production,

advection and loss of photochemical hazes. For simplicity, we assume that the haze

particles have a constant particle radius a throughout the simulation domain, and

vary the size of the particles as a free parameter. The haze mass mixing ratio χ

follows the equation
Dχ

Dt
= −g∂(ρχVs)

∂p
+ P + L, (4.1)

where D/Dt is the material derivative ∂/∂t + vH · ∇H + ω∂/∂p, with vH being

the horizontal velocity, ∇H the horizontal gradient operator on a sphere in pressure

coordinates and ω the vertical velocity in pressure coordinates. Furthermore, ρ is

the gas density, Vs is the terminal velocity at which haze particles settle in the

atmosphere in m s−1 and P and L are the haze production and loss terms. The

terminal velocity is given by

Vs =
2βa2g(ρp − ρ)

9η
, (4.2)

where β is the Cunningham factor, g the gravitational acceleration, ρp the density of

the particle, ρ the gas density and η the viscosity. We assume a value of ρp = 1, 000

kg m−3, which is within the expected range of densities for particles with soot-like

properties.

The Cunningham factor β is a correction to the Stokes drag force in the regime

where the mean free path of the gas is comparable to or larger than the particle size.
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The form of the Cunningham factor is determined experimentally. We adopt a form

that has been recommended widely throughout the literature (e.g., Pruppacher and

Klett, 2010) and has also been used in previous exoplanet studies (Spiegel et al.,

2009; Parmentier et al., 2013):

β = 1 +Kn(1.256 + 0.4e−1.1/Kn), (4.3)

where Kn = λ/a is the Knudsen number, defined as the ratio of the mean free

path of the gas λ to the particle size. Like Parmentier et al. (2013), we use the

parametrization given in Rosner (2000) for viscosity:

η =
5

16

√
πmkBT

πd2
(kBT/ε)

0.16

1.22
, (4.4)

with the properties of molecular hydrogen (molecular diameter d = 2.827 · 10−10 m,

molecular massm = 3.34·10−27 kg, depth of Lennard-Jones potential well ε = 59.7kB

K).

We assume that the production profile of photochemical hazes is a normal distri-

bution in log-pressure space centered at 2 µbar. The width of the profile was chosen

such that haze production is negligible in the two topmost layers. The production

rate scales with the cosine of the zenith angle, θ, of the incoming starlight. The

production profile thus can be written as:

f(x, θ)dx =
F0√
2πσ

exp

(
−(x− x0)2

2σ2

)
cos(θ)dx, (4.5)

where x = log10(p/1Pa), x0 = log10(0.2), σ = 0.25 and F0 = 10−10 kg m−2 s−1 is

the column-integrated mass production rate at the substellar point. The value of

F0 is consistent with the haze production mass fluxes used in Lavvas and Koskinen

(2017) (note that the fluxes reported in their paper are for a dayside-average, not

for the substellar point).

In order to have a clearly defined bottom boundary condition, we assume that the

hazes disappear at pressures higher than a threshold pressure, pdeep. Such a deep

sink can represent two processes: the condensation of cloud species on the haze

particles, with the haze particles serving as condensation nuclei being lost from
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the population of ‘pure’ photochemical hazes, and the possible thermal ablation of

haze particles in deep, hot regions of the atmosphere. We represent both of these

processes through the idealized sink term,

L =

0 for p < pdeep,

−χ/τloss for p > pdeep,
(4.6)

with the loss time scale τloss = 103 s and pdeep = 100 mbar.

In early simulations, we found that numerical instabilities occurred in regions

in which the settling velocity is large compared to the vertical velocity. This is

the case at very low pressures and becomes worse for larger particle sizes. The

instability can be suppressed by using an upstream difference scheme instead of a

central difference scheme in the vertical derivative of the settling flux (first term on

the right hand side of Eq. (4.1)). However, upstream schemes have the disadvantage

of introducing increased numerical diffusion. We therefore implemented a difference

scheme that smoothly transitions from a central difference scheme, when the settling

velocity is small compared to the vertical velocity, to an upstream scheme, when

the settling velocity is large compared to the vertical velocity. This approach was

inspired by comparable schemes that have been developed for solving the diffusion-

advection equation (e.g., Fiadeiro and Veronis, 1977; Wright, 1992). The scheme

used here was adapted from Lavvas et al. (2010) with some modifications. Details

are presented in Appendix A.

4.3 Results

4.3.1 Overview of atmospheric circulation

The atmospheric circulation strongly shapes the distribution of photochemical hazes.

Therefore, we start out with a brief description of the atmospheric circulation. At

low pressures, the horizontal velocity field (arrows in Fig. 4.1) is dominated by

day-to-night flow. As pressure increases, the day-to-night component of the flow

becomes weaker and the superrotation in the equatorial region becomes stronger.
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and leading limb (center panel). Profiles are time-averaged and averaged in latitude.
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χt)/(χl + χt).
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At p > 0.1 mbar, the eastward equatorial jet becomes continuous. On the nightside,

at mid-to-high latitudes, a large vortex forms east of the antistellar point in each

hemisphere. It extends past the morning terminator, slightly reaching into the

dayside. The vortex is strongest at low pressures but extends through many orders

of magnitude in pressure, up to ≈ 100 mbar.

The vertical velocity field (colorscale in Fig. 4.1) is particularly important for

mixing. The dayside is dominated by upwelling motion. The nightside contains both

regions of upwelling and downwelling. There are two regions of particularly high ver-

tical velocities extending over a large range of pressures: One is an eastward-pointing

chevron-shaped feature near the morning terminator where strong downwelling fol-

lows strong upwelling (in the direction of the flow). A similar feature has also been

observed in simulations using different GCMs, for example the model in Flowers

et al. (2019) (Emily Rauscher, private communication). The feature was identified

as hydraulic jump by Showman et al. (2009). A hydraulic jump is a transition from

a state in which the flow velocity exceeds the propagation speed of gravity waves

(supercritical flow) to a state in which the flow velocity is smaller than the wave

propagation speed (subcritical flow) along the direction of flow. This transition

usually is accompanied by strong vertical mixing.

The second region is a region of strong downwelling located west of the antistellar

point, where flow coming from the dayside converges. This region of downwelling

extends from the equator to midlatitudes. Near the equator, there is an adjacent

region of upwelling that also extends over several orders of magnitudes in pressure.

These regions of particularly strong up- and downwelling consistent over several

orders of magnitude in pressure were referred to as ‘chimneys’ by Parmentier et al.

(2013) and Komacek et al. (2019).

4.3.2 Small particle regime

For hazes with particle radii ≤10 nm, the settling time scale is longer than the ad-

vection time scale throughout the entire simulation domain. The three-dimensional

distribution of the mass mixing ratio in this regime is thus determined by dynamical
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Figure 4.3 Time average of the haze mass mixing ratio shown across a vertical slice
of the atmosphere at the terminator for a particle size of 3 nm. The North pole is at
the top and the morning terminator (leading limb) towards the right. The dashed
white line indicates the pressure above which hazes are not allowed to exist.
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mixing and only weakly depends on the particle size. Indeed, our simulations show

that the mass mixing ratio distribution is qualitatively similar for particle sizes /10

nm (including the simulation in which particle settling is disabled). For particle

sizes of 30 and 100 nm, the mass mixing ratio still looks qualitatively similar at

pressures larger than ≈10 µbar. This can be seen in Fig. 4.2, which shows the mass

mixing ratio profiles averaged across the terminator for different particle sizes. The

yellow and green colors correspond to the small particle regime in this figure. For

the remainder of this section, we show results for a particle radius of 3 nm in our

figures. This radius is close to the mean particle size at low pressures predicted by

microphysics models (Lavvas and Koskinen, 2017).

Because our main interest lies in the haze distribution at the terminator, as seen

in transit spectroscopy, we start with a description of that. Figure 4.3 shows the

haze mass mixing ratio along a cross-section of the terminator for a particle size of

3 nm. Contrary to the predictions by Kempton et al. (2017), in general, there is a

higher mass mixing ratio at the morning terminator (leading limb in transit, west of

the substellar point) than at the evening terminator (trailing limb in transit, east of

the substellar point). This difference is particularly pronounced for pressures lower

than a few mbars. For these low pressures, the mixing ratio is highest near the

poles and at midlatitudes at the morning terminator. At the evening terminator,

mixing ratios are uniformly low throughout the equatorial region and midlatitudes.

At pressures larger than 1 mbar, there are enhanced mixing ratios at low latitudes,

separated by an equatorial band that is depleted in hazes. There are also enhanced

mixing ratios near the poles. At midlatitudes, there is a strong depletion of hazes

for these pressures. To better understand this picture, we now move on to describe

the three-dimensional distribution of hazes.

At altitudes near and above the haze production peak, the highest mixing ratio

is west of the substellar point. Upwelling on the dayside lifts haze particles above

the peak production level. The day-to-night flow then carries particles polewards

and towards the nightside. In the equatorial region, there is westward flow on large

fractions of the dayside (west of ≈ 45◦ longitude) at these low pressures, causing
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the mixing ratio to peak west of the substellar point. This can be seen in the top

panel of Fig. 4.4.

Haze particles then are mixed downwards on the nightside, where they get

trapped in the midlatitude vortices. Between 3 µbar and ≈ 0.1 mbar, there are

clearly enhanced mixing ratios in these vortices which extend over large parts of

the nightside. This explains the higher abundances at the morning terminator in

this pressure range compared to the evening terminator: the regions of enhanced

abundances associated with the two midlatitude vortices extend across the morning

terminator, reaching slightly into the dayside. At the evening terminator, in con-

trast, there is upwelling, mixing up air depleted of haze, as well as flow from the

dayside which is also dominated by upwelling.

At pressures between 0.1 mbar and 1 mbar, the horizontal distribution of hazes

gradually transitions to a more longitudinally symmetric pattern with increasing

pressure. This transition is likely caused by the equatorial jet becoming more domi-

nant with increasing pressure, while the day-to-night-flow component becomes much

weaker. On each side of the equator, a band with enhanced haze abundance forms.

The band widens and moves to slightly higher latitudes on the dayside and narrows

and moves closer to the equator on the nightside. There are two longitudes at which

the abundance within this band peaks: near the morning terminator, caused by

the hydraulic jump described earlier, and near the antistellar point, caused by con-

verging flow leading to a narrowing of the band and downwelling. With increasing

pressure, the band moves closer to the equator. To better understand why the band

is moving closer to the equator with increasing pressure, we examined the vertical

eddy tracer flux w(χ− χ) (Fig. 4.5), where w is the vertical velocity and χ denotes

the horizontally averaged mass mixing ratio. The vertical eddy tracer flux is a mea-

sure for the local strength and direction of vertical transport. We find that in the

pressure regions in which the bands form, there is a highly localized peak of the

downward eddy tracer flux at the location where the morning terminator hydraulic

jump intersects with the band of high tracer abundance. The morning terminator

hydraulic jump feature also exhibits equatorward meriodional velocities. Therefore,
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Figure 4.4 Time-averaged haze mass mixing ratio at several isobars for a particle
size of 3 nm. As in Fig. 4.1, the substellar point is at the center of the panel.
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Figure 4.5 Vertical and meridional transport at the 1 mbar level: The color scale
represents the normalized eddy tracer flux wχ′/|wχ′|, where χ′ = χ−χ) and the bar
represents the horizontal average of a quantity. Positive values of the normalized
eddy tracer flux indicate upward transport of the tracer. The contours show the
meridional velocity in intervals of 500 m/s, with dashed lines indicating negative
(southward) velocities.

at this location, air enriched in hazes is simultaneously transported downwards and

equatorwards. Similarly, at the downwelling region slightly west of the antistellar

point, equatorward meridional velocities prevail. We suggest that this causes the

band of high haze abundance to move equatorward with increasing pressure.

We further note that the equatorial region is almost uniformly depleted in hazes

at all longitudes for 3 µbar< p < 10 mbar. This cannot be explained by a simple

correlation with upwelling and downwelling, as there are both regions of upwelling

and downwelling at the equator. We point out that this equatorial depletion is

distinct from the equatorial depletion observed in simulations of condensate clouds

in hot Jupiter and mini-Neptune atmospheres (Parmentier et al., 2013; Charnay

et al., 2015a; Lines et al., 2018), which happens at much higher pressures. The latter
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Figure 4.6 Time average of the haze mass mixing ratio shown across a vertical slice
of the atmosphere at the terminator for a particle size of 1 µm. The North pole is at
the top and the morning terminator (leading limb) towards the right. The dashed
white line indicates the pressure above which hazes are not allowed to exist.

has been suggested to be caused by downwelling at the equator in the zonal-mean

circulation (Charnay et al., 2015a). However, for photochemical hazes produced

high in the atmosphere, downwelling is expected to cause enhanced abundances.

Therefore, the depletion observed in our simulations cannot be explained by the same

mechanism. At the same time, because these two different kinds of depletion happen

at very different pressures, our result does not contradict the previous studies.

To summarize, we find that near and above the peak haze production region

(p / 3µbar), hazes are transported towards the nightside by the direct day-to-night

flow. Downwelling on the nightside leads to enhanced haze mixing ratios on the

nightside for (3µbar/ p / 0.1 − 1 mbar), where they accumulate in the two large

cyclonic vortices at midlatitudes. Because the vortices extend across the morning

terminator, there are enhanced haze mixing ratios at the morning terminator for

that pressure range. Upwelling throughout large parts of the dayside and near the

evening terminator correlate with low abundances at the evening terminator. Deeper
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in the atmosphere (p ' 0.1− 1 mbar), the mass mixing ration distribution becomes

more longitudinally symmetric.

4.3.3 Large particle regime

In the large particle regime (a > 30 nm), the 3D mass mixing ratio pattern depends

much more strongly on the particle size. Key factors determining the resulting

pattern are the ratio of the settling time scale τs to the advection time scale τadv and

the wind pattern at the level at which the settling timescale becomes comparable to

the advection time scale. Therefore, it is harder to describe the general behavior of

particles in that regime instead of describing each particle size separately. However,

some patterns can be identified.

We again start with the haze distribution at the terminator (shown for a particle

size of 1 µm in Fig. 4.6). In the large particle regime, there are overall higher

mass mixing ratios at the evening terminator than at the morning terminator, as

suggested by Kempton et al. (2017). At very low pressures(p / 9 · 10−7 bar for

300 nm, p / 3 · 10−6 bar for 1 µm), there are hardly any hazes present at any part

of the terminator. Below that pressure region, hazes are present at all latitudes at

the evening terminator, with the mixing ratio peaking at mid- to high latitudes.

At the morning terminator, in contrast, hazes are only present at high latitudes.

Then there is a pressure region, in which hazes are present throughout the entire

terminator (evening and morning side) except for a region at midlatitudes at the

morning terminator (10−5 / p / 10−3 bar for 300 nm, 5 · 10−5 / p / 10−3 bar for

1 µm). Finally, deeper in the atmosphere (p ' 10−3b̃ar), hazes are concentrated in

two bands at low latitudes at both the evening and morning terminator, with slightly

lower abundances in between those bands at the equator and no hazes present at

higher latitudes. This general picture applies to all particle sizes within the large

particle regime, though the pressure regions described move to lower pressures for

smaller particles and to higher pressures for larger particles due to the different

settling timescales. As in the small particle regime, the terminator differences can

be understood by looking at the three-dimensional haze distribution.
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Figure 4.7 Time-averaged haze mass mixing ratio at several isobars for a particle
size of 1 µm. As in Fig. 4.1, the substellar point is at the center of the panel.
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At very low pressures, where τs/τadv � 1, hazes are concentrated on the dayside

with a pattern closely resembling the production function, slightly modulated by

the vertical velocity pattern (top panel of Fig. 4.7). Only where both timescales

become comparable (0.1 / τs/τadv / 1), the winds significantly change the haze

pattern. A westward pointing chevron emerges at the dayside (second panel from

top). The pattern is caused by increasingly eastward winds at midlatitudes on the

dayside below the haze production region (opposed to the polewards and westwards

flow near the peak production region shaping the distribution of hazes in the small

particle regime–compare the left three panels of Fig. 4.1). A few layers deeper in

the atmosphere, hazes are mainly found on the hemisphere east of the substellar

point, with two symmetric arcs with a higher concentration of hazes that connect

the substellar point to the regions of strong downwelling west of the antistellar point

(third panel). There also is a somewhat lower but significant haze mass mixing ratio

at high latitudes all around the globe, transported there by the day-to-night flow.

Moving on to higher pressures, hazes become increasingly concentrated at these

nightside downwelling spots. There also is an increasing amount of hazes at low

latitudes on the nightside and the morning terminator, comparable to that near the

poles. The nightside midlatitude vortices remain severely depleted of hazes. Once

τs/τadv reaches values larger than unity, there is a pressure region in which hazes are

distributed relatively uniformly around the globe except at the nightside vortices

(fourth panel). At pressures larger than 1 mbar, where the equatorial jet dominates

the circulation and τs/τadv � 1, a banded pattern comparable to the one seen in

the small particle regime appears (bottom panel).

4.4 Comparison to 1D Models: Deriving an effective eddy diffusion coefficient

After describing the 3D distribution from our simulations, we now turn to the

strength of vertical mixing and how it compares to assumptions used in 1D models.

In 1D models, vertical mixing usually is parametrized by an eddy diffusion coef-

ficient Kzz. In this section, we derive an effective eddy diffusion coefficient that
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Figure 4.8 Comparison of the analytical solution to the 1D haze transport equa-
tion using the Kzz parametrization in Eq. (4.9) (dotted lines) to the horizontally-
averaged mass mixing ratio profile from the 3D simulation (solid lines). The gray
horizontal lines indicate the region over which the fit used to derive Eq. (4.9) was
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Figure 4.9 Comparison of effective eddy diffusion coefficients derived using differ-
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(4.10). Solid lines represent the fit to the analytical solution, with yellow and green
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parametrization for all particle sizes (Eq. 4.9). The magenta dashed line shows
the equivalent power-law derived by fitting to the analytical solution for cloud-like
tracers from Agúndez et al. (2014). The pink dot-dashed line indicates the com-
mon estimate for Kzz using the root-mean-square vertical velocity and pressure scale
height. This profile is similar (but not identical) to the profile used in Moses et al.
(2011), which was derived from the output of the GCM simulations of (Showman
et al., 2009) using the same method. The three Kzz values used in the simulations
with enhanced sub-grid-scale mixing shown in Fig. 4.12 are indicated by the gray
vertical lines.
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describes the haze distribution observed in our simulation.

There are multiple methods for deriving effective eddy diffusion coeffcients from

a GCM. For cases in which an analytical solution to the one-dimensional transport

equation exists, a good method is to derive Kzz by fitting the analytical solution to

the horizontally-averaged mass mixing ratio profile. We aim therefore to formulate

a simple problem for which analytical solutions can be found for the stationary case

and that provides a 1D-analog to our numerical simulations.

In the absence of sources and sinks, the 1D equivalent to Eq. (4.1) is

∂χ

∂t
− g2 ∂

∂P

(
ρ2Kzz

∂χ

∂P

)
= g

∂(ρχVs)

∂P
. (4.7)

To mimic haze production at a high altitude, we impose a fixed downward mass flux

F0 at the low-pressure boundary of the domain P1. At the high-pressure boundary

P0, we force the tracer mixing ratio to be zero.

Assuming that Kzz can be described by a power law, Kzz = Kzz,r(P/Pr)
−α, and

that the settling velocity is inversely proportional to pressure (a valid approximation

for Kn� 1), Vs = Vr(P/Pr)
−1, the analytical solution then is given by

χ =
VrPr
F0gH

{
1− exp

[
VrHP

1−α
r

Kzz,r

1

α− 1

(
Pα−1 − Pα−1

0

)]}
, (4.8)

where Pr is a reference pressure. We fitted the analytical solution to the horizontally-

averaged tracer mass mixing ratio profile for each particle size separately using

the curve fit function of the scipy optimize module. The fit was performed over a

pressure range from 50 mbar to 20 µbar (below the haze production region). For

particle sizes ≤ 100 nm, we obtain very similar results, with α ranging from 0.85 to

0.95 m2s−1 and Kzz,r ranging from 45 to 70 for Pr = 1 bar. We therefore suggest

the following parametrization for small photochemical hazes in 1D models:

Kzz = 60 ·
(

P

1bar

)−0.9
m2s−1 (4.9)

A comparison of mass mixing ratio profiles using the analytical solution with this

parametrization to the GCM results is shown in Fig. 4.8. We note that strictly
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speaking, the parametrization is only valid for the pressure range over which the fit

has been performed.

For the largest two particle sizes in our simulations, 300 nm and 1 µm, the

fit returned very different Kzz profiles: For 300 nm, the best fit is α = 0.33 and

Kr = 700 m2s−1 while for 1 µm, α = 0.06 and Kr = 2, 000 m2s−1 provide the

best fit (though any value below 0.1 results in a similarly good fit). This result for

large particle sizes should be viewed with caution, however: For these particle sizes,

gravitational settling dominates over vertical mixing/diffusion over a large pressure

range (p/ 1 mbar for 300 nm, p/ 5 mbar for 1 µm) for typical values of Kzz. A

different eddy diffusion coefficient thus only changes the analytical solution in the

higher-pressure part of the atmosphere. Effectively, this means that the fit only

uses a region spanning one order of magnitude in pressure to constrain Kzz rather

than over three orders of magnitude. Moreover, the region in which the analytical

solution is sensitive to Kzz for the largest two particle sizes is also the region in which

the analytical solution for small particles shows the largest discrepancies from the

numerical solution (see Fig. 4.8). It seems more likely that the result for large

particle sizes is therefore driven by the small size of the region the fit is sensitive to

rather than implying that a different eddy diffusivity should be used to describe the

mixing of large haze particles.

A second method for deriving Kzz from the tracer distribution is based on the

ratio of the vertical eddy tracer flux and the tracer gradient,

Kzz = −wχ
′

∂χ
∂z

, (4.10)

where the bar denotes a horizontal average of a quantity and the prime denotes the

deviation of the quantity from its horizontal average. For the small-particle regime,

the results of both methods are consistent with each other, as can be seen in Fig.

4.9. We note that Kzz profiles derived using the second method tend to be less

smooth because more local variations in the mass mixing ratio profile can cause

spikes and dips.

For comparison, the profile used by Agúndez et al. (2014) for HD 189733b is
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Kzz = 103 · (P/1bar)−0.65 m2 s−1 (magenta dashed line). This profile was derived

by fitting an analytical solution of the mass mixing ratio profile to the horizontally-

averaged mass mixing ratio profile from 3D tracer simulations of condensate clouds.

It is the equivalent to Eq. (22) in Parmentier et al. (2013) for an atmosphere with no

thermal inversion and the planetary parameters of HD 189733b. The key difference

to our simulation is that because their work focused on condensate clouds, no particle

source at low pressures and a sink deep in the atmosphere were included. Instead,

simulations were started with a uniform tracer abundance throughout the simulation

and continued to run until a quasi-steady state had been achieved. Further, in their

simulations, the tracer was subjected to gravitational settling on the night side only

because the cloud species was assumed to be gaseous on the day side. Particle sizes

in their simulations ranged from 100 nm to 10 µm. Unlike in this work, they were

able to fit large particle sizes well because the solution for the situation without a

low-pressure source term is more sensitive to the strength of vertical mixing.

We also show the commonly used estimate wrms · H (pink dot-dashed line).

Parmentier et al. (2013) found that this prescription overestimates Kzz by about

two orders of magnitude. Our results also find that this prescription leads to much

stronger vertical mixing than in the GCM. However, we also find a stronger pressure

dependence of Kzz in our simulations. Therefore, our derived Kzz and wrms ·H are

within an order of magnitude at very low pressures but differ by three orders of

magnitude at 100 mbar.

4.5 Transmission spectra

In this section, we aim to explore the effect of the differences in haze abundance

between the morning and evening terminator on the transmission spectra, which

potentially could be measured through ingress and egress transit measurements by

future instruments. We use a one-dimensional code (as in Lavvas and Koskinen,

2017) to calculate transmission spectra. As input, separate number density and

temperature profiles averaged across the morning and evening terminator were used.
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For normalizing the spectra, the average between the transit radii calculated for

morning and evening terminator is used (representing the observed transmission

spectrum during mid-transit). The transit spectra are normalized such that the

transit radius of each model spectrum in the Spitzer 3.6 µm band is consistent with

the observed radius in that band. This normalization is necessary because of the

degeneracy between the assumed planet radius in the calculation and the associated

reference pressure. For more details on the normalization procedure we refer to

Section 3.3 in Lavvas and Koskinen (2017), noting that they use the 8 µm band for

normalization instead of the 3.6 µm band.

There is a large uncertainty in the magnitude of the haze production rate. Be-

cause we use passive tracers which have no feedback on the atmospheric circulation

and because all terms in Eq. (4.1) except for the production term are linear in χ, it

is possible to change the haze production rate without rerunning the simulation by

simply scaling the mass mixing ratio and number density from the simulation output

by the same constant factor as the haze production rate. We therefore choose to

constrain the haze formation rate based on existing observations before looking at

terminator differences. This is achieved by matching the model spectrum to obser-

vations in the spectral region of the HST WFC3 G141 grism (1.1-1.7 µm). Figure

4.10 shows simulated transmission spectra for all particle sizes considered. For all

particle sizes except 1 µm, number densities from the nominal simulation were mul-

tiplied by a factor of 0.025 (corresponding to a column-integrated haze production

rate of 2.5 · 10−12 kg m−2 s−1 at the substellar point). This haze formation rate

provides a reasonable match to the water feature within the WFC3 G141 spectral

range for these particle sizes and will be used below to examine terminator differ-

ences. For particles with a radius of 1 µm, number densities were multiplied by a

factor of 0.1 (corresponding to 10−11 kg m−2 s−1). We note that we are not able to

match the slope at short wavelengths. This will be discussed further below. First,

however, we explore the differences between the morning and evening terminator,

focusing on the small particle regime.

The resulting differences in the transit radius between evening and morning
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terminator are very small. This can be seen in the top panel of Fig. 4.11 for the 3

nm case. The reason for this small difference appears to be that the two competing

effects of differences in haze abundance and temperature offset each other. At the

morning terminator, more hazes are present, increasing the transit radius. However,

temperatures are also lower by ≈ 200 − 250 K at the morning terminator in our

simulation, resulting in a smaller scale height and thus a smaller transit radius.

Both effects appear to roughly outweigh each other. To isolate the effect of the haze

abundance, we recomputed the transit spectra using an identical temperature profile

for evening and morning terminator (bottom panel of Fig. 4.11). In this case, the

transit radius at the morning terminator is significantly larger than at the evening

terminator. This confirms that terminator differences in the nominal spectrum are

so small because temperature difference and difference in haze abundance largely

cancel each other.

We also explored the impact of using a particle size distribution instead of a

single particle size. We used a particle size distribution from the 1D microphysics

model of Lavvas and Koskinen (2017) and interpolated the number densities from

the GCM between the coarser particle size grid used in the GCM. The resulting

transit spectrum (not shown) has a slightly shallower slope at short wavelengths.

The differences between morning and evening terminator are similarly small as for

single particle sizes within the small particle regime.

4.6 Models with enhanced sub-grid-scale mixing

As we noted above, the slope in our model spectra is much shallower than the ob-

served slope. While star spots could account for part of the slope (McCullough et al.,

2014), it seems unlikely that they can explain all of it. In this section, we there-

fore explore another scenario that could explain the steep slope. In one-dimensional

models, a high eddy diffusion coefficient can lead to a stronger spectral slope (Lavvas

and Koskinen, 2017). Ohno and Kawashima (2020) show that steep spectral slopes

are possible with high eddy diffusion coefficients and intermediate haze production
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Figure 4.10 Model transmission spectra for different particle sizes (colored lines, see
text for details). Note that the spectra for all particle sizes ≤ 30 nm lie on top of
each other. The black crosses represent observational data from Sing et al. (2016)
(λ < 5µm) and Pont et al. (2013) (λ > 5µm).
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Figure 4.11 Model transmission spectra for a particle radius of 3 nm, calculated for
the morning (light blue) and evening (dark orange) terminator separately, as well
as for the entire planet (black). In the top panel, consistent temperature profiles
from the GCM simulation were used, with a colder morning terminator and a hotter
evening terminator. In the bottom panel, an identical temperature profile was used
for morning and evening terminator. The black crosses again represent observational
data.
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rates. In contrast, as discussed in Section 4.4, vertical mixing in our 3D simulations

has a much stronger pressure-dependence, resulting in significantly weaker mixing

at intermediate and higher pressures. Our nominal simulations presented so far,

however, only capture mixing through the large-scale circulation and cannot resolve

mixing by turbulent motion on a scale comparable to or smaller than the grid size.

Such turbulent motion could be generated by a variety of processes, including shear

instability, atmospheric waves, disturbances at the convective-radiative boundary

propagating upward, magnetic field effects or tidal waves. While some of these

mixing processes could in theory be resolved by using a much higher (not feasible)

model resolution, many other processes would further require us to add additional

physics to our GCM or switch to a different code. For example, turbulence generated

at the radiative-convective boundary would require additional forcing to be added

near the bottom boundary of the model. Magnetic field effects would require a

magneto-hydrodynamic code. There are little constraints on the magnitude of such

sub-grid-scale turbulent mixing and it is possible that its role is comparable to or

larger than that of mixing by the large-scale circulation. To explore this possibility,

we ran additional simulations in which we added additional mixing parametrized

through an eddy diffusion coefficient acting on the passive tracers. These additional

simulations were started from a converged simulation output from the nominal sim-

ulations and integrated for 500 days. The simulations reached a quasi-steady state

within 200 to 300 days. As with the nominal simulations, the results presented here

are based on the time-average of the last 100 days of integration. We ran simula-

tions for 3 nm-sized particles for four different constant values of Kzz (103 m2s−1,104

m2s−1,105 m2s−1,106 m2s−1, 107 m2s−1) as well as for the pressure-dependent Kzz

profile of Moses et al. (2011) and the Moses et al. (2011) profile scaled by a factor

of 0.01. In addition, we ran simulations with a constant Kzz of 106 m2s−1 for all

particle sizes.
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Figure 4.12 Time average of the haze mass mixing ratio shown across a vertical slice
of the atmosphere at the terminator for a particle size of 3 nm and different values
of the eddy diffusion coefficient representing sub-grid-scale mixing processes. As in
Fig. 4.3 and 4.6, the North pole is at the top and the morning terminator (leading
limb) towards the right. The dashed white line indicates the pressure above which
hazes are not allowed to exist.
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4.6.1 3D distribution

We are first exploring how the 3D distribution of small-particle hazes changes with

different values of the additional Kzz. Terminator cross-sections for a selection

of Kzz values are shown in Fig. 4.12. For low Kzz (103 m2s−1), the result is as

expected very close to the simulations without additional sub-grid-scale mixing.

For somewhat higher values (104 m2s−1,105 m2s−1, 0.01×Moses profile), the overall

picture still looks relatively similar, however, there are less hazes in the center of the

nightside vortices. Further, in the regions with a banded pattern (0.1-100 mbar),

the bands with enhanced haze abundance do not move as much towards the equator

with increasing pressure and the equatorial region is more depleted.

For Kzz = 106 m2s−1 as well as the Moses profile, the diffusion timescale becomes

comparable to or shorter than the vertical advection timescale even at high altitudes,

where vertical velocities tend to be the strongest. For these simulations, the 3D

distribution of hazes significantly changes. At low pressures (p < 10 µbar), hazes

are increasingly concentrated on the dayside and at high latitudes while large parts

of the nightside, especially the nightside vortices, have low haze mixing ratios. This

is because vertical mixing to deeper regions is faster than horizontal transport.

The mass mixing ratio at the terminator drops by a factor of a few compared to

the simulations without additional diffusion or with low eddy diffusion coefficients

in that pressure region. In addition, the mass mixing ratio declines faster with

increasing pressure. For p > 10 µbar, the highest mass mixing ratios are found

near the downwelling regions west of the antistellar point and at midlatitudes at

the morning terminator. Overall, this picture results in relatively small differences

between morning and evening terminator for p < 10 µbar relative to the case of no

sub-scale mixing and larger mixing ratios at the morning terminator than at the

evening terminator for p > 10 µbar (see also Fig. 4.2).

For even higher values of Kzz (107 m2s−1), hazes are strongly concentrated on

the dayside. Mixing ratios at the terminator are drastically reduced (by one to

two orders of magnitude) compared to the other simulations. Hardly any hazes
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Figure 4.13 Model transmission spectra for a high value of additional eddy diffusion
and a particle radius of 3 nm, calculated for the morning (light blue) and evening
(dark orange) terminator separately, as well as for the entire planet (black). The
black crosses again represent observational data.

reach the nightside vortices. Because the nightside vortices still reach across the

morning terminator, there are overall less hazes at the morning terminator than at

the evening terminator.

4.6.2 Transit spectra

For Kzz < 106 m2s−1, the spectral slope remains relatively flat for all choices of

the haze production rate. For the three simulations with high Kzz (106 m2s−1, 107

m2s−1, Moses profile), a much steeper slope arises, comparable to the observed slope.

However, in the 107 m2s−1 case, so few hazes reach the terminator that unrealistically

high haze production rates are required to get a transmission spectrum that roughly

matches the observations. We therefore choose to focus on the 106 m2s−1 case to

examine terminator differences in transmission. The spectrum for a particle size of

3 nm is shown in Fig. 4.13.
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The spectral slope at short wavelengths is steeper for the evening terminator.

This is mainly because the mass mixing ratio decreases faster with increasing pres-

sure at the evening terminator than at the morning terminator. This is mostly

because the downwelling feature (hydraulic jump) near the morning terminator ad-

ditionally concentrates hazes at midlatitudes at the morning terminator for pressures

between 10 µbar and 1 mbar. The hotter temperature at the evening terminator

additionally contributes to the steeper slope in the evening terminator spectrum.

At short wavelengths, the transit radius in Fig. 4.13 is larger for the evening

terminator. However, this could be an artifact of the normalization procedure used,

which assumes that the transit radius at 3.6 µm is the same for the morning and

evening terminator. We therefore stress that the steeper slope at the evening ter-

minator is a feature that arises directly from the 3D distribution of hazes in our

model while the difference in the transit radius may depend on the normalization

procedure for the transit spectrum.

4.7 Discussion

4.7.1 Limitations of GCM and haze model

The GCM simulations presented assume gray opacities. As discussed in Section

4.2.2, the gray model results in a qualitatively similar wind pattern compared to

models with wavelength-dependent radiative transfer using the correlated-k method

(e.g., Showman et al., 2009; Amundsen et al., 2016). We therefore expect that our

key conclusions do not depend on the assumption of gray opacities. However, the

peak velocities and the detailed location of some circulation features change when

using more realistic radiative transfer. The detailed haze distribution may therefore

differ from the results presented in this work when using the correlated-k method.

Two further key limitations of our GCM and our implementation of hazes are

that our model neither includes radiative feedback from hazes nor haze growth.

Hydrocarbon hazes are expected to be highly absorbing, especially if their opti-

cal properties are similar to soot (e.g., Morley et al., 2015; Lavvas and Koskinen,
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2017). Absorption and scattering of incoming radiation by high-altitude hazes can

significantly affect the temperature profile (Morley et al., 2015; Lavvas and Arfaux,

2021) and is likely to also change the atmospheric circulation, which in turn could

lead to a 3D distribution of hazes differing substantially from the results presented

in this study. This could alter the strength of vertical mixing, which potentially

could lead to an improved fit to observations without the need to invoke additional

sub-grid-scale mixing. We plan to address this topic in a future study.

Haze growth will also alter the 3D distribution of hazes. Based on 1D micro-

physics models (Lavvas and Koskinen, 2017), hazes are expected to be very small

(1-3 nm) in the production region. Once they are mixed to regions with some-

what higher pressures (> 10−5− 10−4 bar), hazes can grow more efficiently through

coagulation. Depending on the temperature profile, haze production rate and the ef-

ficiency of vertical mixing, haze particles can grow to sizes between 1 and 100 nm at

1 mbar and up to 1 µm at 1 bar. (Lavvas and Koskinen, 2017). In these 1D models,

haze particles reach larger sizes when vertical transport is inefficient because there

is more time for particles to grow through coagulation before they are transported

to deeper layers. Combining the insights from these 1D studies of haze growth and

our study, we can expect that when including haze growth in a 3D model, hazes

would grow faster in regions where they are more concentrated such as within the

nightside vortices for small particles. Because within our study, the 3D distribution

is similar between different particle sizes within the small-particle-regime, one can

expect that at low pressures, the mass mixing ratio distribution would remain sim-

ilar but the particle size would vary horizontally. The 3D number densities would

thus also deviate from our results. If particles in such a model (or a real atmosphere)

are to grow to a size exceeding the small-particle regime, their distribution would

likely differ significantly from the results presented for the large-particle regime in

this work. The “source regions” for large particles would no longer be centered on

the dayside but instead be the regions of largest growth of small particles, likely co-

inciding with regions of high concentrations of small particles. It will be important

to examine these effects in future studies coupling a microphysics model to a GCM.
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In regions of the atmosphere, in which particles grow to larger sizes, the shape of

haze particles might also deviate from the spherical shape assumed in our simulation

and instead form fractal aggregates. In the free-molecular-flow regime, the settling

velocity of fractal aggregates with a fractal index of 2 is proportional to the monomer

radius (Cabane et al., 1993). It can thus be expected that the settling velocity of

fractal aggregates will be much smaller than that of spherical particles with the

same mass. Therefore, the 3D mass mixing ratio distribution of aggregates at low

pressures can be expected to be close to the one found in the small-particle regime.

We point out that for the case of HD 189733b, 1D microphysical models (Lavvas

and Koskinen, 2017) predict haze particle sizes to be too small to form significant

fractal aggregates at pressures probed in transit except in the case of weak vertical

mixing throughout the atmosphere (including at low pressures, where there is strong

vertical mixing in our simulations).

4.7.2 Transit spectra

There are multiple limitations of our model that affect the presented model transit

spectra. We use a one-dimensional code with latitudinally averaged temperature

and haze number density profiles to calculate transit spectra. Given the significant

latitudinal variation of the haze mass mixing ratio, a two-dimensional (e.g., Mac-

Donald and Madhusudhan, 2017) or three-dimensional code (e.g., Fortney et al.,

2010; Miller-Ricci Kempton and Rauscher, 2012; Caldas et al., 2019; Lee et al.,

2019) would be more appropriate. To address this concern, we conducted a test

in which we split the morning terminator in multiple latitudinal segments, calcu-

lated the transit spectrum for the average mass mixing ratio profile within each

segment and then combined the spectra for these segments. The same procedure

was repeated for the evening terminator. Using more segments changed the transit

spectra, mostly by slightly shifting the short-wavelength part of the spectra to a

lower transit radius, for a low number of segments. If more than six segments were

used, the change was negligible. At the same time, the relative difference between

the spectra of morning and evening terminator changed by much less. Thus, using
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Figure 4.14 Model transmission spectra using optical properties of tholins and a
particle radius of 3 nm. Compared to the transmission spectrum calculated assuming
a soot composition (Fig. 4.11), the haze production rates have been increased
by a factor of 10 (blue), 50 (orange) and 100 (light gray), corresponding to haze
production rates at the substellar point of 2.5 ·10−11 kg m2s−1, 1.25 ·10−10 kg m2s−1

and 2.5 · 10−10 kg m2s−1, respectively.
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2D or 3D codes for calculating transmission spectra is more accurate and should be

preferred in the future, but is unlikely to change our conclusions.

The radiative transfer within the GCM is double-gray and assumes opacities con-

stant in pressure. This results in inaccurate temperatures at low pressures (< 0.1

mbar). Typically, double-gray models overestimate the temperature in the pressure

range between 0.1 mbar and 1 µbar compared to models with more sophisticated

radiative transfer. Transit spectra are sensitive to the temperature profile and the

uncertainty in the temperature profile could have a significant effect on the transit

spectra. Nonetheless, our focus in this study has been on relative differences be-

tween morning and evening terminator. While simulations using more sophisticated

radiative transfer, such as SPARC, find lower temperatures in the regions probed

by transit, the temperature difference between morning and evening terminator re-

mains similar to the temperature difference in the double-gray model. Therefore, we

expect that including wavelength-dependent radiative transfer in the GCM would

not change our main conclusions. Further, we briefly explored changing the tem-

perature profile used in the transit spectrum calculation by using a temperature

profile from a simulation using SPARC in the transit calculation. The change in

the short-wavelength slope was relatively small. It certainly cannot account for the

mismatch of the spectral slope between the model predictions from the nominal sim-

ulations and the observations. Matching the observed slope with the 3D distribution

from our nominal simulations would require a temperature profile about three times

hotter.

As mentioned earlier, radiative feedback from photochemical hazes could sig-

nificantly heat the atmosphere at low pressures, potentially resulting in a steeper

spectral slope. 1D models (Morley et al., 2015) predict a temperature increase of up

to a few hundred Kelvin. While this could somewhat lessen the mismatch between

the model spectra and observations, it may not be enough to resolve the issue.

An additional limitation is that the optical properties of photochemical hazes

are highly uncertain. While laboratory experiments have been able to produce haze

analogs for temperature and chemical regimes expected for mini-Neptunes (Hörst
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et al., 2018; He et al., 2018) and hot Jupiters (Fleury et al., 2019; He et al., 2020),

no measurements of optical properties of these haze analogs have been reported

yet. Similar to Morley et al. (2013, 2015) and Lavvas and Koskinen (2017), we

assumed optical properties of soots. Ohno and Kawashima (2020) found that us-

ing tholin optical properties resulted in steeper short-wavelength slopes than for

soots. A comparison of the optical properties of soots and tholins can be found in

Fig. 2 of Lavvas and Arfaux (2021). Tholins are not expected to be a good haze

analog for hot Jupiters. They are produced in a nitrogen-dominated environment

and at much lower temperatures. Nevertheless, we calculated transit spectra using

absorption cross-sections of tholins as a test. The resulting spectra indeed exhibited

a steeper short-wavelength slope. We were able to roughly match the UV slope

of the observed spectrum using the tholin optical properties and haze production

rates 10 to 100 times higher than for the soot case (i.e. 2.5 · 10−11 to 2.5 · 10−10 kg

m−2s−1). The resulting spectra are shown in Fig. 4.14. We note that for tholins,

the short-wavelength radius does not increase monotonically with increased haze

opacity because the infrared spectral features of tholins affect the normalization of

the spectrum. The better match of the short-wavelength slope should not be under-

stood to mean that hazes on HD 189733b are similar to tholins in composition. It

only means that the wavelength-dependence of their absorption cross-section might

be closer to that of tholins than to that of soots. In other words, hazes with an

absorption coefficient that steeply decreases from the NUV to the NIR could match

observations more easily. Laboratory measurements show that the chemical com-

position of haze analogs is highly dependent on the temperature and composition

of the initial gas mixture and that haze analogs for mini-Neptunes have incorpo-

rated much more oxygen than Titan haze analogs or soots (Moran et al., 2020).

Therefore, real exoplanet haze particles could be very different from soots and from

tholins. Measurements of the optical properties of the aerosols produced by these

lab experiments will be crucial to inform the interpretation of observations.

In the case of hazes forming fractal aggregates, the optical properties would also

differ. Compared to spherical particles of the same mass, fractal aggregates have a
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higher extinction cross-section in the UV but a lower extinction cross-section in the

infrared (e.g., Fig. 17 in Lavvas et al., 2011). For a constant monomer radius, the

larger the aggregate, the stronger is this effect. This could also increase the spectral

slope in transit spectra. However, as pointed out earlier, it is relatively unlikely that

large fractal aggregates form in the atmospheres of hot Jupiters.

The optical properties of the haze material might be further constrained by

comparing model results to secondary eclipse observations. In particular, Evans

et al. (2013) found a high value of the geometric albedo across 290-450 nm and a

low value across 450-570 nm. This could indicate a strong wavelength dependence

of the optical properties of the haze. We leave a detailed comparison of our model to

secondary eclipse spectra across the full wavelength range of observations to future

work that includes haze radiative feedback, which might strongly affect the infrared

portion of the secondary eclipse spectrum.

4.8 Conclusions

We simulated the global distribution photochemical hazes in the atmosphere of

hot Jupiter HD 189733b using a 3D general circulation model with gray radiative

transfer and examined the implications for transmission spectroscopy. In our model,

hazes are produced at low pressures (peak production: 2 µbar) on the dayside, are

spherical with a constant particle size and do not exert any radiative feedback on

the atmospheric circulation. Hazes are advected and can settle gravitationally. We

find that there are horizontal variations in the haze mass mixing ratio of at least an

order of magnitude at all pressures within our simulation domain and for all particle

sizes considered. The behavior of the hazes can be classified into two regimes: small

particles (<30 nm) and large particles (>30 nm).

In the small-particle regime, gravitational settling is unimportant. The 3D dis-

tribution of hazes looks similar between different particle sizes within this regime.

Near the peak of the production region (2 µbar), hazes are transported towards

the poles and the nightside by the day-to-night flow prevalent at low pressures. At
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low pressures but below the peak haze production altitude (3 µbar / p / 0.1 − 1

mbar), hazes accumulate in the two large vortices located at midlatitudes east of

the anti-stellar point. Because these vortices extend across the morning termina-

tor, small hazes are more abundant at the morning terminator than at the evening

terminator at these pressures. The behavior of hazes in the small-particle regime

thus is different from the predictions of Kempton et al. (2017). Deeper in the at-

mosphere (p ' 1 mbar), where the flow is dominated by the equatorial jet, hazes

exhibit a more longitudinally symmetric, banded pattern and terminator differences

are smaller.

In the large-particle regime, the 3D distribution strongly depends on the pressure

at which the settling time scale and the horizontal transport time scale become

comparable and the specific wind pattern at that pressure. However, some common

patterns can be observed: Because of predominantly eastward winds on the dayside

at the pressures where settling and horizontal transport time scales are comparable,

there are more hazes at the evening terminator than at the morning terminator,

consistent with the prediction of Kempton et al. (2017). We note that, depending

on the particle size, the peak mass mixing ratios at the terminator are, however, at

mid- to high latitudes and not at the equator (as one might naively expect based

on advection by the equatorial jet alone). At higher pressures (> 1 mbar), where

the equatorial jet is most efficient and horizontal advection is faster than settling,

the haze distribution becomes more longitudinally symmetric, similar to the small

particle regime.

We further derived an effective eddy diffusion coefficient Kzz from the haze distri-

bution in our simulations. Our suggested parametrization inferred from the simula-

tions is Kzz = 60·
(

P
1bar

)−0.9
m2s−1. This is a somewhat stronger pressure dependence

than derived for cloud particles on HD 189733b in Agúndez et al. (2014). As a re-

sult, Kzz is similar to the commonly used estimate wrms ·H at very low pressures,

near the haze production region, but much lower deeper in the atmosphere.

Examining the implications for transit observations, we focused on the small-

particle regime, which is more consistent with observations and microphysics mod-
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els. The difference between the transit spectrum of the morning terminator (leading

limb in transit) and evening terminator is very small. We find that the effects

of haze abundance differences and temperature differences between morning and

evening terminator largely cancel each other out. We conclude that terminator dif-

ferences due to hazes would be difficult to observe with low-resolution spectroscopy.

Furthermore, even if such differences were to be observed, the interpretation could

be ambiguous due to the opposing effects of temperature and haze abundance.

Furthermore, we were not able to match the observed steep short-wavelength

slope with our nominal model. There are multiple factors that could explain this

mismatch:

• The optical properties of hazes present in the atmosphere of HD 189733b

could significantly differ from those of soot. In particular, materials with an

absorption cross-section that shows a stronger decrease from the near-UV to

near-IR could better match the slope.

• Enhanced vertical mixing due to turbulent mixing at scales smaller than the

grid size of the GCM could lead to a steeper slope that matches observations.

Tentative simulations of that case show that a drastically different but still

spatially inhomogeneous 3D haze distribution would be expected for that case.

Our tentative simulations can better match the shape of the observed spectrum

for sub-grid-scale mixing with a strength of Kzz = 106 m2s−1.

• Hotter temperatures at low pressures due to heating by hazes absorbing

starlight could result in a somewhat steeper slope, but this effect is likely not

strong enough to resolve the mismatch between the model-predicted spectra

and observations alone.

• Radiative feedback from hazes could in addition change the atmospheric cir-

culation and the rate of vertical mixing, which could result in a different 3D

distribution of hazes and lead to a different short-wavelength slope.
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• Finally, star spots could contribute to the observed short-wavelength slope of

HD 189733b, as has been proposed previously (McCullough et al., 2014).

Overall, our work demonstrates that the atmospheric circulation significantly

shapes the 3D distribution of photochemical hazes in ways that cannot be captured

by 1D models or post-processing of temperature profiles derived from 3D models.

Follow-up studies to examine the interactions of atmospheric circulation with haze

growth and radiative feedback of hazes will help to facilitate the interpretation of

transmission spectra, secondary eclipse measurements and phase curves. We also

stress the need to better constrain the optical properties of hazes that could be

present in exoplanet atmospheres, for example by measurements of laboratory haze

analogs.
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CHAPTER 5

Radiative Feedback of Photochemical Hazes

5.1 Introduction

Transit observations of many short-period giant planets reveal the presence of

aerosols at low pressures (Sing et al., 2016; Crossfield and Kreidberg, 2017; Gao et al.,

2021). Among the observed spectral signatures of aerosols are short-wavelength

scattering slopes (e.g., Pont et al., 2008, 2013; Nikolov et al., 2015; Alam et al.,

2020), muted wings of the sodium and potassium lines (e.g., Huitson et al., 2012;

Gibson et al., 2013; Mallonn and Strassmeier, 2016) and the low amplitude of the

near-infrared water feature near 1.4 µm (e.g., Line et al., 2013; Deming et al., 2013;

McCullough et al., 2014; Wakeford et al., 2017). In some cases, there is evidence

for an aerosol layer spanning many pressure scale heights (Pont et al., 2013; Estrela

et al., 2021), requiring aerosols to be present at pressures as low as 1 µbar (Estrela

et al., 2021).

Two fundamentally different formation mechanisms for these aerosols have been

proposed: particles forming through condensation of gases as they are transported

towards cooler regions of the atmosphere (condensate clouds) and particles forming

through a complex chain of photochemical reactions initiated by UV light at high

altitudes (photochemical hazes). While condensate clouds are the most likely type of

aerosol in most of the hotter hot Jupiters (e.g., Sudarsky et al., 2000; Wakeford and

Sing, 2015; Powell et al., 2018; Gao et al., 2020), photochemical hazes are thought to

dominate over condensate clouds for cooler planets. The exact temperature of the

transition is model-dependent. While Gao et al. (2020) find photochemical hazes to

be the dominant source of opacity for equilibrium temperatures < 950 K, Lavvas

and Koskinen (2017) predict that photochemical hazes could explain the transmis-

sion spectrum of HD 189733b (Teq ≈ 1, 200 K). In laboratory experiments, Fleury
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et al. (2019) found that photochemical hazes could form in hydrogen-dominated

atmospheres as hot as 1500 K if the C/O ratio is supersolar.

In addition, it has been proposed that photochemical hazes could explain “super-

Rayleigh slopes” (scattering slopes that are significantly steeper than what would

be expected for Rayleigh scattering with a constant abundance of scatterers) more

naturally than condensate clouds (Ohno and Kawashima, 2020). Thus, photochem-

ical hazes can be important for explaining the optical and UV spectrum even for

planets in which condensate clouds dominate the infrared opacity.

Absorption and scattering by photochemical hazes can lead to stark changes

in the temperature profile. This has been studied with one-dimensional radiative

transfer models. For mini-Neptunes, Morley et al. (2015) found that soot-based

photochemical hazes created a thermal inversion of up to 200 K at low pressures,

while simultaneously cooling deeper layers of the atmosphere by several hundred

Kelvin. This temperature inversion led to emission spectra that substantially dif-

fered from models of a clear atmosphere or an atmosphere with condensate clouds.

More recently, Lavvas and Arfaux (2021) examined haze radiative feedback in hot

Jupiter atmospheres. They confirmed that in this case, a thermal inversion also

formed at low pressures, with the detailed temperature structure depending on the

refractive index of the hazes. The temperature change was significant enough to

affect model transmission and emission spectra.

These temperature changes have a strong potential to alter atmospheric circu-

lation, as is known from examples in the Solar System: On Titan, absorption and

scattering by hazes dominates the energy budget of the atmosphere. Therefore, cou-

pling a haze microphysics model with a general circulation model has been crucial

for explaining the observed haze structure and circulation of Titan (Rannou et al.,

2002; Lebonnois et al., 2012). For short-period giant planets, the feedback of pho-

tochemical hazes on atmospheric circulation has not yet been studied with general

circulation models.

Multiple studies on the radiative effects of condensate clouds in GCMs of hot

Jupiters, however, establish that radiative feedback from aerosols is significant.
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Here, we briefly review these papers, sorted roughly from the least complex model

to the most complex one. Oreshenko et al. (2016) examined the effect of includ-

ing scattering in a double-gray model of a hot Jupiter assuming uniform scattering

properties throughout the atmosphere. Roman and Rauscher (2017) took a similar

approach but increased the complexity by prescribing different static, horizontally

inhomogeneous cloud coverages motivated by optical phase curve observations of

Kepler-7b. For their vertical cloud coverage, they assumed that the cloud would

extend from a chosen cloud base to the top of the model, with a constant mixing ra-

tio. They found that inhomogeneous clouds significantly impacted the temperature

structure as well as the equatorial jet, but that the prescribed static cloud coverages

resulted in a simulation that was not energy-balanced. In a follow-up study, Roman

and Rauscher (2019) updated their model to include a physically motivated cloud

location, such that clouds form in any atmospheric column in which the temperature

profile crosses the condensation curve of a relevant cloud species. Based on these

models, Harada et al. (2021) found that radiative feedback from clouds significantly

affected high-resolution spectra of hot Jupiters. Parmentier et al. (2016) used an

approach similar to Roman and Rauscher (2019) but using wavelength-dependent

radiative transfer, though the results of their simulations including haze feedback

are only briefly discussed in their publication. In Roman et al. (2021) and Parmen-

tier et al. (2021), their respective models were applied to a much larger parameter

space. Lines et al. (2019) and Christie et al. (2021) also employed a similar though

somewhat more complex approach, calculating cloud properties such as the vertical

distribution and particle size based on the 1D cloud model EDDYSED (Ackerman

and Marley, 2001).

A different and more sophisticated approach is to include one or several cloud

species as a tracer in the model, thus simulating how clouds are transported within

the atmosphere. After first studies modeling clouds as passive tracers (Parmentier

et al., 2013; Charnay et al., 2015a), neglecting radiative feedback, Charnay et al.

(2015b) were the first to model radiatively active tracers representing clouds on a

short-period extrasolar giant planet (in their case, a mini-Neptune). In their model,
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all material exceeding the vapor pressure condensed into particles with a prescribed,

fixed size. Heating by clouds produced a dayside thermal inversion, the strength

of which was limited by the evaporation of the cloud (an effect also observed in

the local equilibrium cloud model of Roman and Rauscher, 2019). Cloud radiative

feedback in addition led to a more severe depletion of clouds in the equatorial zone

compared to higher latitudes. Finally, both Lee et al. (2016) and Lines et al. (2018)

coupled a full microphysics model to a GCM of a hot Jupiter. Their model traces

the abundances of multiple gas species and captures the key processes of nucleation,

particle growth of mixed-species grains through surface reactions, and evaporation

in addition to transport and gravitational settling of cloud particles. It is by far

the most complex cloud model that has been applied to extrasolar giant planets. In

both studies, heating and cooling by clouds had a significant effect on temperature

structure, cloud abundance and atmospheric circulation. Comparing the results

between both studies, Lines et al. (2018) further concluded that explicit treatment

of scattering (as opposed to adding the scattering cross section to the absorption

cross section, as done in Lee et al., 2016) is important.

Given the established significance of radiative feedback for condensate clouds,

the goal of this work is to investigate the role of radiative feedback of photochemical

hazes in the atmospheres of hot Jupiter exoplanets. The fact that the mass mixing

ratios of photochemical hazes generally peak at lower pressures than condensate

clouds suggests that hazes could affect atmospheric dynamics differently from clouds.

First simulations of the 3D distribution of photochemical hazes, modeling hazes as

a radiatively passive tracer, demonstrate that a complex and highly inhomogeneous

global distribution can be expected (Steinrueck et al., 2021). Motivated by these

findings, we add complexity to the haze model of Steinrueck et al. (2021) by including

wavelength-dependent radiative transfer (Showman et al., 2009; Kataria et al., 2013)

rather than the previously used double-gray model, and by coupling the haze model

to the radiative transfer, thus adding heating and cooling by hazes to the dynamics.

In terms of the level of complexity and modeling approach, our model can thus

be viewed as a photochemical haze version of the Charnay et al. (2015b) model.
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As in Steinrueck et al. (2021), we focus on HD 189733b, which is one of the best-

characterized exoplanets to date (e.g., Tinetti et al., 2007; Knutson et al., 2007;

Pont et al., 2008; Gibson et al., 2012; Knutson et al., 2012; Majeau et al., 2012;

McCullough et al., 2014; Louden and Wheatley, 2015; Brogi et al., 2016; Flowers

et al., 2019; Seidel et al., 2020; King et al., 2021).

While this paper focuses on hot Jupiters, for which higher quality observations

are available, we anticipate that this work will also lay the groundwork for later

studies of haze radiative feedback in cooler and smaller tidally locked giant planets,

for which photochemical hazes are predicted to form efficiently (Morley et al., 2015;

Hörst et al., 2018; He et al., 2018; Kawashima and Ikoma, 2019; Adams et al., 2019;

Lavvas et al., 2019) and for which there is ample observational evidence of aerosols

in transmission spectra (Crossfield and Kreidberg, 2017).

The remainder of the paper is structured as follows: Section 5.2 describes our

model. In Section 5.3, we compared simulation results from the double-gray model

used in Steinrueck et al. (2021) to results using a wavelength-dependent model

using the correlated-k method. Section 5.4 describes simulations with haze radiative

feedback assuming a refractive index of soot and Section 5.5 focuses on simulations

with haze radiative feedback assuming a refractive index similar to Titan-type hazes.

5.2 Methods

We use SPARC/MITgcm to simulate the atmosphere of hot Jupiter HD 189733b.

SPARC/MITgcm couples the plane-parallel, wavelength-dependent radiative trans-

fer code of Marley and McKay (1999) to the general circulation model of Adcroft

et al. (2004). It has been applied to a wide range of hot Jupiters and other exoplan-

ets (e.g., Showman et al., 2009, 2013; Lewis et al., 2014; Kataria et al., 2015, 2016;

Steinrueck et al., 2019; Parmentier et al., 2018, 2021).
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Table 5.1. Model Parameters

Parameter Value Units

Radius1 1.13 RJ

Gravity1 21.93 m s−2

Rotation period1 2.21857567 d

Semimajor axis2 0.03142 AU

Specific heat capacity 1.3 · 104 J kg−1 K−1

Specific gas constant 3714 J kg−1 K−1

Horizontal resolution C32a

Vertical resolution 60 layers

Lower pressure boundary 1.75 · 10−7 bar

Upper pressure boundary 200 bar

Temperature of bottom-most layer3 2891 K

Hydrodynamic time step 25 s

Radiative time step 50 s

1Stassun et al. (2017)

2Southworth (2010)

3The center of the bottom-most layer is located at 170 bar. Temperatures are

defined at the center of layers.

aequivalent to a resolution of 128x64 on a longitude-latitude grid
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5.2.1 Atmospheric Dynamics

We solve the primitive equations in spherical coordinates using the MITgcm in its

atmosphere configuration. The primitive equations are an approximation of the

fluid dynamics equations that are valid for stably-stratified shallow atmospheres.

It has been demonstrated that they are a good approximation when simulating

the atmospheres of many hot Jupiters (Showman and Guillot, 2002; Mayne et al.,

2014). The simulation parameters are summarized in Table 5.2.1. We use a fourth-

order Shapiro filter to suppress small numerical fluctuations at the grid scale that

otherwise could grow and cause instabilities.

Similar to Liu and Showman (2013), we include a drag in the deep atmosphere.

This both stabilizes the simulation and ensures independence of the initial condition.

The form of the drag is given by kv = kF (p − pdrag,top)/(pbottom − pdrag,top), where

pbottom is the bottom boundary of the simulation domain (200 bar). Carone et al.

(2020) found that a bottom boundary of 200 bar is sufficiently deep for planets with

a rotation period ' 1.5 days, well-fulfilled by HD 189733b. We choose kF = 10−4

s−1 and pdrag,top = 10 bar.

Thorngren et al. (2019) suggested that based on the observed distribution of hot

Jupiter radii, the internal heat flux in most hot Jupiters likely is significantly higher

than frequently assumed in GCMs. As a consequence, the radiative-convective

boundary also is shallower, reaching into typical simulation domains of GCMs. We

therefore include a convective adjustment scheme based on the dry adiabatic ad-

justment scheme used in the Community Atmosphere Model (CAM, Collins et al.,

2004, p. 100) in our simulations.

5.2.2 Radiative Transfer

Wavelength-dependent radiative transfer

The radiative transfer used in SPARC/MITgcm is based on the plane-parallel, two-

stream radiative transfer code by Marley and McKay (1999), that was originally

developed for Titan (McKay et al., 1989) and later adapted to brown dwarfs and
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exoplanets (e.g., Marley et al., 1996; Fortney et al., 2005, 2008; Morley et al., 2012).

It was first coupled to the MITgcm by Showman et al. (2009). We use the version

with 11 wavelength bins introduced by Kataria et al. (2013), which is optimized for

computational speed while maintaining accuracy. The code uses the correlated-k

method (e.g., Goody and Yung, 1989) to describe molecular opacities within each

wavelength bin. Correlated-k coefficients are calculated assuming abundances based

on the equilibrium chemistry calculations of Lodders and Fegley (2002) and Visscher

et al. (2006), assuming solar elemental abundances. Molecular opacities are taken

from Freedman et al. (2008), including the updates from Freedman et al. (2014).

We note that our previous work (Steinrueck et al., 2019) as well as Drummond et al.

(2018a) and Drummond et al. (2020) found that on HD 189733b, transport-induced

disequilibrium abundances of CH4 and H2O can alter temperatures in the lower

atmosphere by up to 10% compared to equilibrium chemistry. However, using the

method of Steinrueck et al. (2019), who assumed homogeneous CH4, CO and H2O

abundances throughout the atmosphere, would considerably overestimate the CH4

abundance at low pressures (p < 10−4 bar), where it is destroyed by photochemistry

(Moses et al., 2011). Because this paper focuses on the temperature, circulation and

haze distribution at these low pressures, we therefore assume equilibrium abundances

for all species for simplicity.

Absorption and scattering by hazes is calculated based on Mie theory (Mie,

1908). In order to smooth the Mie oscillations that would be observed for a single

particle size, we use a narrow log-normal with a geometric standard deviation of

1.05 for the particle size distribution within the radiative transfer code. The haze

abundance used in the radiative transfer calculation is directly coupled to the tracer

describing the haze mass mixing ratio (see below). The refractive index of the haze

particles, an important input quantity for our calculations, is poorly constrained. In

the absence of laboratory measurements specifically conducted with exoplanets in

mind, soots frequently have been used as analog for high-temperature hazes (Morley

et al., 2013, 2015; Lavvas and Koskinen, 2017; Ohno and Kawashima, 2020; Lavvas

and Arfaux, 2021; Steinrueck et al., 2021, e.g.,). We therefore assume refractive
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indices of haze particles based on measurements of soot particles formed in com-

bustion experiments for our nominal simulations. Specifically, we use the refractive

indices from Lavvas and Koskinen (2017), who combine the measurements from

several different groups (Lee and Tien, 1981; Chang and Charalampopoulos, 1990;

Gavilan et al., 2016) in order to cover a broad wavelength range. To explore the

effect of a different composition of the hazes, we also ran simulations using refractive

indices typical of Titan hazes. Here, we use the refractive index from Lavvas et al.

(2010), who base the real part of the refractive index on laboratory experiments

simulating haze formation on Titan Khare et al. (1984) and retrieve the imaginary

part from observations with the Descent Imager/Spectral Radiometer (DISR) of the

Huygens probe. We note that both Titan’s haze (collected by the Huygens probe)

as well as laboratory Titan haze analogs (tholins) pyrolyze at temperatures above

≈ 600 K (Israël et al., 2005; Morisson et al., 2016) and thus are an unlikely candi-

date for hazes in hot Jupiter atmospheres. However, given the lack of knowledge of

the optical properties of hazes in hot Jupiter atmospheres, it is useful to consider

Titan-type hazes as an example of hazes that are more reflective than soots. Titan-

type haze refractive indices have been used in this sense in multiple other studies of

hot Jupiters (Ohno and Kawashima, 2020; Lavvas and Arfaux, 2021). We discuss

the limitations of the choice of the refractive indices in more detail in Section 5.6.

The refractive indices for soots and Titan-type hazes used in this work are identical

to the ones used by Lavvas and Arfaux (2021) and are shown in their Fig. 2.

Double-gray radiative transfer

In addition to the simulations using SPARC, we also include one simulation using

the double-gray radiative transfer used in Steinrueck et al. (2021) for comparison.

In this simulation, the TWOSTR package (Kylling et al., 1995), which is based

on the multistream discrete ordinate algorithm DISORT (Stamnes et al., 1988),

is used to solve the radiative transfer equations for a plane-parallel atmosphere

in the two-stream approximation. For the opacities, we choose a value of κv =

6 · 10−4
√
Tirr/2000K m2 kg−1 = 5.5 · 10−4 m2 kg−1 in the visible band and a value of
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κth = 10−3 m2 kg−1 in the thermal band Guillot (2010). Except for the choice of the

bottom boundary condition and initial condition, which are chosen to be identical

to the other simulations in this work, the simulation setup is identical to Steinrueck

et al. (2021).

5.2.3 Haze model

Photochemical hazes are included in the GCM as a tracer. The haze mass mixing

ratio χ obeys
Dχ

Dt
= −g∂(ρχVs)

∂p
+ P + L, (5.1)

where D/Dt is the material derivative ∂/∂t + vH · ∇H + ω∂/∂p, with vH being

the horizontal velocity, ∇H the horizontal gradient operator on a sphere in pressure

coordinates and ω the vertical velocity in pressure coordinates. Furthermore, g is

the gravitational acceleration, ρ is the gas density and Vs is the settling velocity

of the haze particles in the atmosphere in m s−1. For the production term P , we

assume a log-normal distribution in pressure,

P = F0 g cos θ · 1√
2πpσ

exp

(
− ln2(p/m)

2σ2

)
, (5.2)

with a median m = 2 µbar and a standard deviation σ = 0.25 ln(10) ≈ 0.576. Here,

F0 is the column-integrated haze mass production rate at the substellar point (given

in Table 5.2.4) and θ is the angle of incidence of the starlight. The parameters of the

distribution were chosen such that haze production is negligible in the two top-most

layers. We note that except for the value of F0, this production term is identical

to the production term used in Steinrueck et al. (2021), though we here choose to

write it directly as a function of p for improved clarity.

The loss term L is given by

L =

0 for p < pdeep,

−χ/τloss for p > pdeep,
(5.3)

with the loss time scale τloss = 103 s and pdeep = 100 mbar. This term is an idealized

representation of the condensation of cloud species on top of the haze particles,
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Table 5.2. List of simulations

Radiative transfer Haze feedback Haze production rate1 Refractive index

(kg m−2 s−1)

double-gray off 2.5 · 10−12 N/A

correlated-k off 2.5 · 10−12 N/A

correlated-k on 2.5 · 10−12 soot

correlated-k on 5 · 10−12 soot

correlated-k on 1 · 10−11 soot

correlated-k on 2.5 · 10−11 soot

correlated-k on 2.5 · 10−11 Titan-type

1 at substellar point, column-integrated

thus removing them from the distribution of pure hazes, as well as the thermal

destruction of hazes in the deep atmosphere. A more detailed description of the

model can be found in Steinrueck et al. (2021). For the simulations presented here,

we fix the particle size to 3 nm and the particle density to 1,000 kg m−3.

5.2.4 Overview of simulations

Table 5.2.4 provides an overview of the simulations. All simulations were intialized

from a state of rest and run for 4,500 Earth days simulation time. Unless stated

otherwise, figures show a time average over the last 100 days of simulation time.

5.3 Double-gray radiative transfer vs correlated-k

Before looking at the effects of radiative feedback, we have to compare how the

simulation results obtained from model with wavelength-dependent, correlated-k

radiative transfer without radiative feedback compare to the gray model used in
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Figure 5.1 Dayside temperature profiles, calculated using an average weighted by
the cosine of the angle of incidence.
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Figure 5.2 Nightside average temperature profiles.
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Double-gray Correlated-k, No Haze Feedback

Figure 5.3 Comparison of the zonal-mean zonal velocity in the double-gray (left
panel) and correlated-k (right panel) simulations without haze radiative feedback.
The contours outline the regions in which the zonal-mean zonal velocity is larger
than 50% and 75% of its peak value within the simulation.

Steinrueck et al. (2021). The temperature structure differs substantially between

both simulations (Fig. 5.1 and 5.2). The gray simulation is almost isothermal for

pressures below ≈10 mbar. In contrast, in the correlated-k simulation, the temper-

ature declines steadily with decreasing pressure up until ≈ 10−5 bar. Below that

pressure, the temperature profile becomes isothermal. Only for 10 bar<p<100 mbar,

temperatures are similar. In this region, the nightside average temperatures are al-

most similar. The dayside average of the correlated-k model is somewhat cooler

for p / 1 bar and somewhat hotter for p ' 1 bar. The double-gray model further

significantly underestimates day-to-night temperature contrast for p / 50 mbar. It

is well-known that gray models overestimate temperatures at low pressures, both

in 1D (e.g., Guillot, 2010) and 3D models (Lee et al., 2021). This effect is partic-

ularly strong when choosing a constant-with-pressure opacity, as is the case in our

double-gray model.

Qualitatively, there are many similarities in the atmospheric circulation, includ-

ing that both models produce predominantly day-to-night flow at low pressures and

a strong super-rotating equatorial jet at higher pressures, typical for 3D simulations

of hot Jupiters. Looking at the more detailed picture, however, there are significant
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Figure 5.4 Horizontal (arrows) and vertical (colorscale) velocities on isobars in the
double-gray (left column) and correlated-k (right panel) simulations without haze
radiative feedback. Positive vertical velocities correspond to upwelling. The sub-
stellar point is located at the center of each panel.
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differences. A comparison of the zonal-mean zonal velocity is shown in Fig. 5.3.

In the correlated-k simulation, the core region of the equatorial jet is more narrow

in latitude than in the double-gray simulation. Further, in the double-gray simula-

tion, the jet broadens with increasing altitude. In the correlated-k simulation, there

is less such broadening with altitude. Furthermore, the peak velocity drops from

≈ 4, 800 m s−1 in the gray simulation to ≈ 4, 200 m s−1 in the correlated-k simu-

lation. Lee et al. (2021) also compared the changes in atmospheric circulation and

temperature structure between a correlated-k and a double-gray model in a simula-

tion of HD 209458b. Their findings are very similar to ours. The only exception to

this is the peak strength of the equatorial jet, which in their model increases while

it decreases in our model.

Looking at the horizontal velocities on isobars (show in Fig. 5.4 as arrows),

perhaps the most striking change is that the location of the mid-latitude nightside

vortices moves poleward and closer to the antistellar longitude in the correlated-k

simulation. The shape of the vortices also becomes more asymmetrical. Further,

there are significant changes in the vertical velocities. In the double-gray simulation,

the largest vertical velocities are at the chevron-shaped morning terminator down-

welling feature (which previously has been identified as hydraulic jump, Showman

et al., 2009; Steinrueck et al., 2021) and at mid-latitudes between evening termina-

tor and substellar point. While there still is strong downwelling in these regions in

the correlated-k simulation, the vertical velocities are somewhat lower than in the

double-gray simulation. Instead, the largest downward vertical velocities are found

on the nightside near the pole, at ≈ 75◦ latitude, near the antistellar longitude.

At this location, downward velocities reach a value of 120 m s−1 at a pressure of 1

µbar. This is more than 1.5 times the peak vertical velocity at the same pressure

level in the double-gray simulation. In both the double-gray and the correlated-k

simulation, the regions of strong up- and downwelling remain vertically coherent for

over three orders of magnitude (between 1 mbar and 1 µbar). We further note that

in the double-gray simulation, there is a narrow band of strong upwelling at the

evening terminator. In the correlated-k simulation, there are subtle hints of such a
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band but it is by far not as prominent.

The differences in atmospheric circulation result in substantial changes in the

three-dimensional haze distribution (Fig 5.5). In the double-gray simulation, as de-

scribed in detail in Steinrueck et al. (2021), hazes accumulate in the mid-latitude

nightside vortices between 3 µbar and 0.1 mbar. In the correlated-k simulation,

instead, the haze mass mixing ratio remains low in the center of the vortices. How-

ever, there is a band of enhanced haze mass mixing ratio circling the center of the

nightside vortices, following the horizontal projection of the streamlines. This band

intersects with all three major downwelling regions (pole, west of antistellar point,

near morning terminator). The haze mixing ratio clearly is further enhanced near

these intersections. As the band almost reaches down to the equator, the equatorial

region on the nightside also has enhanced haze mixing ratios. The equatorial region

on the dayside and near the evening terminator, which is dominated by upwelling,

is strongly depleted of hazes (especially east of the substellar point). At high lat-

itudes on the dayside, there are intermediate mixing ratios. As pressure increases,

the mixing ratio on most of the dayside decreases only slowly, while the mixing

ratio in the enhanced regions decreases much faster. Thus, the circular bands with

enhanced mixing ratio surrounding the nightside vortices lose their prominence with

increasing pressure. The horizontal haze distribution thus gradually morphs into a

pattern that resembles two broad bands of enhanced haze mixing ratio spanning

around the planet, broadening and moving to higher latitudes on the dayside. This

pattern qualitatively resembles the banded pattern at pressures above 0.1 mbar in

the double-gray simulation (Steinrueck et al., 2021). The bands, however, are closer

to the equator in the correlated-k simulation and both bands connect at the equator

near the morning terminator.

Comparing the globally-averaged vertical profiles of the haze mass mixing ra-

tio (Fig. 5.6), the mixing ratio drops off much faster with increasing pressure in

the correlated-k simulation. Presumably, this can be attributed to the stronger

downwelling velocities. In addition, the mass mixing ratio gradient remains more

constant with pressure in the correlated-k simulation.
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Figure 5.5 Haze mass mixing ratio on isobars in the double-gray (left column) and
correlated-k (right panel) simulations without haze radiative feedback. Streamlines
of the horizontal component of the velocity are shown in white. Note that unlike in
other figures, the antistellar point is at the center of the panel.
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Figure 5.7 Comparison of the zonal-mean zonal velocity in simulations with haze
radiative feedback. The contours outline the regions in which the zonal-mean zonal
velocity is larger than 50% and 75% of its peak value within the simulation.

5.4 Haze radiative feedback with soot-like refractive index

In the simulations with haze radiative feedback with soot-like refractive index, the

dayside temperature increases dramatically at low pressures compared to the simu-

lation without haze feedback (Fig. 5.1). At the 1 µbar level, near the center of the

haze production region, the change is as high as 700 K in the simulation with the

highest haze production rate (2.5 · 10−11 kg m−2 s−1) and 400 K in the simulation

with the lowest haze production rate (2.5 ·10−11 kg m−2 s−1). On the nightside (Fig.

5.2), in contrast, the temperature increase is quite moderate. This means that the

day-to-night temperatures contrast increases significantly at pressures < 10 mbar,

from about 200 K to 400 K in the simulation with the lowest haze production rate

and 500 to 700 K (depending on pressure) in the simulation with the highest haze

production rate.

In the dayside-averaged temperature profile (Fig. 5.1), two distinct thermal

inversions are present that are separated by a temperature minimum near 10 µbar,

just below the haze production region. This temperature minimum is not observed in

1D simulations and is a result of the interaction of hazes with atmospheric dynamics.

The haze radiative feedback significantly alters the atmospheric circulation.

Looking at the zonal-mean zonal velocity, the equatorial jet broadens significantly in

latitude while its overall strength decreases (Fig. 5.7). The strength of upwelling on

the dayside increases substantially (Fig. 5.8). In particular, the narrow upwelling
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Figure 5.8 Horizontal (arrows) and vertical (colorscale) velocities on isobars in sim-
ulations with haze radiative feedback using soot refractive indices with two dif-
ferent haze production rates (left column: 2.5 · 10−12 kg m−2 s−1, right colum:
2.5 · 10−11 kg m−2 s−1). Positive vertical velocities correspond to upwelling. The
substellar point is located at the center of each panel.
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region at the evening terminator that appeared in the double-gray simulation but

was barely visible in the correlated-k simulation without haze radiative feedback

appears again and becomes much stronger for increased haze production rates. The

chevron-shaped downwelling and adjacent upwelling feature at the morning termi-

nator associated with the hydraulic jump significantly changes its shape as well.

While a chevron-shape is retained close to the equator, additional upwelling paral-

lel to the terminator appears at higher latitudes. The downwelling regions on the

nightside become less localized. Their peak velocity is reduced significantly, but

downwelling is distributed over a much larger region. In a very rough sense, one

could say that the atmospheric circulation with soot-based haze radiative feedback

changes in a way that makes it more similar to the double-gray simulation, especially

for the cases with low-to-intermediate haze production rates. This is likely because

the absorption cross section of soot has a relatively weak and smooth wavelength

dependence. Therefore, adding soot opacity at low pressures somewhat resembles

adding a gray opacity at these regions.

In general, the horizontal distribution of the hazes (Fig. 5.9) remains qualita-

tively similar to the distribution in the passive correlated-k simulation. The center

of the nightside vortices remains depleted of hazes. Again, below the haze produc-

tion region, there is a band of enhanced haze mixing ratio surrounding the center of

the vortices, with localized higher haze mixing ratios where the band intersect with

the downwelling areas. At somewhat higher pressures (p ' 0.1 mbar), the dayside

haze mixing ratio becomes more uniform compared to the simulation without haze

radiative feedback and the equatorial region is no longer depleted. Thus, rather

than having one narrower circumplanetary band with increased haze mixing ratio

in each hemisphere, there is one broader band that includes the equatorial region.

Looking at the globally-averaged vertical mixing ratio profiles (Fig. 5.6), it

again seems appropriate to remark that adding soot-like haze opacity leads to a

behavior that qualitatively resembles the double-gray simulation. In addition, it is

insightful to also examine the dayside-averaged haze mixing ratio profiles (Fig. 5.1).

One can see that for the soot haze radiative feedback simulations, the mixing ratio
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Figure 5.9 Haze mass mixing ratio on isobars in simulations with haze radiative
feedback using soot refractive indices with two different haze production rates (left
column: 2.5 · 10−12 kg m−2 s−1, right colum: 2.5 · 10−11 kg m−2 s−1). Streamlines
of the horizontal component of the velocity are shown in white. Note that unlike in
other figures, the antistellar point is at the center of the panel.
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profile on the dayside is close to constant for a significant pressure region. This is

because of the stronger upwelling on large portions of the dayside. The extent of

the pressure region with almost-constant mixing ratio increases with a higher haze

production rate. Likely, this is partially caused by the increased upward velocities

on the dayside. However, the fact that the equatorial jet further weakens in the

2.5 ·10−11 kg m−2 s−1 simulation could also contribute, as the jet acts to homogenize

the mixing ratio between day- and nightside.

The vertically almost homegeneous haze mixing ratio also explains the temper-

ature minimum below the haze production region near 10 µbar: Upwelling on the

dayside transports air with relatively low haze mixing ratio upwards from deeper

layers, causing a minimum in the haze number density just below the haze produc-

tion region. This minimum in the haze number density then causes the temperature

minimum.

5.5 Haze radiative feedback with Titan-type haze refractive index

Compared to any of the other simulations, the atmospheric circulation changes dra-

matically in the simulation with Titan-type hazes (Fig. 5.11). The strength of the

equatorial jet increases drastically, especially at low pressures. While in all other

simulations, there is westward flow on at least parts of the dayside, especially west

of the substellar point, close to the peak of the haze production profile (2 µbar), in

this simulation, there is eastward flow throughout the entire dayside. This substan-

tially changes the 3D distribution of the hazes (Fig. 5.12). In the haze production

region, hazes are now advected eastward from the dayside, resulting in a higher haze

mixing ratio at the evening terminator than at the morning terminator. This is the

opposite of what was observed all of the simulations with passive tracers (both in

the double-gray and the correlated-k case) and with radiative feedback with soot re-

fractive indices. Below the haze production region, the equatorial jet (which widens

substantially on the dayside) homogenizes haze abundances across the equatorial

region and most of the dayside. The only region that remains depleted of hazes
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Figure 5.11 Horizontal (arrows) and vertical (colorscale) velocities on isobars in sim-
ulations with haze radiative feedback using Titan-type refractive indices. Positive
vertical velocities correspond to upwelling. The substellar point is located at the
center of each panel.
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Figure 5.12 Haze mass mixing ratio on isobars in simulations with haze radiative
feedback using a Titan-type refractive index. Streamlines of the horizontal com-
ponent of the velocity are shown in white. Note that unlike in other figures, the
antistellar point is at the center of the panel.
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is the night side vortices. Even deeper in the atmosphere (≈ 1 mbar), the hazes

remain mostly in the equatorial region. Why the atmospheric circulation and thus

also the resulting haze distribution changes so dramatically when using a Titan-type

refractive index needs to be investigated in follow-up work.

5.6 Discussion

The comparison of double-gray and correlated-k radiative transfer in Section X high-

lights the importance of the choice of radiative transfer. For the purpose of studying

photochemical hazes, it appears necessary to use the more computationally expen-

sive correlated-k radiative transfer. This represents a major challenge for future

larger parameter studies. It may be worth evaluating how well radiative transfer

schemes with a complexity level between double-gray and correlated-k, for example

the picket-fence scheme in Lee et al. (2021), can reproduce the haze distribution

from the correlated-k approach.

Our results further demonstrate that the assumed optical properties of hazes

strongly influence atmospheric dynamics. The strength and shape of the equato-

rial jet strongly differs between the two different assumed haze refractive indices.

The resulting 3D distribution of the haze mass mixing ratio also looks dramati-

cally different. Hazes with a soot-like refractive index are more concentrated at the

nightside and morning terminator than at the evening terminator, while hazes with

a refractive index similar to Titan-type hazes are more concentrated at the evening

terminator.

Currently, there are little experimental and theoretical constraints on the optical

properties of photochemical hazes in hot Jupiter atmospheres. Measured refractive

indices are either derived from soots produced in hydrocarbon flames or from ex-

periments simulating haze formation on Titan, conducted in a nitrogen-dominated

atmospheres either at room temperature or at Titan-like temperatures (≈ 100 K).

In recent years, two research groups have produced haze analogs relevant to short-

period extrasolar giant planets (Hörst et al., 2018; Fleury et al., 2019). Refractive
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indices for these haze analogs have not been measured so far. However, the color of

haze analogs produced in the experiments Hörst et al. (2018) strongly depends on the

temperature and gas composition of the atmosphere (He et al., 2018). In addition,

these haze analogs have incorporated more oxygen than Titan haze analogs or soots

(Moran et al., 2020). Note that their initial experiments only cover temperatures up

600 K, with a more recent update including 800 K(He et al., 2020), not hot enough

to match the temperatures in the haze production region of HD 189733b. Fleury

et al. (2019) report the formation of solid photochemical products in an experiment

at 1,473 K in a hydrogen-dominated gas mixture with a C/O ratio of 1. Their

haze analogs show infrared spectral signatures of carbonyl and aldehyde groups,

indicating a solid composition based on carbon, oxygen and hydrogen compounds.

However, while the detection of carbonyl and aldehyde spectral signatures is evi-

dence of the incorporation of oxygen into the high-temperature haze analogs, no

statement about the relative oxygen content can be made from these measurements

alone.

The optical properties of photochemical hazes in the atmospheres of hot Jupiters

and hot Neptunes thus could substantially deviate from both the soot-like and the

Titan-type refractive indices used in our simulations. It is further quite possible that

these optical properties vary substantially between individual planets with different

temperatures, around different stellar types or with varying atmospheric composi-

tion. Given the dramatic effect of the haze refractive index on atmospheric dynamics

and the 3D distribution of hazes, we stress the need for measurements of the refrac-

tive indices of laboratory haze analogs specific to exoplanets.

Further, we note that all the presented simulations have a fixed haze production

rate. In a real atmosphere, however, the changed temperature structure and circu-

lation will affect chemical processes in the atmosphere and thus the haze production

rate. This effect is non-local and therefore difficult to model: On the one hand,

the hotter temperatures at low pressures directly affect the photochemical reactions

producing haze precursor molecules. On the other hand, the cooler temperatures

in the region where methane is quenched between 100 mbar and 10 bar change the
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amount of methane that is mixed upwards to the photochemically active regions.

This will affect the abundance of all methane-derived photochemical products and

thus most haze precursor species. If the hazes are as refractory as soot, evapora-

tion or thermal decomposition of the hazes at low pressures due to the haze-induced

thermal inversion is not anticipated at the temperatures observed in our simulations

(see e.g., Fig. 2 in Lavvas and Koskinen, 2017).

Finally, it is likely that in the atmospheres of many hot Jupiters, including HD

189733b, both photochemical hazes and condensate clouds are present. Condensate

clouds could further alter temperature structure and atmospheric circulation. It is

also likely that condensate clouds interact with photochemical hazes, for example

by condensing onto of photochemical haze particles. While we consider the removal

of haze particles from the distribution of “purely photochemical” hazes in a highly

idealized fashion (through the sink term), more detailed studies of the interactions

between photochemical hazes and condensate clouds are desirable.

5.7 Conclusion

In this work, we examined the effect of radiative feedback of photochemical hazes on

temperature structure, atmospheric circulation and haze distribution in a 3D general

circulation model (GCM) of hot Jupiter HD 189733b using a state-of-the-art GCM

with wavelength-dependent (correlated-k) radiative tranfer. First, we performed a

detailed comparison of temperature structure, circulation and the distribution of

radiatively passive hazes between double-gray and correlated-k radiative transfer.

Compared to the double-gray model, the correlated-k simulation has lower tempera-

tures and a stronger day-night temperature contrast at low pressures. There further

are changes to the structure of the equatorial jet, which is narrower and broadens less

with height in the correlated-k simulation, the location of the mid-latitude nightside

vortices and the regions of strongest downwelling. These changes lead to the mass

mixing ratio peaking along a ring surrounding the center of the nightside vortices

in the correlated-k simulation rather than in the center of the vortices. The mass
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mixing ratio also drops off with increasing pressure faster in correlated-k simulation.

Then, we performed simulations with correlated-k radiative transfer that in-

cluded heating and cooling by photochemical hazes. Hazes in our model are an

active tracer that dynamically interacts with atmospheric circulation. The majority

of simulations assumed a soot-like complex refractive index, but we also explored a

refractive index resembling Titan-type hazes. In both cases, a strong temperature

inversion forms at low pressures on the dayside. Therefore, the day-to-night temper-

ature contrast increases dramatically for p<10 mbar (400–700 K instead of 200 K

in the passive-haze simulation). This likely has strong implications for the emission

spectra and phase curves of hot Jupiters. The detailed structure of the dayside tem-

perature profile differs between soot-like and Titan-type hazes: For soot-like hazes,

there are two separate temperature maxima (near 1 µbar and 1 mbar, respectively),

separated by a temperature minimum at 10 µbat (just below the haze production

region) which is not observed in 1D simulations. For Titan-type hazes, the dayside-

average temperature profile is more uniform with a large isothermal region at low

pressures.

The response of atmospheric circulation to heating and cooling from photo-

chemical hazes strongly depends on the choice of the complex refractive index of

the haze particles. For soot-like hazes, which are highly absorptive and exhibit

a weak wavelength-dependence of the absorption cross section, the equatorial jet

slows down and broadens at low pressures. Vertical velocities increase, especially

upwelling near the terminator and on the dayside. The higher the haze production

rate, the stronger are these changes. There are only moderate changes to the haze

distribution compared to radiatively passive hazes.

For hazes with a refractive index similar to Titan-type hazes, the equatorial jet

accelerates substantially, especially at low pressures. This results in eastward ve-

locities throughout the entire dayside in the haze production region (in contrast

to polewards and eastward velocities in the radiatively passive and soot-like sim-

ulations). Hazes thus are effectively homogenized across most of the globe with

exception of the nightside mid-latitude vortices, which remain depleted of hazes.
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The distribution of hazes thus strongly contrasts from that of radiatively passive

and soot-based hazes, with overall more hazes at the evening terminator than at the

morning terminator.

Due to the unexpectedly strong dependence of the 3D haze distribution on the

assumed haze optical properties, we emphasize the need for better constraints the

refractive indices of photochemical hazes under conditions relevant to hot Jupiters,

for example by measurements of the refractive indices of laboratory haze analogs

formed at high temperatures in hydrogen-dominated atmospheres. An evaluation of

how the changes in temperature structure and haze distribution due to haze radiative

feedback influence predicted transit and emission spectra is under way and will be

presented in future work.

Acknowledgments

This research was supported by NASA Headquarters under the NASA Earth and

Space Science Fellowship Program - Grant 80NSSC18K1248. We thank Thaddeus

Komacek for conversations on the bottom boundary condition and Peter Gao for

sharing the model grid used in Thorngren et al. (2019). This research made use

of NASA’s Astrophysics Data System. This work also made use of the following

software: Numpy (Harris et al., 2020), SciPy (Virtanen et al., 2020), Matplotlib

(Hunter, 2007) and Cartopy (Met Office, 2010 - 2015).



156

CHAPTER 6

Conclusion and Future Work

6.1 Disequilibrium carbon chemistry

In Chapter 3, I examined how including disequilibrium abundances of methane, car-

bon monoxide and water in a general circulation model of hot Jupiter HD 189733b

change the three-dimensional temperature structure as well as predicted emission

spectra and phase curves. To simplify the treatment of the radiative transfer, I

assumed that the abundances of those three molecules have been efficiently homog-

enized throughout the entire atmosphere, an approximation that is well-justified for

the observable atmosphere by chemical kinetics models. Among the key findings

were that for CH4/CO abundance ratios that are close to predictions by chem-

istry models (i.e., CO dominating over CH4), the temperature changes by up to

50 to 100 K across large regions, with cooler temperatures than in chemical equi-

librium on the dayside and warmer temperatures on the nightside. Disequilibrium

abundances result in only small changes to the Spitzer 4.5 µm phase curve, while

strongly reducing the phase curve amplitude in wavelength bands dominated by CH4

absorption, including the Spitzer 3.6 µm band. This disproves the previous hypoth-

esis put forth by Knutson et al. (2012) that disequilibrium carbon chemistry could

explain the mismatch between phase curve prediction by clear-atmosphere GCMs

assuming equlibrium chemistry abundances and observations. Indirectly, these re-

sults also strengthen the alternative hypothesis that aerosols are responsible for the

observed low nightside fluxes of HD 189733b and other hot Jupiters, a hypothesis

that recently has been supported by additional observational and theoretical studies

(Keating et al., 2019; Beatty et al., 2019; Gao and Powell, 2021; Parmentier et al.,

2021; Roman et al., 2021).

Since the publication of Chapter 3, two additional studies have been published
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that examine transport-induced disequilibrium chemistry using GCMs. Drummond

et al. (2020) coupled a reduced chemical kinetics network (Venot et al., 2015) opti-

mized for the conditions in hot Jupiter atmospheres to a GCM. This study is by far

the most self-consistent and complex treatment of atmospheric chemistry in a GCM

of a hot Jupiter to date. Similar to Drummond et al. (2018b,a), their model also

included the effect of the disequilibrium abundances in the model on the opacities.

For HD 189733b, their model validated the findings of Drummond et al. (2018a)

that CH4 is efficiently homogenized in both the vertical and horizontal direction

throughout the atmosphere. Thus, indirectly, this work also validates the method

used in Chapter 3. For the hotter planet HD 209458b, however, Drummond et al.

(2020) found significant differences between the chemical kinetics network and the

simplified chemical relaxation scheme of Cooper and Showman (2006). In particu-

lar, methane remained in chemical equilibrium for much lower pressures than with

the chemical relaxation timescale. This may also partially explain the discrepancy

between Mendonça et al. (2018a) and Drummond et al. (2018b). For the validity

of the constant methane-to-carbon-monoxide-ratio method used in this dissertation,

this implies that the method may not be applied to planets significantly hotter than

HD 189733b.

Baeyens et al. (2021) examined disequilibrium chemistry for a wide range of ex-

oplanets, varying in equilibrium temperature, stellar type and gravity. They first

ran a large grid of GCMs using Newtonian cooling, then used the derived temper-

atures and velocities as input for a pseudo-2D chemical kinetics model similar to

Agúndez et al. (2014). While this approach is less accurate for individual planets

due to its simplifications compared to a full 3D chemistry model, it allows for an

unprecedented exploration of a large parameter space. One of their key findings

was that chemical abundances remain longitudinally homogeneous for equilibrium

temperatures below ≈ 1, 400 K, while hotter planets tend to have longitudinal vari-

ations between the day- and nightside. This result again validates our method of

assuming a constant CH4/CO abundance ratio.

In the future, it will be important to examine disequilibrium chemistry and
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its impact on the temperature structure in GCMs for a larger range of planets with

varying equilibrium temperatures. Given the results of Drummond et al. (2020), this

ideally should be done with a chemical kinetics network coupled to a GCM. However,

for planets with equilibrium temperatures similar to and lower than HD 189733b

(Teq,0 ≈ 1, 200 K), the constant methane-to-carbon-monoxide-ratio method could

also be used. A second possible direction of future research is the inclusion of pho-

tochemistry in GCMs, including the effect of photochemical species on the opacity

and temperature structure. One-dimensional simulations show that photochemi-

cal species can have a significant effect on the temperature structure (Lavvas and

Arfaux, 2021).

6.2 Photochemical hazes

In Chapter 4, I developed a model to study the 3D distribution of photochemi-

cal hazes in the atmospheres of hot Jupiters. The results show that the distribu-

tion of hazes is highly inhomogeneous and more complex than previously assumed.

In Chapter 5, I added heating and cooling by photochemical hazes to the model.

Among the key results were that this haze radiative feedback greatly increases the

day-to-night temperature contrast at pressures below 10 mbar and that the changes

to atmospheric circulation and haze distribution due to radiative feedback strongly

depend on the assumed optical properties of the hazes.

In the short term, three immediate follow-up steps should be taken to better

understand the results of Chapter 5 and place them in context: Calculating the

heating rates could further elucidate the reasons for the differences between soot-

based and Titan-type hazes. Running simulations with more production rates for

the Titan-type hazes could help better generalize the results from the one Titan-type

simulation presented in this work. Finally, deriving transit spectra, emission spectra

and phase curves for the simulations with haze radiative feedback will be important

for understanding the observational consequences of photochemical hazes.

In the longer term, many open questions remain to be addressed by future work.
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First, it will be necessary to evaluate how changed temperature structure and due

to haze radiative feedback affects the haze formation rate. In the presented models,

the haze formation rate was assumed to remain constant. However, the changes in

temperature structure and vertical velocities will affect the chemical abundances of

methane and its photochemical products, which act as haze precursor molecules.

Because the amount of methane that reaches low pressures, where photochemistry

takes place, depends on transport-induced quenching, the change in the haze for-

mation rate depends not only on the local conditions in the haze formation region

but also on conditions in the deep atmosphere. It is therefore not straightforward

to estimate how much the temperature change influences the haze production rate.

The magnitude of this effect could be estimated in different ways, with varying levels

of complexity. A first test would be to plug GCM-derived profiles of temperature

and eddy diffusion coefficient into a one-dimensional photochemical model. In a

further step, multiple iterations of adjusting the haze production rates in the GCM

based on the abundances of haze precursor molecultes and then re-running the pho-

tochemical model could be performed. A much more challenging but ultimately

more self-consistent solution would be to couple a reduced photochemical network

to a GCM.

The presented models assumed a constant haze particle size throughout the

atmosphere and neglects the growth of haze particles. In reality, however, haze par-

ticles should grow through coagulation, leading to larger haze particle sizes at higher

pressures (Lavvas and Koskinen, 2017). Given the strong horizontal variations of

the haze mixing ratio, it is likely that the particle size also varies horizontally, be-

cause haze particles grow faster in regions enhanced in hazes. To fully understand

how haze growth varies across the globe in hot Jupiter atmospheres, it will be nec-

essary to couple a microphysics model that simulates the growth of haze particles

to a GCM. This is a major computational challenge. However, the successful im-

plementation of coupled microphysics-GCM models simulating condensate clouds

(Lee et al., 2016; Lines et al., 2018) demonstrates that such a task is in principle

possible. Note that the microphysical model used in those simulations cannot be
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applied to simulate photochemical hazes without major modifications, because it

neglects coagulation, the dominant growth mechanism for photochemical hazes.

Another significant uncertainty is the lack of experimental data or observational

constraints on the optical properties of photochemical hazes. Once measurements

of refractive indices of laboratory haze analogs suitable for extrasolar giant planets

become available (e.g., follow-up studies to Hörst et al., 2018; Fleury et al., 2019),

it would be interesting to repeat the simulations in Chapter 5 with the laboratory-

derived refractive indices.

Finally, the work presented in this dissertation only focused on one planet. The

detailed atmospheric circulation varies between planets, depending on properties

such as the planetary radius, rotation period, zero-albedo equilibrium temperature

and atmospheric composition. It will be necessary to study a larger range of hot

Jupiters to determine how these properties affect the conclusions presented in this

work. Furthermore, it is thought that photochemical hazes play an even larger role

in the atmospheres of Neptunes-sized exoplanets with short orbital periods (e.g.,

Morley et al., 2015; Crossfield and Kreidberg, 2017; Lavvas et al., 2019; Hörst et al.,

2018; He et al., 2018; Kawashima and Ikoma, 2019; Adams et al., 2019). While these

planets share many similarities with hot Jupiters, their atmospheric compositions

are more diverse and the details of their circulation structure can differ. Extending

the presented work to hot Neptunes and mini-Neptunes will therefore be another

important step towards understanding photochemical hazes in the atmospheres of

exoplanets.
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APPENDIX A

Changes to Difference Scheme in Gravitational Settling Term

The following appendix is part of a peer-reviewed journal article published by

Monthly Notices of the Royal Astronomical Society on April 17, 2021. The

version of record is available online at: https://academic.oup.com/mnras/

article-abstract/504/2/2783/6232173

Cite as:

Steinrueck, M. E., A. P. Showman, T. T. Kosikinen, P. Lavvas, X. Tan , and X.

Zhang (2021). 3D simulations of photochemical hazes in the atmosphere of hot

Jupiter HD 189733b. Monthly Notices of the Royal Astronomical Society, 504(2),

2783–2799, doi:10.1093/mnras/stab1053.

https://academic.oup.com/mnras/article-abstract/504/2/2783/6232173
https://academic.oup.com/mnras/article-abstract/504/2/2783/6232173
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The gravitational settling term in the tracer equation (4.1) is given by −g∂F/∂p,
where the downward flux due to gravitational settling has been abbreviated to F =

ρχVs. In this section, the index k is used for the vertical direction. For simplicity,

the indices for the other two dimensions are omitted. To indicate that a quantity is

defined at a cell center, the subscript c is used (e.g., pc,k, χc,k). Quantities defined

at the interface between cells (cell faces), are denoted with the subscript f (e.g.,

pf,k, wf,k). The grid is set up such that the logarithm of the difference between the

pressures at the cell faces log(∆pf ) remains constant. The grid points for scalar

quantities (cell centers) are then centrally placed within these cells, i.e. pc,k =

(pf,k + pf,k+1)/2. The index k increases with decreasing pressure.

The previous version of the code, used by Parmentier et al. (2013) and Komacek

et al. (2019), used a central difference scheme:

∂F

∂p

∣∣∣∣
p=pc,k

= −Ff,k+1 − Ff,k
∆pf

, (A.1)

The minus sign accounts for the fact that the index k increases with decreasing

pressure.

The updated difference scheme was adapted based on the scheme used in the

model of Lavvas et al. (2010) accounting for the fact that in our case, advection by

resolved small-scale eddies replaces the role of diffusion. It was designed to smoothly

transition from a central difference scheme to an upstream scheme depending on

the magnitude of the settling velocity. For this purpose, we define the parameter

R = cVs;c,k/wc,k as the ratio between the settling velocity and the vertical velocity (in

height-coordinates). Here, c is an arbitrary parameter that controls the magnitude

of the upstream correction. For the simulations presented in this publication, c = 1.

We further introduce the coefficients

α =
exp(R)

exp(R) + exp(−R)
, (A.2)

β =
exp(−R)

exp(R) + exp(−R)
. (A.3)
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With these coefficients, the updated difference scheme can be written as

∂F

∂p

∣∣∣∣
p=pc,k

= − 2

∆pf
[α (Ff,k+1 − Fc,k) + β (Fc,k − Ff,k)] , (A.4)

where the minus sign again accounts for the direction of k. For R� 1, this scheme

recovers the previously used central difference scheme. For R � 1, this scheme

turns into an upstream scheme.
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