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ABSTRACT

Transport-induced quenching in hot Jupiter atmospheres is a process that determines the boundary between the part of the atmo-
sphere at chemical equilibrium and the part of the atmosphere at thermochemical (but not photothermochemical) disequilibrium.
The location of this boundary, the quench level, depends on the interplay between the dynamical and chemical timescales in the
atmosphere, with quenching occurring when these timescales are equal. We explore the sensitivity of the quench level position
to an increase in the planet’s atmospheric metallicity using aerosol-free 3D GCM simulations of a hot Jupiter WASP-96b. We
find that the temperature increase at pressures of ~10*~107 Pa that occurs when metallicity is increased could shift the position
of the quench level to pressures dominated by the jet, and cause an equatorial depletion of CH4, NH3 and HCN. We discuss how
such a depletion affects the planet’s transmission spectrum, and how the analysis of the evening-morning limb asymmetries,
especially within ~3-5 nm, could help distinguish atmospheres of different metallicities that are at chemical equilibrium from
those with the upper layers at thermochemical disequilibrium.
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1 INTRODUCTION

Hot Jupiters, i.e. close-in extrasolar gas giant planets, were, are and in
the near future will be the best targets for exoplanet atmospheric char-
acterisation. These planets host large and often anomalously inflated
atmospheres (e.g., Tremblin et al. 2017; Komacek et al. 2022), which
aid the detection and identification of atoms and molecules present
in these atmospheres. One of the tools used to study hot Jupiter
atmospheres is general circulation models (GCMs, e.g., Showman
et al. 2009; Rauscher & Menou 2010; Dobbs-Dixon & Agol 2013;
Mayne et al. 2014; Mendonga et al. 2016; Sainsbury-Martinez et al.
2019; Carone et al. 2020; Helling et al. 2020; Lee et al. 2021; Menou
2020). GCMs simulate the thermodynamic and chemical structure of
a planetary atmosphere, and can predict different planetary climates
depending on the choice of model parameters. One such parameter
is the planet’s atmospheric metallicity.

Atmospheric metallicity is the abundance of elements heavier than
helium in a planetary atmosphere. Atmospheric metallicity affects
many aspects of the planetary climate, e.g., the thermal structure,
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atmospheric circulation and emitted flux (Drummond et al. 2018),
however, the value of atmospheric metallicity for hot Jupiters is un-
certain by several orders of magnitude (e.g., Welbanks et al. 2019). To
correctly determine the atmospheric metallicity of a hot Jupiter, one,
ideally, needs to fully understand the planet’s observed thermochem-
ical state. While achieving such an understanding is an active area
of research, hot Jupiters that have “aerosol-free”” limbs at observable
pressures, meaning that the opacities of aerosols constituting con-
densate clouds and/or photochemical hazes contribute little to the
planet’s transmission spectrum, can aid such research. WASP-96b
was historically considered one of “aerosol-free” hot Jupiters.

WASP-96b is a highly inflated hot Jupiter, with a mass of
0.48+0.03 Mj and a radius of 1.20+0.06 Ry (Hellier et al. 2014).
It orbits a G8-type star at a distance of 0.0453 AU in 3.425 days,
which results in it likely being tidally-locked and having an equi-
librium temperature of 1285+40 K (Hellier et al. 2014). WASP-96b
was observed with transit photometry with the Transiting Exoplanet
Survey Satellite (TESS, 0.60—1.00 nm, Yip et al. 2021; Nikolov et al.
2022) and the Infrared Array Camera on the Spitzer Space Telescope
(Spitzer/IRAC, 3.6 and 4.5 pm, Yip et al. 2021; Nikolov et al. 2022)
as well as with ground- and space-based transit spectroscopy with
the FOcal Reducer/low dispersion Spectrograph 2 on the Very Large
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Telescope Unit 1 (VLT/UT1/FORS2, 0.35-0.80 pm, Nikolov et al.
2018), the Inamori-Magellan Areal Camera and Spectrograph on
the Baade-Magellan Telescope (Magellan/IMACS, 0.475-0.825 pm,
McGruder et al. 2022), the Wide Field Camera 3 using G102 and
G141 grisms on the Hubble Space Telescope (HST/WFC3 G102 and
G141, 0.78-1.65 nm, Yip et al. 2021; Nikolov et al. 2022) and most
recently JWST Near Infrared Imager and Slitless Spectrograph using
the Single Object Slitless Spectroscopy mode (JWST/NIRISS/SOSS,
0.6-2.8 pm, Radica et al. 2023) as a part of the JWST Early Release
Observations (ERO) program (Pontoppidan et al. 2022).

Evidence for the “aerosol-free” nature of WASP-96b is three-fold.
(1) The WASP-96b VLT/UT1/FORS2 transmission spectrum exhib-
ited a broad Na I line adsorption feature at ~0.50-0.75 pm (Nikolov
et al. 2018), the presence of which was later independently con-
firmed by Magellan/IMACS observations (McGruder et al. 2022).
(2) The WASP-96b HST/WFC3 G102 and G141 transmission spec-
trum showed a full HyO absorption feature centered at ~1.4 nm (Yip
etal. 2021; Nikolov et al. 2022), the presence of which was also inde-
pendently confirmed by JWST/NIRISS/SOSS observations (Radica
et al. 2023). The broadness of the observed Na I line feature sug-
gested that the light transmitted through WASP-96b atmosphere was
unimpeded by interactions with opacity sources other than Na, which
would otherwise have obscured Na I wings or even its line core. That,
in turn, meant that VLT/UT1/FORS2 and Magellan/IMACS observa-
tions probed a large range of the planet’s atmospheric pressures and
captured Na I adsorption line broadening (Hedges & Madhusudhan
2016). Similarly to Na I, the observation of a full and unmuted H,O
absorption feature suggested that HyO was the only opacity source
contributing to the spectrum at HST/WFC3 G102 and G141 and
relevant JWST/NIRISS/SOSS wavelengths. (3) 1D forward and re-
trieval modelling based on the aforementioned WASP-96b pre-JWST
transmission spectrum had consistently found WASP-96b’s observed
limbs to be “aerosol-free” (Nikolov et al. 2018; Welbanks et al. 2019;
Alam et al. 2021; Nikolov et al. 2022; McGruder et al. 2022).

The “aerosol-free” status of WASP-96b has recently been put into
question by the theoretical work of Samra et al. (2023) and ob-
servations made using JWST/NIRISS/SOSS (Radica et al. 2023;
Taylor et al. 2023). Samra et al. (2023) explored the possibility of
cloud formation in the atmosphere of WASP-96b using a hierarchy
of forward and retrieval models. Their simulations predict that a mix
of ~40% silicate (MgSiO3[s], Mg2SiOy4[s], FeSiO4[s], CaSiO3[s])
and ~40% metal oxide (SiO[s], SiO2[s], MgO[s], FeO[s], Fe,O3[s])
clouds would dominate the limbs of WASP-96b at observable pres-
sures and that there would be a slight asymmetry between the limbs,
with the morning limb being cloudier. They proposed two scenarios
that allow for Na I and H,O features to be observed even in the
presence of clouds. (1) WASP-96b could have a low vertical mixing
efficiency, which would reduce the cloud top height whilst keeping
the cloud base unchanged. (2) WASP-96b could have a high cloud
particle porosity, which would reduce the cloud opacity by making
the clouds optically thinner. Radica et al. (2023) and Taylor et al.
(2023) reported tentative evidence for haze in the atmosphere of
WASP-96b. According to Radica et al. (2023), the first JWST spec-
trum of WASP-96b contained three H,O features centered at ~1.2,
1.4 and 1.8 um, respectively, and a K feature at ~0.76 pm embed-
ded into a Rayleigh scattering slope. Their analysis of this spectrum
with three grids of 1D radiative-convective chemical equilibrium
models revealed the following. (1) MnS[s] and MgSiO3[s] cloud for-
mation, inferred from comparing their best-fitting planet-average so-
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lar! -metallicity pressure-temperature profile to several cloud species’
condensation curves, is possible, however the cloud top of such, as-
sumed to be optically thick, clouds had to be located below the
pressures observable during transit (at ~10% Pa). (2) The observed
Rayleigh slope could be explained by either an enhanced Rayleigh
scattering by small particles, i.e., possibly haze, or by a highly-
pressure-broadened red wing of the Na I line. The degeneracy be-
tween an enhanced Rayleigh scattering and a high Na abundance
had been pointed out previously (e.g., by Nikolov et al. 2018), but
breaking this degeneracy in the case of WASP-96b would require
an analysis of, e.g., a WASP-96b combined VLT/UT1/FORS2 and
JWST/NIRISS/SOSS spectrum, which was outside the scope of their
study. Taylor et al. (2023) extended the work of Radica et al. (2023)
by interpreting WASP-96b JWST/NIRISS/SOSS observations using
a combination of two 3D GCMs and four grids of 1D retrievals.
Both participating GCMs, the SPARC/MITGem and the Met Office
Uniriep MobpiL (UM), were aerosol-free and were run for two sce-
narios: the SPARC/MITGem with 1x and 10xsolar? metallicity under
the assumption of chemical equilibrium, and the UM with 1xsolar®
metallicity and under the assumption of chemical equilibrium or dise-
quilibrium. The comparison of GCM-derived limb-average pressure-
temperature profiles to cloud species’ condensation curves revealed
that all four GCM simulations predicted a thermal structure that
permits MnS[s] cloud formation at both WASP-96b’s limbs, with
SPARC/MITGem 1xsolar simulation also allowing for high-altitude
Na, S[s] clouds at the morning limb. MgSiO3[s] cloud formation was
also possible at >10° Pa. The transmission spectra computed from
GCM simulations generally agreed with the JWST/NIRISS/SOSS
spectrum longward of 1.3 pm, but underestimated the observed tran-
sit depths shortward of 1.3 pm likely due to the lack of a scattering
opacity source. That encouraged an investigation using atmospheric
retrievals. All retrieval codes participating in the work of Taylor et al.
(2023), CHIMERA, Aurora, PyratBay and POSEIDON, found
that scenarios with inhomogeneous clouds and hazes were preferred
over cloud-free ones, which was caused primarily by the detection
of a Rayleigh scattering slope rather than of an opacity from a grey
cloud top. All free retrieval codes recovered chemical species abun-
dances that are consistent between the codes, with abundances from
AuroRra being: log;(H20) = -3.59:033, log;((CO,) = —4.3833],
log;o(K) = —8.04*1%, which are generally consistent with a solar®
metallicity and a solar CO (upper limit), except for CO2, whose abun-
dance is more consistent with its equilibrium abundance at 10xsolar
metallicity.

In addition to aerosol formation, other processes can alter the
transmission spectrum of hot Jupiters atmospheres, e.g., transport-
induced quenching (Moses 2014; Zahnle & Marley 2014), which we
later refer to as “quenching” for simplicity. Quenching is a process
that determines the boundary between the part of the atmosphere at
chemical equilibrium and the part of the atmosphere at thermochem-
ical (but not photothermochemical) disequilibrium. The location of
this boundary, the quench level, depends on the interplay between the
dynamical and chemical timescales in the atmosphere, with quench-
ing occurring when these timescales are equal. The sensitivity of
quenching to changes in a variety of stellar and planetary parame-
ters was explored with pseudo-2D (Baeyens et al. 2021; Moses et al.
2022) and 3D (Drummond et al. 2020; Zamyatina et al. 2023) for-
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4 With solar abundances from Lodders & Fegley (2002).



ward models, however, the sensitivity of quenching to the metallicity
increase has never been explored with a GCM.

Motivated by the uncertainty in WASP-96b’s atmospheric metal-
licity, in this study we designed several 3D GCM simulations (Sec-
tion 2) to help us do the following. (1) Explore how 3D GCM pre-
dictions of WASP-96b’s atmospheric circulation (Section 3.1) and
chemistry (Section 3.2) differ depending on the assumed metallicity
and the assumed atmospheric thermochemical state, equilibrium or
disequilibrium. (2) Explore how quenching responds to the metal-
licity increase, and causes an equatorial depletion of CHy4, NH3 and
HCN (Section 3.2.1) and limb asymmetries (Section 3.2.2). (3) Iden-
tify parts of the simulated WASP-96b transmission spectrum that
are sensitive to the metallicity increase and disequilibrium chem-
istry (Section 3.3). Finally, we compare the observed and simulated
WASP-96b transmission spectra (Section 3.4), and present our dis-
cussion and conclusions in Sections 4 and 5, respectively.

2 SIMULATIONS

We used the Met Office Uniriep MobeL (UM) GCM with the same
basic model setup as in Drummond et al. (2020) and Zamyatina
et al. (2023). In brief, the dynamical core of our GCM solves the
full, deep-atmosphere, non-hydrostatic equations of motion using a
semi-implicit semi-Lagrangian scheme. The radiative transfer com-
ponent of our GCM solves the two-stream equations in 32 spectral
bands covering 0.2-322 nm and treats opacities using the correlated-
k and equivalent extinction methods. Our opacity sources include
the absorption due to H,O, CO, CO,, CH4, NH3, HCN, Li, Na, K,
Rb, Cs and collision-induced absorption due to H>-H; and Hp-He
as well as Rayleigh scattering due to H, and He (see Goyal et al.
(2020), for line list information). We chose a model grid resolution
of 2.5° longitude by 2° latitude and 66 vertical levels equally spaced
in height (covering pressures from ~2 x 107 Pa to ~1Pa). While
such a grid resolution is too coarse to resolve individual convective
plumes, we let the non-hydrostatic core of our GCM remove con-
vective instabilities at the grid scale and do not use a convection
scheme. For the stellar spectrum we used the PHOENIX BT-Settl
stellar spectrum (Rajpurohit et al. 2013) closely matching WASP-96
(Table 1), and for the planet — WASP-96b parameters from Hellier
et al. (2014) (Table 2). We initialised our GCM simulations at rest
with the dayside-average pressure-temperature profiles from the 1D
radiative-convective-chemistry model ATMO (e.g., Tremblin et al.
2015; Drummond et al. 2016) adopting the same WASP-96 sys-
tem parameters and assuming chemical equilibrium for the chemical
species present in the Venot et al. (2012) chemical network. The in-
trinsic temperature at the bottom boundary of the model domain was
assumed to be 100 K in both ATMO and the UM. Lastly, and contrary
to the GCM simulations in Drummond et al. (2020), Zamyatina et al.
(2023) and Taylor et al. (2023), we used a smaller filtering constant,
K, set to 0.04, instead of previously used K = 0.16, to reduce the
strength of longitudinal filtering of the horizontal wind (e.g., Mayne
etal. 2017), i.e., effectively reducing diffusion, to prevent the loss of a
considerable amount of axial angular momentum and the emergence
of a retrograde equatorial jet, both discussed in detail in Christie et
al. (in prep.). All GCM simulations were aerosol-free, and were run
for at least 1000 Earth days to let the upper atmosphere (10?-10° Pa)
reach a pseudo-steady state dynamically, radiatively and chemically
(Figs. A1-A2). All fields shown later in this paper were chosen to be
averaged over the last 200 simulation days.

We performed two pairs of GCM simulations (i.e., four simulations
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Table 1. WASP-96 parameters used in this study.

Parameter Value Unit
Type G8

Radius 7.30 x 103 m
Effective temperature 5500 K
Stellar constant at 1 au 1272.86 Wm2
log;o(surface gravity) 4.50 (cgs)
Metallicity 0.00 dex

Table 2. WASP-96b parameters used in this study. Two values are listed for
parameters that change with changing metallicity.

Parameter Value Unit
(for 1x, 10xsolar)
Inner radius 8.39 x 107 m
Domain height 1.03 x 107 m
Semi-major axis 0.0453 au
Orbital period 3.4252602 Earth day
Rotation rate 2.12x 1073 rad s~!
Surface gravity 7.59 ms=
Specific gas constant 3516.29, 3164.69 JK kg
Specific heat capacity ~ 1.26 x 10%, 1.15 x 10*  JK ' kg!
Stellar irradiance 0.62 x 10° Wm
Effective temperature 1250 K

in total), exploring the sensitivity of the atmospheric structure of
WASP-96b to the following:

(1) the assumed metallicity, 1x solar ([M/H] = 0) or 10x solar
([M/H] = 1); and

(2) the assumption about whether the entire atmosphere is at chem-
ical equilibrium or allowing upper layers of the atmosphere to be
at chemical disequilibrium. The simulations that assumed chemi-
cal equilibrium computed abundances of chemical species using the
Gibbs minimisation scheme, and are later referred to as “equilib-
rium” simulations. The simulations that allowed for chemical dis-
equilibrium computed the production and loss of chemical species
present in the Venot et al. (2019) reduced chemical network, and are
later referred to as “kinetics” simulations.

We did not include photochemistry into our kinetics simulations,
meaning that these simulations take into account only disequilibrium
thermochemistry. We also assumed gas-phase only composition in
all simulations. Finally, our simulations included the calculation of
alkali metal abundances during the simulation run time. Since the
chemical kinetics of alkali metals is poorly known for H,-rich atmo-
spheres, alkali metals were not included into the chemical network
used in our kinetics simulations. Instead, in both equilibrium and
kinetics simulations, alkali metal abundances were computed using
the parameterization of Amundsen et al. (2016), which takes alkali
metals’ monatomic/polyatomic transformation curves from Burrows
& Sharp (1999) chemical equilibrium abundances and applies addi-
tional smoothing to these curves to avoid a step change in abundance.
We plan to transition from using this parameterization to computing
alkali metal abundances assuming chemical equilibrium in the near
future.

3 RESULTS
3.1 Atmospheric circulation

Let us consider the atmospheric circulation and temperature of
WASP-96b predicted at 103 Pa (Fig. 1a-d). As expected for any typi-
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cal tidally-locked hot Jupiter, the dayside of the planet is hotter than
the nightside, and the hot spot is shifted eastward from the substellar
point by the zonal heat transport within the eastward equatorial jet.
Both the metallicity increase (Fig. 1e-f) and disequilibrium thermo-
chemistry (Fig. 1g-h) have an impact on the planet’s thermodynami-
cal structure, but an increase in metallicity alters this structure more
than disequilibrium thermochemistry.

An increase in metallicity from [M/H] = 0 to [M/H] = 1 in-
creases the day-night temperature contrast at 10° Pa. At [M/H] = 0
the day-night temperature contrast (dayside maximum minus night-
side minimum) is ~500 K, while at [M/H] = 1 it is higher, mostly
due to a higher dayside temperature, and is equal to ~800 K. This
temperature contrast is accompanied by the difference in the max-
imum zonal-mean zonal wind speed (Fig. A3). This wind speed is
~0.5kms™! faster at [M/H] = 1 than at [M/H] = 0, whilst the jet
occupies a similar part of the atmosphere — between +40° latitude
and down to ~3 x 10° Pa. Such a change in WASP-96b’s thermo-
dynamical structure with increasing metallicity occurs because as
metallicity increases the mean molecular weight and opacity of the
atmosphere increases while its specific heat capacity decreases (e.g.,
Drummond et al. 2018). The combined effect of these changes causes
the atmosphere to experience a more compact flow structure and
shallower heating, which together reduce the day-night heat trans-
port, and cause the simulations with a higher metallicity to have an
overall warmer dayside and a cooler nightside than the simulations
with a lower metallicity.

An increase in metallicity from [M/H] = 0 to [M/H] = 1 also
amplifies the thermal limb> asymmetry at 103 Pa. Given that a tidally-
locked hot Jupiter typically has a colder morning limb and a warmer
evening limb, our simulations predict that at 103 Pa WASP-96b’s
cold morning limb will be even colder (by up to 50 K) and the warm
evening limb will be even warmer (by up to 100K) at [M/H] = 1
than at [M/H] = 0. This results in the average evening minus morning
limb temperature difference at 103 Pa being ~250K at [M/H] = 0
and ~460K at [M/H] = 1. The thermal limb asymmetry at other
pressure levels is shown in Fig. A4.

Disequilibrium thermochemistry changes the predicted thermal
structure of WASP-96b at 10° Pa mostly near the morning limb.
The morning limb is influenced by the circulation in the Rossby
gyres (e.g., Showman et al. 2020) that transport colder gas from the
nightside to the dayside in the equatorial region and warmer gas from
the dayside to the nightside in the polar regions. At both metallicities
our kinetics simulations predict lower temperatures inside the Rossby
gyres than those in the equilibrium simulations. As a result, the
morning limb in the kinetics simulations is colder up to 30K at
[M/H] = 0 and 120K at [M/H] = 1 (i.e. comparable in magnitude to
the thermal limb asymmetry due to the metallicity increase).

3.2 Chemical structure

The predicted chemical structure of WASP-96b changes considerably
due to both the metallicity increase from [M/H] = O to [M/H] = 1 and
disequilibrium thermochemistry. Different chemical species respond
differently to both effects, and if we compare species’ sensitivities to
these effects, CO, HyO and CO; are more sensitive to the metallicity
increase, while CH4, NH3 and HCN are sensitive to both.

5 Limb here is defined as a pressure-latitude cross-section that divides a plan-
etary atmosphere into a day-lit side and a dark night side. In our simulations,
this cross-section aligns with longitudes 90°E and 270°E, with the substellar
point being at 180°E.
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As metallicity increases, both equilibrium and kinetics simulations
predict that the abundance of CO, H>O and CO; increases by up to
two orders of magnitude throughout the entire atmosphere. However,
the spatial distribution of these species does not appreciably change:
CO and H, O stay predominantly vertically and horizontally uniform,
while CO; follows the temperature structure by being more abundant
at lower temperatures.

The response of CH4, NH3 and HCN to the metallicity increase
and disequilibrium thermochemistry is more complex (Fig. 2 for CHy4
at 10° Pa). As metallicity increases, the equilibrium simulations pre-
dict a decrease in CH4 on the dayside and the evening limb and an
increase on the nightside and the morning limb (Fig. 2e). For NH3
and HCN, however, the equilibrium simulations predict an increase
in their abundance throughout the entire atmosphere, with this in-
crease being larger on the nightside and the morning limb, similarly
to CHy. Contrary to the equilibrium simulations, the kinetics simu-
lations predict an overall decrease in CHy4, NH3 and HCN at < 10° Pa
when metallicity is increased (Fig. 2f). Meanwhile, disequilibrium
thermochemistry alters CHy distribution away from that at chemical
equilibrium differently at different metallicities. At [M/H] = 0, dis-
equilibrium thermochemistry increases CH4 abundance outside of
the Rossby gyres whist decreasing it inside the gyres, overall lead-
ing to a more horizontally homogeneous CHy4 distribution (Fig. 2b).
At [M/H] = 1, however, the same zonal homogenisation is occur-
ring (Fig. 2d), but the equatorial depletion in CHy4 barely noticeable
at [M/H] = O (better seen in Fig. 4b) becomes more prominent at
[M/H] = 1. This phenomenon, the equatorial depletion of CHy4, also
occurring for NH3 and HCN (Figs. A5-A6b,d), is caused by quench-
ing.

3.2.1 Quenching-driven equatorial depletion

To understand the mechanism of CHy4, NH3 and HCN quenching-
driven equatorial depletion, we manually identified the pressure level
at which each of these species quenches for the first time, i.e. has
their deepest quench level. To illustrate the mechanism and relate
the quench level information to observations in primary transit, we
show the CH4, NH3, HCN (and CO;) quench level positions in the
terminator plane during mid-transit overlaid onto the temperature,
zonal wind (Fig. 3) and chemical species abundance fields (Fig. 4b,d
for CH4 and Figs. A5-A7b,d for other species). By presenting the
data this way we effectively show where the part of the atmosphere
geometrically seen in mid-transit splits into two regions from the
point of view of each of these three species. One region experiences
chemical equilibrium and is located inside the quench-level contours
(at higher pressures), and the other region experiences thermochem-
ical disequilibrium and is located outside the quench-level contours
(at lower pressures).

CHy4, NH3 and HCN quench at different pressures at different
metallicities, and the pressure level at which their quenching oc-
curs changes with latitude. At [M/H] = 0, all three species quench
at ~10°-10° Pa, across the entire terminator plane. At [M/H] = 1,
however, their equatorial to mid-latitude (within about +45° latitude)
quench levels are located at lower pressures, ~10°~10% Pa, than else-
where, which places these quench levels closer to the region of the
equatorial jet. Such a protrusion of quench levels into the jet region
suggests that the time scales of dynamical mixing (tqyn) and species’
chemical conversion (T¢hem ), Which when in balance cause quench-
ing (e.g., Moses et al. 2011), change with latitude. If we consider
Tdyn only in the zonal direction (as is shown in Fig. 3c,d), in the
[M/H] = 1 kinetics simulation T4y, shortens equatorward and with
decreasing pressure following the increase in the zonal wind speed,
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WASP-96b: latitude-longitude cross section at 103 Pa
(b) Kinetics [M/H]=0 (g) Kin[M/H]=0 - Equ [M/H] 0

(a) Equilibrium [M/H]=0
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Figure 1. Temperature and horizontal wind streamlines at 103 Pa in the WASP-96b equilibrium and kinetics simulations assuming [M/H] = 0 or [M/H] = 1.
Panels (a-d) show the general circulation pattern: the equatorial jet and mid-latitude Rossby wave crests and troughs. Panels (a-d) share a colour scale (the top
one in the bottom right of the figure), and a streamline scale, with the width of streamlines scaled with horizontal wind speed and normalised to the maximum
horizontal wind speed within 102-105 Pa (i.e., effectively inside the equatorial jet) between all four simulations. Panels (e-f) show the difference caused by an
increase in metallicity, and (g-h) the difference caused by disequilibrium thermochemistry. Panels (e-h) share a colour scale (the bottom one in the bottom right
of the figure). Red crosses mark the substellar point, and vertical dotted lines mark the morning (90°E in blue) and evening (270°E in orange) limb.
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WASP-96b mid-transit view
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Figure 3. Pressure-temperature cross-sections through WASP-96b’s terminator (“mid-transit view”) in the kinetics simulations assuming [M/H] = O or [M/H] = 1.
Left column shows the thermal structure in each simulation, and right column shows zonal wind speed. Coloured lines show the location of chemical species’
quench points: CHy in red, CO3 in green, HCN in purple and NH3 in brown. All panels show variable distributions at longitudes 90°E and 270°E exactly (not

the average over the opening angle).

while tcpem reacts to changes in the speed of the prevailing species’
conversion pathways.

The factor that enables and strengthens CH4, NH3 and HCN
quenching-driven equatorial depletion is the increase in temperature
at ~10*-107 Pa due to an increase in atmospheric metallicity. These
pressure levels of WASP-96b’s simulated atmosphere are hotter at
[M/H] = 1 than at [M/H] = 0, which pushes isotherms critical for
CHy4, NH3 and HCN chemistry, ~1400-1600 K (Moses et al. 2011;
Baeyens et al. 2021), to lower pressures into the region of the equato-
rial jet. This, in turn, exposes gas close to chemical equilibrium to a
sharp gradient in the zonal wind speed, forcing species’ quench lev-
els, i.e. the location at which tgy, equals each of the species’ Tchems
to shift to lower pressures. The [M/H] = 1 kinetics case additionally
shows that these quench level shifts required to achieve Tdyn = Tchem
not only change with latitude, but also differ between the limbs. The
CH4 quench levels protrude more into the jet region at the evening
limb than at the morning limb, while NH3 and HCN quench lev-
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els do the opposite. This leads to another phenomenon, CH4, NH3
and HCN quenching-driven limb asymmetry in equatorial depletion,
which is the asymmetry in the magnitude and spatial extent of said
depletion between the limbs.

The signs of CH4, NH3 and HCN quenching-driven equatorial
depletion were present in the UM simulations of HD 189733b and
HD 209458b (Drummond et al. 2020; Zamyatina et al. 2023) per-
formed with the Venot et al. (2019) chemical network, and recently
were also reported to be present in the Exo-FMS simulations of
HD 189733b and WASP-39b (Lee et al. 2023) performed with the
Tsai et al. (2022) “mini-chemical” network. There are differences
between the UM and Exo-FMS HD 189733b CH4, NH3 and HCN
quenched distributions, and while these particular simulations are not
directly comparable (because Exo-FMS simulations did not have the
coupling between the kinetics-driven changes in species abundances
and radiative transfer), in the future it is important to explore the
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WASP-96b mid-transit view
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Figure 4. Pressure-CHy cross-sections through WASP-96b’s limb (“mid-transit view”) according to the equilibrium and kinetics simulations assuming [M/H] = 0
or [M/H] = 1. Panels (a-d) show CHy4 distribution in each simulation. Panels (e-f) show the difference caused by an increase in metallicity, and (g-h) the difference
caused by disequilibrium thermochemistry. Panels (a-d) and (e-h) share the top and bottom colour scale in the bottom right of the figure, respectively. The black
thick lines in panels (b) and (d) indicate the location of CH4 quench level. All panels show variable distributions at longitudes 90°E and 270°E exactly (not the

average over the opening angle).

process of quenching with different GCMs and estimate the “GCM observable in primary transit. The western part is often referred to as

uncertainty error bar” (Fauchez et al. 2022) for this process. the morning (or leading) limb, as it is the region where atmospheric
characteristics adjust from night to day conditions, while the east-

ern part, or the evening (or trailing) limb, is where they adjust from
3.2.2 Quenching-driven limb asymmetries day to night conditions. Limb as.ymmetrles were first detected in the

atmospheres of the ultra-hot Jupiters WASP-76b and WASP-189b us-
Limb asymmetry is an asymmetry in characteristics of a planetary ing high-resolution cross-correlation spectroscopy (Ehrenreich et al.
atmosphere between parts of its western and eastern hemispheres
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2020; Prinoth et al. 2022; Kesseli et al. 2022), and were recently found
in the atmosphere of the hot Jupiter WASP-39b via the analysis of its
JWST transit light curves (Rustamkulov et al. 2023, Espinoza et al.
(in review), Delisle et al. (submitted)).

To correctly interpret observations of limb asymmetry, one needs
to consider the drivers of limb asymmetry (e.g., Savel et al. 2023).
One of the primary drivers of limb asymmetry is the temperature
contrast between the limbs. The higher temperatures of the evening
limb cause its atmospheric scale height to be larger than that of the
morning limb, which leads to the evening-limb’s transit depths being
larger than those of the morning limb (Pluriel 2023). Another driver
of limb asymmetry is the opacity contrast between the limbs. This
opacity contrast could be caused by a multitude of processes, e.g.,
cloud (Line & Parmentier 2016; Powell et al. 2019) or haze forma-
tion (Steinrueck et al. 2021) or photochemistry (Tsai et al. 2023).
In this study, we report how quenching changes the planet’s limb
opacity from that at chemical equilibrium, and how the associated
evening-morning limb opacity contrast also changes depending on
the assumed metallicity. For transmission spectra, we specifically fo-
cus on the mid-transit. We use the methodology of Lines et al. (2018)
and Christie et al. (2021) to calculate the full, morning and evening
limb transmission spectra, with the morning and evening limb spec-
tra computed in the same way as the full limb spectra except that
the given limb is mirrored to provide an appropriate planetary radius
for the whole planet. The abundances of radiatively active species,
H,0, CO, CO,, CH4, NH3, HCN, Li, Na, K, Rb, Cs, H and He,
are taken directly from the simulations, allowing for the abundances
used in transmission spectra post-processing to be consistent with
the chemistry used in the simulations.

According to our simulations, quenching alters the limb distribu-
tion of all chemical species, including those of CHy, CO, CO,, H;O,
NH3 and HCN (Figs. 4g-h, A5-A9g-h, with vertical profiles shown
in Figs. A10-A15). While the magnitude and location of these alter-
ations varies amongst species, the general trend is that species that
quench deeper in the atmosphere (e.g., CH4, NH3, HCN), as opposed
to those that quench in the upper atmosphere (e.g., CO2) or do not
quench at all (e.g., OH or any other free radical), have a substan-
tially more zonally-uniform limb distribution than that predicted at
chemical equilibrium. For example, in the equilibrium simulations
CHy is abundant in the cold Rossby gyres at the morning limb and is
depleted in the warmer upper-atmosphere regions elsewhere, while
in the kinetics simulations CH4 limb distribution is zonally uniform,
including the region of its equatorial depletion. In contrast to CHy,
CO3 quenched limb distribution is similar to that at chemical equi-
librium. This is because CO, quenches at much lower pressures than
CHy, which leaves a large part of CO; limb distribution untouched by
quenching, especially at the morning limb, and instead determined
by chemical equilibrium.

To understand if quenching-driven changes in the limb distribu-
tions of CH4, NH3, HCN and CO; could help distinguish aerosol-
free atmospheres at chemical equilibrium from those at thermo-
chemical disequilibrium, we calculated the evening minus morning
limb transit depth differences caused by all and individual opac-
ity sources separately (Fig. 5, with limb transit depth differences
due to all opacity sources shown together in Fig. 6d). We find that
these evening-morning limb differences vary with wavelength and
across simulations. The main contributors to these differences are
Rayleigh scattering (shortward of ~0.5 um), Na and K absorption
(within ~0.5-0.9 pm), and H>O absorption (longward of ~0.9 nm).
All the main contributors have a higher opacity at the evening limb
than at the morning limb due to a higher temperature at the evening
limb. Meanwhile, the contribution of other opacity sources to the
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evening-morning limb differences changes between simulations. The
contribution of CH4 changes the most. In the equilibrium simulations,
CHy has an opposite in sign and comparable to H,O limb contrast,
which is large enough to diminish the cumulative limb contrast of all
opacity sources at wavelengths where CHy strongly absorbs. In the
kinetics simulations, however, CH4 limb contrast is mostly smaller
than that of H>O, yet it changes with metallicity: at [M/H] = 0 CHy4
is abundant and there is more of it at the evening limb, while at
[M/H] = 1 CHy4 is depleted and there is a similar amount of it at
both limbs. At around ~3.32 pm, CHy4 strongest absorption line in
the infrared, the CHy4 limb contrast in the [M/H] = 0 kinetics simula-
tion is comparable to that of HyO, which causes the cumulative limb
contrast of all opacity sources to increase around that wavelength.

The limb distribution of CO; also changes enough amongst our
simulations to modify the evening-morning limb transit depth dif-
ferences. Specifically, if we compare these differences at around
~4.23 pm, CO; strongest absorption line in the infrared, [M/H] = 0
simulations suggest that the abundance of CO; is low enough com-
parative to that of H>O, so that the CO» limb contrast does not modify
the cumulative limb contrast. However, [M/H] = 1 simulations show
that the CO, abundance becomes high enough to be comparable to
that of H>O, and as a result the CO limb contrast causes a dip in the
cumulative limb contrast at around ~4.23 pm.

3.3 Parts of transmission spectrum sensitive to metallicity and
quenching

Metallicity- and quenching-driven changes in the predicted atmo-
spheric structure of WASP-96b translate into a number of differences
in the planet’s simulated transmission spectra (Figs. 5-6, A16-A17).
To discuss these differences, we show our simulated spectra in five
more different ways: (1) the full limb (morning plus evening) spec-
tra (Fig. 6a), (2) the morning and evening limb spectra (Figs. 6b,
A17), (3) the difference in the full limb spectra due to disequilib-
rium thermochemistry (Fig. 6¢), (4) the difference between evening
and morning limb spectra (Fig. 6d), and (5) the contributions of
individual opacity sources to the full limb spectra (Fig. A16).

In the case of the full limb spectra, spectral differences caused by
disequilibrium thermochemistry occur longward of the H- and He-
induced Rayleigh scattering slope, with the largest difference being at
around ~3.32 pm. Around that particular wavelength, the quenching-
driven changes in CHy, an enhancement at [M/H] = 0 and a depletion
at [M/H] = 1, causes transit depths from [M/H] = 0 kinetics simula-
tion to be ~300 ppm larger than those from [M/H] = 0 equilibrium
simulation (Fig. 6¢). Meanwhile, the corresponding transit depths
from [M/H] = 1 kinetics simulation are ~100 ppm smaller than those
from [M/H] = 1 equilibrium simulation. Such a difference in the sign
of the change in CH4 3.32 pm feature with increasing metallicity due
to disequilibrium thermochemistry has two consequences. One, the
CHy 3.321m feature is a more powerful gauge of metallicity for
hot Jupiter atmospheres at thermochemical disequilibrium than for
atmospheres at chemical equilibrium. Two, for WASP-96b the pres-
ence of that feature in the planet’s full limb transmission spectrum
(Fig. 6a) would support a scenario of a lower, [M/H] = 0 metallicity
atmosphere at thermochemical disequilibrium, rather than one of the
other three scenarios considered in this study. The same argument is
true for CHy4 7.70 pm and NH3 10.37 pm features, but the metallicity-
and quenching-driven changes in these features are smaller relative
to those of CHy at 3.32 um. CO;, 4.23 pym and 14.95 pm features,
while also affected by the metallicity change and quenching, are less
powerful in uniquely characterising hot Jupiter atmospheric metal-
licity. CO, 4.23 nm feature is present in all our scenarios and only
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WASP-96b evening minus morning limb difference
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Figure 5. Contributions of individual opacity sources to the difference between evening and morning limb transmission spectra (evening minus morning)
according to the WASP-96b equilibrium and kinetics simulations assuming [M/H] = 0 or [M/H] = 1. Faint grey dotted lines indicate the location of zero to

better guide the eye.

the size of the feature is modified (Fig. A16). CO; 14.95 pm feature,
while present only at [M/H] = 1, is broad and is competing with a
strong H,O absorption. That means that putting information about
CO,, features into the context of surrounding wavelengths is critical
for a correct identification of atmospheric metallicity.

In the case of the evening-morning limb asymmetries, spectral
differences caused by the metallicity increase from [M/H] = 0 to

[M/H] = 1 and disequilibrium chemistry are comparable in size. The
evening limb transit depths are ~100-400 ppm larger than those of the
morning limb in all our simulations except for the [M/H] = 0 equi-
librium one (Fig. 6d). In that particular simulation, the transit depths
for the evening limb are ~100 ppm smaller than those of the morning
limb around CH4 1.67, 2.37, 3.21, 3.32 and 3.42 pm features. This
sign reversal for the evening-morning limb difference is unique to
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this simulation from our set of four simulations, and is caused by
the fact that a higher than in any other scenario morning limb’s CHy
abundance and the resulting CHy limb contrast (Fig. 5) outweighs the
temperature limb contrast present in this simulation. A similar argu-
ment is true for CHy4 7.40 and 7.70 pm features, but the lower pressure
regions of the atmosphere sampled at these wavelengths do not have
a strong enough CHy limb contrast to counteract the temperature
limb contrast. While the analysis above helps separate the [M/H] = 0
equilibrium scenario from the other three considered in this study,
distinguishing between both kinetics simulations and [M/H] = 1
equilibrium simulation is more difficult. At most wavelengths an in-
crease in metallicity causes an offset between the evening-morning
limb differences from the respective equilibrium and kinetics sim-
ulations, while offsets are known to be challenging to interpret if
wavelength coverage is non-continuous (e.g., Carter et al., in review).
Another difficulty is that different scenarios could produce similar in
amplitude and shape evening-morning limb differences, for example,
[M/H] = 0 kinetics and [M/H] = 1 equilibrium simulations within
~1.6-3.0pm and ~5.0-7.0 pm (Fig. 6d). However, ~3.0-5.0 pm is
the region where all four of our simulations predict different in am-
plitude and shape evening-morning limb differences, caused by the
differences in H,O, CH4 and CO» (see Section 3.2.2). This makes
the ~3.0-5.0 pm region the most powerful region for distinguishing
atmospheres at chemical equilibrium from those at thermochemical
disequilibrium and uniquely identifying their metallicity.

3.4 Comparison to existing observations

We compare an ensemble of the observed transmission spectra of
WASP-96b from Nikolov et al. (2022), McGruder et al. (2022)
and Radica et al. (2023) (the latter at R~125) to our simulated
spectra (Fig 7). Following Radica et al. (2023), we offset Nikolov
et al. (2022)’s VLT/UT1/FORS2 and HST/WFC3 G102 and G141
spectra relative to the JWST/NIRISS/SOSS spectrum by +400
ppm and +200 ppm, respectively. We also offset McGruder et al.
(2022)’s Magellan/IMACS-only spectrum by +1200 ppm relative
to JWST/NIRISS/SOSS. Using the least squares method and the
combined Nikolov et al. (2022)’s VLT/UT1/FORS2 and HST/WFC3
G102 and G141 and Radica et al. (2023)’s JWST/NIRISS/SOSS data,
we fitted for offsets between the observed and simulated spectra, with
these offsets resulting to be -1035 ppm and -1378 ppm for [M/H] = 0
and [M/H] = 1 pairs of simulations, respectively.

None of our simulated spectra match the existing observations
perfectly, however this imperfection reveals the following:

(1) The 1.30-2.15 pm region is the only region where the transit
depths predicted by all UM simulations stay mostly within the ob-
servational uncertainties. This is also the region where all simulated
spectra differ the least, and show that the main contributor to the
opacity is H»O. Both of these factors suggest that all our simulations
are consistent with WASP-96b’s atmosphere having H>O.

(2) For 0.35-0.60 nm, the spectra from our [M/H] = 0 simulations
agree better with the VLT/UT1/FORS2 observations, however be-
cause we applied an offset of +400 ppm to the VLT/UT1/FORS2
data further interpretation is difficult.

(3) The0.60-1.30 pmregion is the region where K and H>O absorp-
tion features predicted by the UM are not muted enough compared
to observations. This is consistent with the presence of a scattering
haze in WASP-96b’s atmosphere.

(4) The 2.15-2.80 nm region is the region where the observed and
all our simulated spectra broadly agree. However, because the ob-
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served transit depths vary a lot with wavelength, the identification of
the best theoretical scenario is difficult.

(5) At 3.61m, all UM simulations predict transit depths that
are within the uncertainty of the transit depth observed in this
Spitzer/IRAC channel.

(6) At4.5num, all UM simulations predict larger transit depths than
the one observed in this Spitzer/IRAC channel.

Overall, our simulated WASP-96b transmission spectra are rather
similar at the wavelengths that have been already observed, so observ-
ing WASP-96b at longer wavelengths, where our predicted spectra
diverge more, would help better constrain WASP-96b’s atmospheric
metallicity.

4 DISCUSSION

The question of observability of the evening-morning limb asymme-
tries in hot Jupiter atmospheres has been of interest for some time
from both the theoretical (e.g., Fortney et al. 2010; Kempton et al.
2017; Powell et al. 2019; Helling et al. 2020; MacDonald et al. 2020)
and observational (e.g., von Paris et al. 2016; Espinoza & Jones
2021; Grant & Wakeford 2023) points of view. Early GCM aerosol-
free simulations of Fortney et al. (2010) of the atmosphere of the hot
Jupiter HD 189733b predicted that at [M/H] = 0 and chemical equi-
librium the morning and evening hemisphere spectra of that planet
would be different, with CHy absorption features being larger in
the morning hemisphere spectra than the evening hemisphere spec-
tra. When the GCM used in Fortney et al. (2010) included a simple
representation of disequilibrium thermochemistry through the chem-
ical relaxation scheme of Cooper & Showman (2006), however, the
spectra of both hemispheres became almost identical, with large CHy4
absorption features being present in both hemispheres’ spectra due to
the homogenisation of CH4 abundances by vertical mixing. Their re-
sults qualitatively agree with our results from WASP-96b [M/H] = 0
and [M/H] = 1 equilibrium and [M/H] = O kinetics simulations, re-
spectively. However, our [M/H] = 1 kinetics simulation additionally
suggests that while the spectra of both limbs are almost identical
due to the homogenisation of quenched species abundances by hor-
izontal and vertical mixing, quenching-driven equatorial depletion
of CH4 causes CHy absorption features in both limbs’ spectra to be
small and possibly undetectable (Fig. A17). The impact of aerosols
on the limbs’ spectra of hot and ultra-hot Jupiters was explored by
Kempton et al. (2017) and Powell et al. (2019), who also estimated
the size of the combined effect of the temperature and aerosol opac-
ity contrast between the limbs on the limbs’ spectra. Kempton et al.
(2017)’s simulations with a GCM coupled (but not radiatively) to a
phase-equilibrium cloud model predicted that at [M/H] = O the differ-
ences between the morning and evening limb spectra of the ultra-hot
Jupiter WASP-121b could be ~100 ppm at ~0.7-5.0 pm, rising up
to 400 ppm at optical wavelengths in the case of a purely Rayleigh
scattering aerosol. Powell et al. (2019)’s simulations with a size-
distribution-resolving cloud microphysics 1D model suggested that
for hot Jupiters with equilibrium temperatures of 1800-2100 K and
[M/H] = 0, limb differences could be ~600 ppm at ~0.7-30.0 pm, ris-
ing up to ~700-1200 ppm in the optical. Our aerosol-free WASP-96b
GCM simulations forecast similar in magnitude evening-morning
limb differences, ~100—400 ppm at 0.2—30 pm, to those of Kempton
et al. (2017) and Powell et al. (2019), with quenching contributing
up to ~300 ppm at [M/H] = 0 and ~200 ppm at [M/H] = 1 at
~2.0-30.0 pm to these differences (Fig. 6d). From an observational
perspective, several studies proposed techniques for detecting limb
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Figure 6. WASP-96b transmission spectra predicted by the Met Office UNIFiED MoDEL equilibrium and kinetics simulations assuming [M/H] = 0 or [M/H] = 1.
Panel (a) shows the full limb (morning plus evening) spectra, and (b) the morning and evening limb spectra. Panel (c) shows the difference between the full limb
spectra due to the disequilibrium thermochemistry, and panel (d) shows the difference between evening and morning limb spectra (evening minus morning).

Faint grey dotted lines indicate the location of zero to better guide the eye.

inhomogeneities. von Paris et al. (2016) suggested inferring these in-
homogeneities from transit light curves by modelling the signatures
of morning and evening limbs imprinted onto these light curves as
two stacked semicircles with different radii. This technique was later
expanded upon by Espinoza & Jones (2021), who also performed a
detailed study into the observational prospects of detecting limb in-

homogeneities with that technique when applied to observations with
TESS and JWST. Espinoza & Jones (2021) reported that the asym-
metry in the JWST/NIRISS/SOSS transit light curves is expected to
be detectable for the evening-morning transit depth differences above
~25 ppm for a wide range of spectrophotometric precisions. Finally,
Grant & Wakeford (2023) recently proposed another technique ca-
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WASP-96b observed and simulated transmission spectra
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Figure 7. WASP-96b observed and simulated full limb (morning plus evening) transmission spectra. Transit depths observed with VLT/UT1/FORS2, HST/WFC3
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latter is shown at Rx125) are overlaid with the spectra predicted by the Met Office UniriED MoDEL equilibrium and kinetics simulations assuming [M/H] =

or [M/H] = 1.

pable of inferring limb inhomogeneities from transit light curves,
called transmission strings. This technique enables the extraction of
transmission spectra not only for the morning and evening limbs
separately, but also as a function of angle around a planet’s termina-
tor, i.e., planet’s latitude. Latitudinally-resolved transmission spectra
could be especially helpful for finding signs of species’ quenching-
driven equatorial depletion as well as of inhomogeneities in limbs’
aerosol coverage. Overall, given the predictions from theory and the
capabilities of existing observational techniques, there is potential
for detecting evening-morning limb asymmetries in the atmosphere
of WASP-96b and other similar planets.

If we compare HyO, CO and CO; abundances retrieved from
the JWST/NIRISS/SOSS transmission spectrum and assumed to be
representative for the full limb of WASP-96b at ~103~10' Pa (Tay-
lor et al. 2023) with HoO, CO and CO; abundances predicted for
the morning and evening limbs at 103-102 Pa from our WASP-96b
GCM simulations (Figs. A11-A13), we find that the retrieved HoO
abundance agrees better with H,O abundances from our [M/H] =
simulations, while the retrieved CO» abundance agrees better with
CO, abundances from our [M/H] = 1 simulations. The retrieved
CO abundance was poorly constrained, resulting in its mean value
agreeing better with CO abundances from our [M/H] = 0 simula-
tions but not ruling out higher values consistent with our [M/H] = 1
simulations. This comparison suggests that given the limitations of
their retrievals and our GCM, knowing H>O, CO and CO, abun-
dances might not be enough to constrain WASP-96b’s atmospheric
metallicity.

Putting our WASP-96b [M/H] = 0 kinetics simulation into con-
text of previous similar studies (Drummond et al. 2020; Zamyatina
et al. 2023), which, importantly, considered only [M/H] = 0, we find
that our WASP-96b results are most similar to the results from their
HD 189733b and HD 209458b [M/H] = 0 kinetics simulations. This
is unsurprising as the WASP-96b system parameters are more simi-
lar to the system parameters of HD 189733b and HD 209458b than
to those of HAT-P-11b and WASP-17b also present in Zamyatina

MNRAS 000, 1-15 (2024)

et al. (2023)’s planet sample. However, the differences between the
system parameters of WASP-96b, HD 189733b and HD 209458b
alter the predictions of CH4, NH3 and HCN quenching behaviour
for these planets in such a way that puts WASP-96b’s results some-
where in between those for HD 189733b and HD 209458b. For
CHy specifically (Fig. A10), as the most spatially variable quenched
species amongst CHy4, NH3 and HCN in the case of these three plan-
ets, WASP-96b’s meridional CH4 quenching seems to be weaker
than that of HD 189733b, causing WASP-96b’s CH4 abundances at
<10* Pa to be lower than those of HD 189733b but larger than those
of HD 209458b. An investigation of the drivers of such differences
is reserved for a future study.

Quenching is a well-known process in planetary sciences, espe-
cially after it was used to explain the discovery of CO in the upper
atmosphere of Jupiter (Prinn & Barshay 1977). Since then many
theoretical studies considered quenching by either performing chem-
ical kinetics calculations or relying on the quenching approximation
(e.g., Smith 1998; Line et al. 2010; Madhusudhan & Seager 2011;
Visscher & Moses 2011; Zahnle & Marley 2014; Fortney et al. 2020;
Soni & Acharyya 2023a,b). While such an approximation is simple
and computationally efficient, the results obtained using this approx-
imation often diverge from the chemical kinetics results for reasons
discussed in detail in Tsai et al. (2017). Knowing that, we hope that
our first demonstration of the variability in the quench level positions
derived using a GCM coupled to a chemical kinetics scheme would
encourage more studies similar to ours and benefit other modelling
frameworks interested in quenching.

Aerosol formation in hot Jupiter atmospheres, and in particular
formation of oxygen-bearing clouds, was estimated to be able to
sequester up to 30% of oxygen from the entire atmosphere’s gas
phase under assumption of chemical equilibrium (Lee et al. 2016;
Lee 2023). Such a depletion in oxygen would change the abundance
and distribution of, e.g., HoO and of elemental ratios such as C/O.
The Helling et al. (2023) classification of gaseous exoplanets suggests
that WASP-96b’s C/O would be globally increased in cloud-forming



layers due to globally homogeneous cloud coverage. Given that their
modelling framework relied on chemical equilibrium calculations
for the gas-phase and our gas-phase only simulations did not include
clouds, currently it is hard to predict how C/O would change if the gas-
phase and cloud-phase chemical kinetics were coupled. Answering
this question is one of the most challenging ongoing pursuits in
exoplanet science.

5 CONCLUSIONS

We investigated the sensitivity of transport-induced quenching to an
increase in atmospheric metallicity from [M/H] = 0 to [M/H] = 1
using 3D GCM simulations of an assumed to be aerosol-free hot
Jupiter WASP-96b as an example. We found that:

e Quenching affects the spatial distribution of all chemical
species, but species that quench zonally, e.g., CH4, NH3 and HCN,
are affected by this process the most.

e The increase in atmospheric temperature at pressures ~10%—
107 Pa associated with an increase in atmospheric bulk metallicity
could shift the location of the quench level to lower pressures, into the
region of equatorial jet, and cause an equatorial depletion of species
undergoing zonal quenching.

e The ~3.0-5.0 pm region is the most powerful region in terms of
evening-morning limb asymmetries for distinguishing atmospheres
at chemical equilibrium from those with upper layers at thermo-
chemical disequilibrium, and uniquely identifying their metallicity.
This occurs because the amplitude and shape of evening-morning
limb differences in that region are drastically different between our
[M/H] = 0 and [M/H] = 1 equilibrium and kinetics simulations due
to the difference in the abundance of H>O and quenching behaviour
of CO; and CHy.
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Material produced using Met Office Software. The scripts to pro-
cess and visualise the Met Office UniFiED MoODEL data are available
on GitHub at https://github.com/mzamyatina/quenching_
driven_depletion_and_asymmetries; these scripts are depen-
dent on the following Python libraries: aeolus (Sergeev & Zamy-
atina2023), iris (Hattersley etal. 2023), ipython (Perez & Granger
2007), jupyter (Kluyver et al. 2016), matplotlib (Hunter 2007)
and numpy (Harris et al. 2020).

We would also like to note the energy intensive nature of super-
computing, especially simulations with interactive chemistry. We
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estimate that the final production runs needed for this paper resulted
in roughly 2.3 tCOse emitted into the atmosphere.
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APPENDIX A: APPENDIX

Figures in this section provide additional information about our GCM
simulations: Fig. A1-A2 — conservation and steady state diagnos-
tics, Fig. A3 — zonal-mean zonal wind speeds, Fig. A4 — vertical
pressure-temperature profiles in the terminator plane, Figs. A5-A9
— the distribution of NH3z, HCN, CO,, H,O and CO in the termi-
nator plane, Figs. A10-A15 — vertical profiles of CH4, CO, CO,
H,0O, HCN and NH3, Fig. A16 — the contributions of CHy, CO,
COy, H,O, HCN and NH3 to the full limb transmission spectra
and Fig. A17 — the morning and evening limb transmission spectra
shown on separate panels.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Figure A1l. Conservation diagnostics from the WASP-96b equilibrium and kinetics simulations assuming [M/H] = 0 or [M/H] = 1.
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Figure A2. Steady state diagnostics from the WASP-96b equilibrium and kinetics simulations assuming [M/H] = 0 or [M/H] = 1. All panels share the legend of
panel (b), and panels (c) and (d) share the legend of panel (d). Simulations approached the dynamical (a), radiative (b) and chemical (c)-(d) pseudo-steady state.
The kinetics simulation with [M/H] = 1 was run for longer (1500 Earth days) to better stabilise the total CH4 mass within 102-10* Pa.
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Figure A3. Zonal-mean zonal wind speeds from the WASP-96b equilibrium and kinetics simulations assuming [M/H] = 0 or [M/H] = 1. Simulations with a
higher metallicity predict faster zonal-mean zonal wind speeds, but the general jet structure is similar in all simulations.

WASP-96b
102 (a) Equilibrium [M/H]=0 (b) Kinetics [M/H]=0
- . -
A Chemical scheme:
\\ --r= Equilibrium
103 4 \ —— Kinetics 1
Metallicity:
— [M/H]=0
T 104 — [M/H]=1
¢
5
g
£ 10° d
= Morn
—— Even
10° 4 Al Tatitud
~— Morni
Even
107

10°

M/H]=1

—
o
S

Pressure [Pa]

—
o
el

10°

107

800 1000 1200 1400 1600 1800 2000
Temperature [K]

800 1000 1200 1400 1600 1800 2000
Temperature [K]

Figure A4. Pressure-temperature vertical profiles at the morning and evening limb from the WASP-96b equilibrium and kinetics simulations assuming [M/H] = 0
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Figure A10. As in Fig. A4 but for CH4 mole fraction.
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Figure A1l. As in Fig. A4 but for CO mole fraction. CO abundance and its 1o uncertainty, log;,(CO) = —3.2575,
Aurora in Taylor et al. (2023) are shown as a grey dotted line and grey shading, respectively.
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Figure A12. As in Fig. A4 but for CO, mole fraction. CO, abundance and its 1o uncertainty, log;(,(CO;) = —4.38f8;‘5‘;,
Aurora in Taylor et al. (2023) are shown as a grey dotted line and grey shading, respectively.
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Figure A14. As in Fig. A4 but for HCN mole fraction.
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Figure A1S. As in Fig. A4 but for NH3 mole fraction.
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WASP-96b simulated transmission spectra
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Figure A16. Contributions of CHy4, CO, CO,, H,O, HCN and NH3 to the full limb transmission spectra from the WASP-96b equilibrium and kinetics simulations
assuming [M/H] = 0 or [M/H] = 1.

MNRAS 000, 1-15 (2024)



(Rp/Rs)? [ppm]

(a)

Transport-induced quenching on WASP-96b

WASP-96b simulated morning and evening transmission spectra

Equilibrium [M/H]=0

27

Chemical scheme:
---- Equilibrium
—— Kinetics

16500 -
16250 -

e e
w w (e}
u N o
o w o
o o o
L L L

/

/

/

15250 A N

—— Morning

15000 1 —— Evening

v n fe,
Wttty [ S

3
\

"

L A
dia
VTSN
\

A
v W ~

i
.
\ '\‘.— 0 |
AR /fMV}z\,, AV, AW
- 1 () oj s, : 1 NN
! I hoq T T

TAINRY
LN

N
SN

/

i 7
NALNGS

A
.
PR AS
AN
p
A
N .
NSV A VAY
< v

(b)

2.0 3.0 4.0 6.0 8.0 10.0

Equilibrium [M/H]=1

1.4

15.0

20.0 30.0

“ /-
A W,
Wttty £
(N .

I, 1 A
ZA N i, "
i7" \ £ ) ) : W,
] 1 | i ., N 1 S
\ R ,f) sAoa qM)n w\ ! ri\x‘q
\/ v

N a
M= AT

i
N P
NNy
RNV AN

(c)

2.0 3.0 4.0 6.0 8.0 10.0

Kinetics [M/H]=0

1.4

15.0

20.0 30.0

0.4
(d)

0.6

0.8 1.0

2.0 3.0 4.0 6.0 8.0 10.0

Kinetics [M/H]=1

1.4

15.0

20.0 30.0

0.4

0.6

0.8 1.0

2.0 3.0 4.0 6.0 8.0 10.0

Wavelength [um]

1.4

15.0

20.0 30.0

Figure A17. As in Fig.6b but showing the morning and evening limb transmission spectra on separate panels.
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