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A B S T R A C T 

Transport-induced quenching, i.e. the homogenization of chemical abundances by atmospheric advection, is thought to occur 
in the atmospheres of hot gas giant exoplanets. While some numerical modelling of this process exists, the three-dimensional 
nature of transport-induced quenching is underexplored. Here, we present results of 3D cloud- and haze-free simulations of the 
atmospheres of HAT-P-11b, HD 189733b, HD 209458b, and WASP-17b including coupled hydrodynamics, radiative transfer, 
and chemistry. Our simulations were performed with two chemical schemes: a chemical kinetics scheme, which is capable of 
capturing transport-induced quenching, and a simpler, more widely used chemical equilibrium scheme. We find that transport- 
induced quenching is predicted to occur in atmospheres of all planets in our sample; ho we v er, the e xtent to which it affects their 
synthetic spectra and phase curves varies from planet to planet. This implies that there is a ‘sweet spot’ for the observability of 
signatures of transport-induced quenching, which is controlled by the interplay between the dynamics and chemistry. 

Key words: planets and satellites: atmospheres – planets and satellites: composition – planets and satellites: gaseous planets. 
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 I N T RO D U C T I O N  

tmospheric characterization is one of the current top-level chal- 
enges of exoplanet science (Howell 2020 ). It calls for a coordinated
ffort by both sides of the exoplanet community, observational and 
heoretical, to obtain a better understanding of the exoplanets’ op- 
ical structure, measured with transmission, emission and reflection 
pectroscopy, and phase curves (Kreidberg 2018 ) and simulated with 
 hierarchy of numerical models. 

It is becoming apparent that to interpret observations of the best 
bservational targets, currently Jovian planets in short-period orbits, 
r hot Jupiters, the exoplanet community requires multidimensional 
odels that couple hydrodynamics, radiative transfer, and chemistry. 
vidence of such a coupling having an impact on the observed 
roperties of hot Jupiter atmospheres had been obtained. For exam- 
le, vertical mixing was shown to cause a departure from chemical 
quilibrium in the atmosphere of Jupiter (Prinn & Barshay 1977 ) and
ot Jupiter analogues (e.g. Saumon et al. 2003 ; Skemer et al. 2014 ;
ahnle & Marley 2014 ). Horizontal mixing, specifically prograde 
quatorial winds, was pro v en to occur in the atmospheres of HD
89733b and HD 209458b (e.g. Snellen et al. 2010 ; Louden &
heatley 2015 ; Wyttenbach et al. 2015 ), and was reported to lead to

epartures from chemical equilibrium with 2D (e.g. Ag ́undez et al. 
012 , 2014 ; Baeyens et al. 2021 , 2022 ) and 3D forward models
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e.g. Cooper & Showman 2006 ; Drummond et al. 2018b , c , 2020 ;
endon c ¸a et al. 2018 ; Steinrueck et al. 2018 ). 1D forward models and

D retrie v als still surpass higher dimensionality modelling in terms
f computational efficiency, but do that at a cost of insufficiently
apturing the 3D structure of an observed atmosphere (Irwin et al.
020 ; MacDonald, Goyal & Lewis 2020 ; Pluriel et al. 2020 ). 
Recently, Drummond et al. ( 2020 ) presented 3D cloud- and haze-

ree coupled hydrodynamics-radiation-chemistry simulations of the 
tmospheres of HD 189733b and HD 209458b. They showed that 
he choice of a chemical scheme, between the chemical equilibrium 

cheme (allowing pressure and temperature to affect the chemical 
tructure) and the chemical kinetics scheme (allowing pressure, 
emperature, and 3D mixing to impact the chemical structure), 
esulted in synthetic observations from telescopes such as JWST 

Greene et al. 2016 ) and Ariel (Tinetti et al. 2018 ; Charnay et al. 2022 )
o have potentially detectable differences between their respective 
imulations. Although more work is required to constrain, impro v e,
nd learn from such simulations, the results for the somewhat similar,
n terms of bulk planetary parameters, HD 189733b and HD 209458b
imulations showed a surprising level of sensitivity in the observable 
hemical composition. 

In this study, we follow up on this finding, the apparent planet
ependence of the observability of signatures of transport-induced 
hemistry, and simulate the atmospheres of two additional exoplanets 
ith the same model and approach as in Drummond et al. ( 2020 ).
o expand the explored parameter space, we choose a warm super-
eptune HAT-P-11b disco v ered by Bakos et al. ( 2010 ) as the smallest
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nd coldest exoplanet in our sample of four exoplanets, and a hot
upiter WASP-17b disco v ered by Anderson et al. ( 2010 ) as the largest
nd hottest exoplanet. 

The outline of this paper is as follows. Section 2 introduces our
odel and details the parameters of our four targets. Section 3

escribes the simulated HAT-P-11b, HD 189733b, HD 209458b, and
ASP-17b atmospheres and compares their dynamical (Section 3.1 ),

hermal (Section 3.2 ), and chemical structure (Section 3.3 ), as well
s their observed and synthetic transmission spectra (Section 3.4.1 ),
mission spectra (Section 3.4.2 ), and phase curves (Section 3.4.3 ).
ection 4 discusses the observability of signatures of transport-

nduced quenching. Section 5 states our conclusions and plans for
uture work. 

 M E T H O D S  

.1 Model description 

e employ an idealized configuration of the Met Office UNIFIED

ODEL ( UM ), whose dynamical ( ENDGAME , Mayne et al. 2014a ,
 , 2017 , 2019 ; Wood et al. 2014 ), radiative ( SOCRATES , Edwards
996 ; Edwards & Slingo 1996 ; Amundsen et al. 2014 , 2016 , 2017 ),
nd chemical (Drummond et al. 2018a , b , c , 2020 ) components have
een adapted, tested, and applied to study gas giant atmospheres. The
ynamical core of the model uses a semi-implicit semi-Lagrangian
cheme to solve the full, deep-atmosphere, non-hydrostatic equa-
ions of motion discretized horizontally on to a regular longitude–
atitude Arakawa-C staggered grid and vertically on to a geometric
eight-based Charney–Phillips staggered grid. At the poles only
he meridional component of the wind is stored, and its speed and
irection are determined by a least-squares best fit to the zonal wind
n the grid-row closest to the pole assuming that the wind across the
ole is that of a solid-body rotation. A diffusion scheme suppresses
rid-scale numerical instabilities in horizontal wind velocities in the
onal direction only, with minimal additional damping applied to
ertical wind velocities near the upper boundary and no damping
r frictional parametrization at the bottom boundary. The radiative
ransfer component of the model solves the two-stream equations,
onsiders the absorption due to H 2 O, CO, CO 2 , CH 4 , NH 3 , HCN,
i, Na, K, Rb, Cs and collision-induced absorption due to H 2 –H 2 

nd H 2 –He using the correlated- k and equi v alent extinction methods
or computing k -coefficients from the ExoMol line lists (Tennyson
t al. 2016 ; see Tables A1 and A2 for details), and includes Rayleigh
cattering due to H 2 and He. Alkali metal abundances are computed
rom their respective monatomic/polyatomic transition boundaries
sing the Burrows & Sharp ( 1999 ) analytical fits, with additional
moothing applied to prevent non-continuous abundance change. We
o not include TiO and VO as opacity sources because our targets’
lanetary ef fecti ve temperatures are lo w enough ( < 1700 K) to allo w
s to assume TiO and VO to be rained out (Burrows & Sharp 1999 ;
oyal et al. 2019 ). 
The chemical component of the model provides a selection of

hemical schemes, from the most simple to the more complete,
ut computationally demanding: (1) analytical, (2) equilibrium,
3) relaxation, and (4) kinetics. The analytical chemical scheme
ses the Burrows & Sharp ( 1999 ) chemical equilibrium abundance
ormulas for H 2 O, CO, CH 4 , and NH 3 (see e.g. Amundsen et al.
016 ). This scheme provides the most computationally efficient way
f calculating H 2 O, CO, CH 4 , N 2 , and NH 3 mole fractions, but
ssumes (a) H 2 -dominated atmosphere with roughly solar elemental
bundances, (b) all C exists in CO and CH 4 , all O is in CO and H 2 O,
nd all N is in N 2 and NH 3 , (c) the interconversion between these
NRAS 519, 3129–3153 (2023) 
pecies is defined by two net reactions CO + 3 H 2 � CH 4 + H 2 O
nd N 2 + 3 H 2 � 2 NH 3 , which make this scheme (d) not applicable
nder H 2 dissociation ( > 2500 K) or low pressures. The chemical
quilibrium scheme computes a local chemical equilibrium using
he Gibbs energy minimization (see Drummond et al. 2018a ). This
cheme calculates mole fractions of a larger number of chemical
pecies under a wider range of elemental abundances and thermody-
amical conditions, but assumes chemical equilibrium. Our chemical
elaxation scheme is similar to that of Cooper & Showman ( 2006 ).
ur scheme relaxes CO and N 2 mole fractions to their equilibrium
alues at a time-scale of the rate-limiting step of CO–CH 4 conversion
 H + H 2 CO + M −→ CH 3 O + M ) and the net N 2 –NH 3 conversion
eaction ( N 2 + 3 H 2 � 2 NH 3 ), respectively, and computes CH 4 ,
 2 O, and NH 3 mole fractions from the mass balance assuming all C

s contained in CO and CH 4 , all O is in CO and H 2 O, and all N is in
 2 and NH 3 (see Drummond et al. 2018b , c ). The chemical kinetics

cheme solves stiff ordinary differential equations describing chemi-
al production and loss of chemical species in a chemical network of
hoice (see Drummond et al. 2020 ) using the DLSODES solver from
he FORTRAN library ODEPACK (Hindmarsh 1983 ). For the chemical
inetics scheme, we use the Venot et al. ( 2019 ) chemical network
ith 30 neutral chemical species and 181 reversible reactions that
ad been reduced from the larger experimentally validated network
f Venot et al. ( 2012 ) with the ANSYS © CHEMKIN-PRO REACTION

ORKBENCH 

1 , with photodissociation reactions excluded from the
eduction. All mentioned chemical networks are available via the
IDA data base 2 (Wakelam & KIDA Team 2012 ). 
We neglect photochemistry and clouds in this work. Photochem-

stry generally becomes important at pressures near or less than the
owest included in our modelled domain (Baeyens et al. 2022 ), while
he effects of clouds have been studied in several other works (Lee
t al. 2016 ; Lines et al. 2018a , b , 2019 ; Christie et al. 2021 , 2022 ;
oman et al. 2021 ). Ho we ver, it is important to note that observations
o suggest that some hot Jupiter atmospheres are cloud-free (Sing
t al. 2016 ; Nikolov et al. 2018 , 2022 ; Wakeford et al. 2018 ; Alam
t al. 2021 ; Sheppard et al. 2021 ; Ahrer et al. 2022 ), so the assumption
f a cloud-free atmosphere is a reasonable one for some planets. 

.2 Model setup and simulation parameters 

e adopt the same basic model setup as Drummond et al. ( 2020 ).
e use a horizontal resolution of 2.5 ◦ longitude by 2 ◦ latitude and

6 v ertical lev els equally spaced in height. Such a choice of grid
esolution results in all our simulations being conv ectiv ely stable,
nd thus not requiring a dry static adjustment. It is possible that
he large-scale flow compensated for transport otherwise performed
y unresolv ed conv ectiv e or sub-grid scale motions, but this effect
ould have been minor and localized. We initialize the model at rest
ith a pressure-temperature profile from the 1D radiativ e-conv ectiv e-

hemistry model ATMO (e.g. Drummond et al. 2016 ). Such a profile,
epresenting a dayside average, is calculated for each planet under
he assumption of chemical equilibrium for species present in the
enot et al. ( 2012 ) chemical network, and used to derive a column-
veraged specific gas constant and specific heat capacity as well
s to adjust the vertical extent of the UM to cover a range of
ressures from ∼2 × 10 7 Pa to ∼1 Pa. Chemical species abundances
n simulations using the chemical kinetics scheme are initialized

https://kida.astrochem-tools.org/
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Table 1. Stellar parameters used for each simulation. 

Parameter Unit HAT-P-11 HD 189733 HD 209458 WASP-17 

Type K4 K1-K2 G0 F4 
Radius m 4.75 × 10 8 5.23 × 10 8 8.08 × 10 8 11.01 × 10 8 

Ef fecti ve temperature K 4800 5050 6100 6600 
Stellar constant at 1 au W m 

−2 298.48 454.37 2335.45 5698.12 
log 10 (surface gravity) cgs 4.50 4.53 4.38 4.00 
Metallicity dex 0.300 −0.030 0.014 −0.500 

Table 2. Planetary parameters used for each simulation. Parameters derived from the input stellar and planetary 
parameters or obtained after the model reached a pseudo-steady state are reported in the last two rows. 

Parameter Unit HAT-P-11b HD 189733b HD 209458b WASP-17b 

Inner radius m 2.72 × 10 7 8.05 × 10 7 9.00 × 10 7 13.51 × 10 7 

Domain height m 0.46 × 10 7 0.32 × 10 7 0.90 × 10 7 3.70 × 10 7 

Semimajor axis au 0.05259 0.03142 0.04747 0.05135 
Orbital period Earth day 4.888 2.219 3.525 3.735 
Rotation rate rad s −1 1.49 × 10 −5 3.28 × 10 −5 2.06 × 10 −5 1.95 × 10 −5 

Surface gravity a m s −2 13.20 21.50 9.30 3.31 
Specific gas constant J K 

−1 kg −1 3514.3 3516.1 3516.6 3518.7 
Specific heat capacity J K 

−1 kg −1 1.24 × 10 4 1.25 × 10 4 1.28 × 10 4 1.32 × 10 4 

Stellar irradiance b W m 

−2 0.11 × 10 6 0.46 × 10 6 1.04 × 10 6 2.16 × 10 6 

Ef fecti ve temperature c K 813 1162 1391 1622 

Notes. a Assuming the bottom boundary is at 2 × 10 7 Pa. 
b Calculated as F 1au (1/a) 2 , where F 1au is the stellar constant at 1 au, and a is the semimajor axis. 
c Calculated at pseudo-steady state as (OLR/ σ ) 1/4 , where OLR is the global mean top-of-the-atmosphere outgoing 
longwave radiation, and σ is the Stefan–Boltzmann constant. 
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o their chemical equilibrium abundances derived for the pressure- 
emperature profile described abo v e. Both models ( ATMO and the
M ) use the same, solar elemental abundances, namely a protosolar
alue for He, meteoritic values for Li and Cs, and photospheric values
or Na and Rb from Asplund et al. ( 2009 ), and updates for C, N, O,
nd K from Caffau et al. ( 2011 ). The UM accounts for the heat flux
rom the planet interior by adding an upward flux corresponding to 
n intrinsic temperature of 100 K at the bottom boundary. The choice
f having the same (rather than different) intrinsic temperature for 
ll our targets relies on the theory of Tremblin et al. ( 2017 ), which
uggests that the hot Jupiter radius inflation problem could be solved 
y a downward advection of potential temperature rather than a high 
nternal flux, which implies that the choice of intrinsic temperature 

ight be less critical than the simulation length. Since such advection 
ccurs on a time-scale of thousands of years (Sainsbury-Martinez 
t al. 2019 ), we recognize that our simulations are too short for the
eep atmosphere to fully evolve, and hence focus our further analysis 
n the upper atmosphere only . Additionally , we rely on the finding
y Drummond et al. ( 2020 , their Appendix C) that HD 209458b
imulations with a cold and hot initial pressure-temperature profile 
howed that the deep atmosphere of this planet does not affect its
pper atmosphere dynamics and chemistry, as the quench point for all 
ix chemical species of interest (H 2 O, CO, CO 2 , CH 4 , NH 3 , HCN)
ies abo v e (to wards lo wer pressures) the region of the atmosphere
hat has not reached a steady state by the end of the simulations. 

The UM uses separate time-steps for the dynamics, radiative 
ransfer, and chemistry, for which we adopt 30, 150, and 3750 
, respectively, as a balance between accuracy and computational 
fficiency. All simulations are integrated for a 1000 Earth days 
i.e. 8.64 × 10 7 s) providing a pseudo-steady state for the upper 
tmosphere (diagnosed by analysing the evolution of the global 
aximum wind velocities, the global mean top-of-the-atmosphere 
et energy flux, and the total mass of opacity sources, see Appendix B
or details), while the deeper atmosphere is likely to still be evolving.
uring the model run time, we use low-resolution spectral files that
ave 32 spectral bands covering 0.2–322 μm and a maximum of
1 k -coefficients per band. For synthetic observations, we use high-
esolution spectral files that have 500 spectral bands covering 2–
0 000 μm (to better capture absorption features of chemical species
f interest) and a maximum of 15 k -coefficients per band. 
Stellar and planetary parameters used to simulate each of our 

argets with ATMO and the UM are obtained from the TEPCat data
ase 3 (Southworth 2011 ) and are summarized in Tables 1 and 2 ,
espectiv ely. F or the stellar spectrum, we use the Kurucz spectra 4 

or HD 189733 and HD 209458, and the PHOENIX BT-Settl spectra
Rajpurohit et al. 2013 ) for HAT-P-11 and WASP-17. 

Following Drummond et al. ( 2020 ), we perform a pair of simula-
ions per new target, HAT-P-11b and WASP-17b, with each simula- 
ion pair consisting of a simulation using the chemical equilibrium 

cheme and another using the chemical kinetics scheme. From now 

n we refer to these simulations as the ‘equilibrium’ and ‘kinetics’,
espectively. These simulations required approximately 5.8 and 8.9 d 
f wall time per equilibrium and kinetics simulation, respectively, 
sing 216 cores on the DiRAC DIaL supercomputing facility. 

 RESULTS  

ere, we describe the dynamical, thermal, and chemical structure 
f the atmospheres of HAT-P-11b, HD 189733b, HD 209458b, and 
ASP-17b, simulated with the UM using the chemical equilibrium 
MNRAS 519, 3129–3153 (2023) 
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M

Figure 1. Zonal-mean zonal wind speed from HAT-P-11b, HD 189733b, HD 209458b, and WASP-17b equilibrium (top row) and kinetics (bottom row) 
simulations. For the eastward flo w, the v ariability is additionally highlighted in black thick solid contours with 2 km s −1 intervals, and for the westward flow, it 
is highlighted in black thin dashed contours with 0.25 km s −1 intervals. 
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nd chemical kinetics scheme. That description is followed by a
iscussion of the impact of the choice of a chemical scheme on the
ynthetic observations of these atmospheres. 

.1 Dynamical structure 

astward (prograde) zonal flow dominates the atmospheric circu-
ation of HAT-P-11b, HD 189733b, HD 209458b, and WASP-17b
Figs 1 and C1 –C2 ). The speed and spatial extent of the eastward
onal flo w v ary from planet to planet, as do the characteristics of the
eak er westw ard (retrograde) zonal flows located deeper than and/or
oleward of the eastward flow. While the dynamical structure differs
etween planets, it is similar between their respective equilibrium
nd kinetics simulations. 

For HAT-P-11b (Figs 1 a and b), the eastward flow extends from
ole to pole and down to ∼ 1 × 10 5 Pa, and has the maximum zonal-
ean zonal wind speed at the equator of 2.6 km s −1 at 1.7 × 10 2 Pa

n the equilibrium simulation, and 2.4 km s −1 at 1.0 × 10 2 Pa in the
inetics simulation. The westward flow prevails at deeper pressures,
nd a pair of westward zonal jets forms between 1 × 10 5 and 3 × 10 5 

a, having the zonal-mean zonal wind speed maxima at ±10 ◦ latitude
f 0.33 km s −1 in the equilibrium simulation, and 0.62 km s −1 in the
inetics simulation. Sho wman, Le wis & F ortne y ( 2015 ) predicted a
imilar atmospheric circulation for a moderately irradiated, slowly
otating hot Jupiter in their ‘W �slow ’ 5 cloud-free simulation with the
PARC/MITGCM 3D hydrodynamics-radiation model (their figs 3 and
) to that we find for HAT-P-11b. Ho we ver, their ‘W �slow ’ case is
NRAS 519, 3129–3153 (2023) 

 HD 189733b as R planet = 1 . 15 × R Jupiter = 8 . 04 × 10 7 m , g = 21 . 4 m s −2 , 
 s = 3714 . 3 J K 

−1 kg −1 , c p = 1 . 30 × 10 4 J K 

−1 kg −1 , metallicity = 1 ×
olar, but with the following parameters modified: a = 0.0789 au, 
 star = 7 . 37 × 10 4 W s −2 , T orb = 8.8 Earth days, � = 8 . 264 × 10 −6 rad s −1 . 

e  

j  

m
a  

5  
he closest but not equi v alent to our HAT-P-11b simulations in terms
f the stellar and planetary parameters used. 
For HD 189733b (Figs 1 c and d), our model predicts an emergence

f the eastward equatorial zonal jet, which is more prominent
han that of HAT-P-11b. The HD 189733b equatorial zonal jet
pans ±30 ◦ latitude and extends down to ∼1 × 10 6 Pa, having the
aximum zonal-mean zonal wind speed at the equator of 6.4 km s −1 

t 3.5 × 10 2 Pa in the equilibrium simulation, and 6.5 km s −1 at
.9 × 10 2 Pa in the kinetics simulation. The westward flow controls
he circulation elsewhere. Two pair and one pair of westward zonal
ets emerge in the equilibrium and kinetics simulations, respectively,
ut the zonal-mean zonal wind speed maxima between all these
estward zonal jets are the same in both simulations, and are equal

o 1.5 km s −1 , and are located at ±40 ◦ latitude at ∼1 × 10 2 Pa. 
For HD 209458b (Figs 1 e and f), the emergent eastward equatorial

onal jet is similar to that of HD 189733b, except for being wider,
specially between 1 × 10 3 and 1 × 10 5 Pa, and shallower. The
D 209458b equatorial zonal jet spans ±40 ◦ latitude and extends
own to ∼5 × 10 5 Pa, having the maximum zonal-mean zonal
ind speed at the equator of 6.1 km s −1 at 8.7 × 10 2 Pa in both

imulations. The westward flow occurs elsewhere. Two pairs of
estward zonal jets emerge in both simulations, with the jet pair

ocated at ±50 ◦ latitude at ∼5 × 10 5 Pa having faster zonal-mean
onal wind speeds, with maxima of 0.8 km s −1 , than the jet pair
ocated at lower pressures. 

For WASP-17b (Figs 1 g and h), our simulations show an eastward
quatorial zonal jet similar to those of HD 189733b and HD 209458b,
xcept for it being even shallower. The WASP-17b equatorial zonal
et spans ±40 ◦ latitude and extends down to 2 × 10 5 Pa, having the

aximum zonal-mean zonal wind speed at the equator of 6.6 km s −1 

t 1.5 × 10 3 Pa in both simulations (which is comparable with
 km s −1 at ∼1 × 10 4 Pa estimate from Kataria et al. 2016 ). The

art/stac3432_f1.eps
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Figure 2. Pressure-temperature profiles for different longitudes around the equator (thick lines in bright colours) and 60 ◦N (thin lines in faded colours) from 

HAT-P-11b, HD 189733b, HD 209458b, and WASP-17b equilibrium (dashed) and kinetics (solid) simulations. Pressure-temperature profiles used to initialize 
each pair of 3D simulations are the dayside average profiles from the respective 1D ATMO equilibrium simulations (dotted). 
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estward flow supports two pairs of zonal jets located at ±50 ◦

atitude in both simulations. The jet pair at ∼1 × 10 3 Pa has faster
onal-mean zonal wind speeds, with maxima of 1.5 km s −1 , than the
et pair located at higher pressures. 

.2 Thermal structure 

he thermal structure of the atmospheres of HAT-P-11b, 
D 189733b, HD 209458b, and WASP-17b differs between planets 
ut is similar between their respective equilibrium and kinetics simu- 
ations. To explore the atmospheric thermal structure of these planets, 
e analyse their pressure-temperature vertical profiles (Fig. 2 ). 
The simulated HAT-P-11b atmosphere is the coldest and the 
ost thermally uniform relative to atmospheres of the other three 

lanets in our sample (Fig. 2 a). HAT-P-11b receives the lowest 
tellar irradiance, as it orbits the coldest host star at the largest
rbital radius in our sample, resulting in the smallest zonal and 
eridional temperature gradients in the planet’s atmosphere. The 
AT-P-11b equilibrium and kinetics simulations predict slightly 
ifferent thermal structures, especially closer to the equator. At the 
quator between 1 × 10 2 and 1 × 10 4 Pa, temperatures are lower by
p to 10 K in the kinetics simulation relative to the equilibrium one,
hile between 1 × 10 4 and 1 × 10 5 Pa temperatures are higher by
p to 10 K in the kinetics simulation relative to the equilibrium one. 
The simulated HD 189733b atmosphere (Fig. 2 b) is hotter than 

hat of HAT-P-11b. HD 189733b receives a larger stellar irradiance, 
s it orbits a hotter host star at a smaller orbital radius (in fact,
he smallest). This leads to larger zonal and meridional temperature 
radients in the planet’s atmosphere. The HD 189733b equilibrium 

nd kinetics simulations also predict different thermal structures, but 
he temperature differences are within 5–10 per cent (Drummond 
t al. 2020 ). 

The simulated HD 209458b atmosphere (Fig. 2 c) is even hotter 
han that of HD 189733b. HD 209458b receives a larger stellar
rradiance, as it orbits a hotter host star but at a larger orbital
adius. This results in its zonal and meridional temperature gradients 
eing similar to those of HD 189733b. The HD 209458b equilibrium 

nd kinetics simulations predict similar thermal structures, with the 
emperature differences being < 1 per cent (Drummond et al. 2020 ). 

The simulated WASP-17b atmosphere (Fig. 2 d) is the hottest, and 
as the largest zonal and meridional temperature gradients. In fact, 
ts atmosphere is so hot that its equilibrium and kinetics simulations
redict almost identical thermal structures due to extremely short 
hemical time-scales. 

.3 Chemical structure 

he abundances of chemical species in our equilibrium simulations 
race the pressure-temperature structure of the atmosphere, as is 
xpected from the Gibbs energy minimization. In our kinetics 
imulations, ho we v er, the y depart from equilibrium due to transport-
nduced quenching, which is a homogenization of chemical abun- 
ance gradients by atmospheric advection (Moses 2014 ). Because 
ransport-induced quenching depends on the difference between the 
ime-scale of chemical reactions and the time-scale of advection, 
uch quenching occurs at different pressure levels, or depths, in the
tmosphere for different chemical species (Visscher & Moses 2011 ; 
g ́undez et al. 2014 ). CH 4 and CO quenching depends on the time-

cale of CH 4 –CO interconversion and the competition between CO 

nd H 2 O for being the main carrier of atomic oxygen O, causing CH 4 ,
O, and H 2 O to quench at a similar depth. CO 2 quenching, ho we ver,
epends on the combined time-scale of CO–CO 2 conversion and 
 2 O destruction, with the latter being the main OH source for
O + OH → CO 2 + H. CO 2 maintains pseudo-equilibrium with CO
nd H 2 O while atmospheric conditions sustain efficient CO–CO 2 

onversion, but it quenches when it is no longer the case (Tsai
t al. 2018 ). NH 3 and HCN quenching is the least understood, but it
enerally depends on the time-scale of N 2 –NH 3 interconversion and 
H 4 –CO interconversion, with the latter impacting the availability of 
 for a C–N bond. Because coupled NH 3 and CH 4 chemistry needs

o produce HCN first (Moses et al. 2011 ), NH 3 quenches before
CN does. Transport-induced quenching also varies in strength, 
hich in our simulations could be thought of as a departure of

he disequilibrium abundance not caused by photochemistry (as 
hotochemistry is less rele v ant at pressures where transport-induced 
uenching occurs) from equilibrium that depends on the wind speed 
nd direction. When all three types of transport-induced quenching 
ccur in an atmosphere, zonal quenching would likely occur first 
ue to zonal winds being the fastest on average, with meridional and
ertical quenching being second and third, respectively. Therefore, 
apturing the 3D nature of atmospheric flows is important to correctly 
esolve transport-induced quenching. 

While the dynamical and thermal structures of the atmospheres 
f HAT-P-11b, HD 189733b, HD 209458b, and WASP-17b are 
MNRAS 519, 3129–3153 (2023) 

art/stac3432_f2.eps


3134 M. Zamyatina et al. 

M

b  

s  

p  

e  

(  

c  

l  

a  

n  

s  

4  

c  

c  

s  

c  

t  

C  

w  

c

3

F  

b
f  

fl  

v  

s
 

a  

(
P  

f  

q  

c  

d  

d  

t  

d  

t  

t  

t  

C
P  

b  

s  

l  

a  

l  

t  

k
i  

c  

6

C  

∼  

o  

∼
 

1  

b  

T  

l  

z
 

u  

q  

1  

u  

f  

b  

p
 

f  

a  

c
w  

s  

b  

b  

H  

s  

o  

c  

(

3

V  

d  

m  

H
 

i  

h
 

i  

d  

f  

b  

m
e  

c  

p  

o  

d  

C  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/3129/6845749 by U
niversity of Exeter user on 02 June 2023
roadly similar between their respective equilibrium and kinetics
imulations, their chemical structure is markedly different. To ex-
lore the difference in the atmospheric chemical structure between
quilibrium and kinetics simulations, we analyse vertical profiles
Fig. 3 , and Fig. C3 with different X-axes) and longitude–latitude
ross-sections of chemical species mole fractions (Fig. 4 ). For the
ongitude–latitude cross-sections, we sampled our model data at
 pressure level of the photosphere (i.e. where the value of the
ormalized contribution function is equal to 1, see Appendix C ) in
pectral bands 6 closest to the centre of the Spitzer /IRAC channels 3.6,
.5, 5.8, and 8.0 μm that coincide with the peaks in the absorption
ross-section of CH 4 , CO, H 2 O, and CH 4 , respectively, and a band
losest to 10.5 μm coinciding with the peak in NH 3 absorption cross-
ection. We selected a single spectral band for each Spitzer /IRAC
hannel instead of a range of bands as did Drummond et al. ( 2018c )
o simplify the cases of ‘convoluted’ photospheres (Dobbs-Dixon &
owan 2017 ), for which the contribution function has multiple peaks
hen a range of absorption coefficients from several spectral bands

ontributes to the total absorption. 

.3.1 HAT-P-11b 

or HAT-P-11b, transport-induced quenching occurs at the boundary
etween the superrotating and the retrograde flow (Figs 1 b and 3 a–
). At high latitudes (e.g. 60 ◦N), it occurs fully within the retrograde
ow, while closer to the equator, it occurs in a calmer but more
ariable wind regime, which causes the variability in the chemical
pecies mole fractions between 1 × 10 5 and 1 × 10 6 Pa. 

CH 4 , CO, and H 2 O quench zonally and vertically, with the depth
nd strength of either direction of quenching varying with latitude
Figs 3 a, b, d). At the equator, CH 4 , CO, and H 2 O quench at ∼1 × 10 6 

a, where their vertical profiles from the kinetics simulation depart
rom those at equilibrium. Between 1 × 10 3 and 1 × 10 5 Pa, zonal
uenching dominates o v er v ertical, as the profiles show almost no
hange zonally (with longitude) but still change vertically (with
ecreasing pressure). Between 1 × 10 2 and 1 × 10 3 Pa, ho we ver, both
irections of quenching become equally strong, causing the profiles
o stay constant with decreasing pressure until the top of our model
omain. At 60 ◦N, CH 4 , CO, and H 2 O quench at the same depth as at
he equator, but both quenching directions become equal in strength
owards higher pressures, at 2 × 10 5 Pa, than at the equator. Due to
hese differences in quenching depth and strength with latitude, CH 4 ,
O, and H 2 O mole fractions reach nearly the same value at 1 × 10 3 

a, and form a relatively uniform layer with longitude and latitude
etween 1 × 10 2 and 1 × 10 3 Pa. This contrasts our equilibrium
imulation, where they retain zonal and meridional gradients in this
ayer. The homogenization of CH 4 , CO, and H 2 O abundances by
tmospheric advection alters their spatial distribution at the pressure
evel of the photosphere (Fig. 4 first column). CH 4 mole fractions at
he 3.6 and 8.0 μm photospheres decrease by up to a factor of 2 in the
inetics simulation relative to equilibrium one, but stay at ∼3 × 10 −4 

n both simulations. H 2 O mole fractions at the 5.8 μm photosphere
hange similarly to CH 4 , and stay at ∼7 × 10 −4 in both simulations.
NRAS 519, 3129–3153 (2023) 

 Spectral band centre (in μm) and bounds (in μm): 

(i) 3.6 μm (3.5971223–3.6101083), 

(ii) 4.5 μm (4.484305–4.5045044), 

(iii) 5.8 μm (5.780347–5.8139535), 

(iv) 8.0 μm (8.0–8.064516), 

(v) 10.5 μm (10.416667–10.526316). 
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O mole fractions at the 4.5 μm photosphere, ho we ver, increase from
1 × 10 −6 to ∼1 × 10 −4 poleward of ±40 ◦ latitude, and smooth

ut the meridional gradient, causing CO mole fractions to stay at
2 × 10 −4 at the 4.5 μm photosphere in the kinetics simulation. 
CO 2 maintains a pseudo-equilibrium with CO and H 2 O between

.5 × 10 4 and 3 × 10 5 Pa, and quenches zonally and vertically
etween 1 × 10 2 and 1.5 × 10 4 Pa at a value of ∼1 × 10 −7 (Fig. 3 c).
his differs from our equilibrium simulation, where CO 2 varies with

ongitude and latitude between 1 × 10 2 and 1 × 10 4 Pa, and maintains
onal and meridional gradients of up two orders of magnitude. 

NH 3 and HCN quench in a similar manner to CH 4 and CO, but
nlike CH 4 and CO, their mole fractions mostly increase due to
uenching (Figs 3 e and f). As a result, NH 3 mole fractions at the
0.5 μm photosphere increase in a way with that produces a nearly
niform longitude and latitude NH 3 distribution, with NH 3 mole
ractions staying at ∼2 × 10 −6 , because the meridional gradient
etween ∼4 × 10 −6 at the poles and ∼4 × 10 −7 at the equator
resent at equilibrium is eliminated. 
Results from our HAT-P-11b equilibrium and kinetics simulations

or CH 4 , CO, H 2 O, CO 2 , and NH 3 vertical profiles at the equator
gree with those of Moses et al. ( 2021 ) from their pseudo-2D
hemical equilibrium and kinetics simulations of an exo-Neptune 7 

ith 700 K ef fecti ve temperature rotating at 0.067294 au from a K5V
tar 8 (their fig. 6). This agreement supports the prediction made by
oth their and our study that H 2 O > CH 4 > CO in terms of abundance
etween 1 × 10 2 and 1 × 10 7 Pa in atmospheres of such planets.
o we ver, our equatorial HCN vertical profiles from the kinetics

imulation show mole fractions of ∼1 × 10 −9 , which is 2–3 orders
f magnitude lower than those presented in their study. This is likely
aused by the difference in HCN treatment between Venot et al.
 2019 ) and Moses et al. ( 2013 ) chemical networks. 

.3.2 HD 189733b and HD 209458b 

ertical profiles of CH 4 , CO, H 2 O, CO 2 , NH 3 , and HCN were
iscussed in Drummond et al. ( 2020 ). Here, we briefly repeat their
ajor conclusions, and discuss the spatial distribution of CH 4 , CO,
 2 O, and NH 3 at the pressure level of the photosphere. 
For our simulations of HD 189733b and HD 209458b, transport-

nduced quenching occurs at the base of the superrotating jet, or at
igher pressures and within the retrograde flow (Figs 1 d, f, 3 g–r). 
For HD 189733b, CH 4 , CO, H 2 O, and NH 3 quench zonally, merid-

onally , and vertically , with the evidence for meridional quenching
iscussed in Drummond et al. ( 2018b ). As a result, CH 4 mole
ractions at the 3.6 and 8.0 μm photospheres are homogenized
y atmospheric advection in a way that reduces their zonal and
eridional gradients, leaving only a small, ∼3 × 10 −5 to ∼4 × 10 −5 

quator-to-pole gradient in the kinetics simulation (Fig. 4 second
olumn). CO and H 2 O mole fractions at the 5.8 and 4.5 μm
hotospheres, respectively, change mostly on the nightside poleward
f ±30 ◦ latitude, but with an opposite sign: H 2 O mole fractions
ecrease by about a factor of 2 and stay at ∼4.7 × 10 −4 , while
O mole fractions increase by about a factor of 2 and stay at
4.9 × 10 −4 . Therefore, CO > H 2 O > CH 4 in terms of abundance

n the upper atmosphere of HD 189733b. NH 3 mole fractions at the
0.5 μm photosphere change similarly to CH 4 , and stay at ∼3 × 10 −6 

n the kinetics simulation. 
 R planet = 0 . 4 × R Jupiter = 2 . 80 × 10 7 m , T orb = 8.48 Earth days, 
= 8 . 57 × 10 −6 rad s −1 , g = 10 m s −2 , metallicity = 1 × solar 

 R star = 0 . 7 × R Sun = 4 . 87 × 10 8 m , T eff = 4500 K , log 10 (g) = 4 . 50(cgs) 



Tr ansport-induced c hemistry signatures in 3D 3135 

Figure 3. Vertical profiles of chemical species mole fractions for different longitude points around the equator and 60 ◦N, from the equilibrium (dashed) and 
kinetics (solid) simulations of HAT-P-11b (first column), HD 189733b (second column), HD 209458b (third column), and WASP-17b (fourth column). 

 

a  

μ

a  

t  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/3129/6845749 by U
niversity of Exeter user on 02 June 2023
For HD 209458b, CH 4 , CO, H 2 O, and NH 3 quench zonally
nd vertically. As a result, CH 4 mole fractions at the 3.6 and 8.0
m photospheres are homogenized by atmospheric advection in 
 way that reduces their zonal gradient, but leaves an equator-
o-pole gradient of ∼1 × 10 −9 to ∼1 × 10 −6 in the kinetics
imulation (Fig. 4 third column), which is larger than that found
MNRAS 519, 3129–3153 (2023) 
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Figure 4. Chemical species mole fractions at a pressure level of the photosphere in individual spectral bands closest to 3.6, 4.5, 5.8, 8.0, and 10.5 μm associated 
with the peaks in absorption from CH 4 , CO, H 2 O, CH 4 , and NH 3 , respectively, from the equilibrium and kinetics simulations of HAT-P-11b (first column), 
HD 189733b (second column), HD 209458b (third column), and WASP-17b (fourth column). The substellar point is located at 180 ◦ latitude. Grey grid lines 
show 90 ◦ and 270 ◦ longitude. 
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or HD 189733b. CO and H 2 O mole fractions at the 5.8 and 4.5 μm
hotospheres, respectively, change less than those for HD 189733b
nd only between 0 and 100 ◦E poleward of ±40 ◦ latitude, but
till with an opposite sign: H 2 O mole fractions decrease and stay
t ∼4.4 × 10 −4 , while CO mole fractions increase and stay at
5.3 × 10 −4 . Therefore, CO > H 2 O > CH 4 in terms of abundance

n the upper atmosphere of HD 209458b. NH 3 mole fractions at the
0.5 μm photosphere change similarly to CH 4 , resulting in a small,
5 × 10 −8 to ∼4 × 10 −7 equator-to-pole gradient in the kinetics

imulation. 
NRAS 519, 3129–3153 (2023) 

m  
.3.3 WASP-17b 

or WASP-17b, transport-induced quenching occurs at lower pres-
ures than that for the other three planets. At latitudes occupied by
he superrotating jet, it occurs near the fastest part of the jet, while
lsewhere it occurs deeper and within the retrograde flow (Figs 1 h
nd 3 s–x). 

As WASP-17b’s atmosphere is warmer than those of the other
hree planets, CO is thermodynamically fa v oured o v er CH 4 in such
 way that makes CO more abundant than CH 4 throughout our entire
odel domain. With H 2 O adjusting accordingly, CO > H 2 O > CH 4 in
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erms of abundance, which is similar to the upper atmospheres of
D 189733b and HD 209458b. Preferential production of CO and 
 2 O o v er CH 4 causes CO and H 2 O spatial variability to be smaller

han that of CH 4 , which is why below we discuss CH 4 vertical profiles
nly. 
CH 4 quenches zonally and vertically, with zonal quenching dom- 

nating o v er v ertical, and quenching depth varying with longitude
nd latitude (Fig. 3 s). On the dayside at the equator, CH 4 quenches
t 5 × 10 2 Pa, while on the nightside at the equator it quenches
eeper, with the quenching pressure level increasing from 1 × 10 3 

a at 270 ◦E to 7 × 10 3 Pa at 90 ◦E. Therefore, at the equator,
H 4 quenching occurs at different pressure levels for all longitudes. 
o we ver, at high latitudes, it occurs at a single and higher pressure

han that at the equator, which is the same for all longitudes (e.g.
t 1 × 10 5 Pa at 60 ◦N). This leads to an overall tendency of CH 4 

ertical profiles to e volve to wards the dayside equilibrium values, 
hich causes CH 4 mole fractions at the 3.6 and 8.0 μm photospheres

o decrease in a way that retains their meridional gradient but reduces
he zonal gradient (Fig. 4 fourth column). In the kinetics simulation, 
H 4 mole fractions stay at ∼1 × 10 −11 on the dayside and at
1 × 10 10 to 1 × 10 −9 on the nightside. CO mole fractions at the

.5 μm photosphere stay at ∼5 × 10 −4 , while H 2 O mole fractions
t the 5.8 μm photosphere stay at ∼4 × 10 −4 in both simulations. 

CO 2 is at equilibrium throughout most of our model domain in 
he kinetics simulation, except for < 5 × 10 2 Pa between 330 ◦E and
0 ◦E on the nightside, where it is likely at pseudo-equilibrium with
O and H 2 O (Fig. 3 u). As a result, CO 2 mole fractions vary with

ongitude and latitude from ∼6 × 10 −8 at the substellar point to 
1 × 10 −7 elsewhere, and the difference between equilibrium and 

inetics simulations is small. 
NH 3 and HCN quench zonally and vertically, with the depth and 

trength of either direction of quenching varying with longitude and 
atitude (Figs 3 w and x). At the equator, NH 3 quenches at 3 × 10 4 Pa,
ith zonal quenching dominating o v er v ertical between 3 × 10 3 and
 × 10 4 Pa, and both directions of quenching becoming equal at 
ower pressures. At 60 ◦N, NH 3 quenches deeper, at 7 × 10 4 Pa,
ith zonal quenching also dominating o v er v ertical, especially on

he nightside, up to the top of our model domain. Zonal quenching is
eaker at 60 ◦N than at the equator, which causes the 60 ◦N profiles

or different longitudes to diverge. As a result, NH 3 mole fractions
t the 10.5 μm photosphere increase, and they increase by a higher
mount poleward of ±40 ◦ latitude than elsewhere. This creates a 
ore prominent, ∼4 × 10 −9 to ∼1 × 10 −8 equator-to-pole gradient 

n the kinetics simulation than at equilibrium. HCN spatial variability 
s similar to that of NH 3 , but HCN quenches at lower pressures
han NH 3 , at 5 × 10 3 Pa at a mole fraction of ∼2 × 10 −10 and at
 × 10 4 Pa at a mole fraction of ∼7 × 10 −10 at the equator and
0 ◦N, respectively. 
Results from our WASP-17b equilibrium simulation for CH 4 , CO, 
 2 O, and NH 3 vertical profiles agree with those of Kataria et al.

 2016 ) from their interpolation of 1D pressure-temperature profiles, 
v eraged o v er the dayside, nightside, east and west terminator, ob-
ained from WASP-17b 9 cloud-free simulation of the SPARC/MITGCM 

D hydrodynamics-radiation model on to a chemical equilibrium 

bundance pressure-temperature grid (their figs 6 and 7; note that 
nstead of mole fractions they show mass mixing ratios, and one 
eeds to multiply the former by about 10 for these species to convert
 R planet = 1 . 89 × R Jupiter = 13 . 21 × 10 7 m , T orb = 3.73 Earth days, 
= 1 . 95 × 10 −5 rad s −1 , g = 3 . 57 m s −2 , metallicity = 1 × solar, 

 star = 2 . 14 × 10 6 W s −2 , T eq = 1738 K 

1

s
i
C

he former to the latter 10 ). Such agreement is somewhat surprising,
ecause it happens despite the difference in the jet structure predicted
y the UM (one equatorial superrotating jet and two mid-latitude 
ounterrotating jets, Fig. 1 g) and the SPARC/MITGCM (one pole-to- 
ole superrotating jet, their fig. 2). This suggests that WASP-17b’s 
hermal structure is mostly controlled by the stellar forcing rather 
han the atmospheric advection, making this planet a good target for
he 1D and 2D modelling studies. 

.4 Synthetic obser v ations 

ere, we discuss the impact of the choice between the chemical
quilibrium and chemical kinetics scheme on the synthetic observa- 
ions derived from our simulations of the atmospheres of HAT-P-11b, 
D 189733b, HD 209458b, and WASP-17b. 

.4.1 Transmission spectrum 

sing the methodology of Lines et al. ( 2018a ) updated recently by
hristie et al. ( 2021 ), we calculate synthetic transmission spectra

Fig. 5 , with dif ferences sho wn in Fig. C7 ) and the contributions of
ajor opacity sources to these spectra (Fig. 6 ) o v er the 2–30 μm

ange using the output from our equilibrium and kinetics simulations 
f the atmospheres of HAT-P-11b, HD 189733b, HD 209458b, and 
ASP-17b. The observed primary eclipse depth data were taken 

rom the latest publications and observational data re vie ws, where
ossible, i.e. for HAT-P-11b, from Fraine et al. ( 2014 , extended data
able 1), and Chachan et al. ( 2019 , table 2); for HD 189733b, from
wain, Vasisht & Tinetti ( 2008a , supplementary table 1), Pont et al.
 2013 , table 5), and Sing et al. ( 2016 , fig. 1); for HD 209458b,
rom Evans et al. ( 2015 , table 4), and Sing et al. ( 2016 , fig. 1); and
or WASP-17b, from Sing et al. ( 2016 , fig. 1), and Alderson et al.
 2022 , table 3). Given 1.2–3.3 per cent uncertainty in the stellar and
lanetary radii (Southworth 2011 ) used as input into our model, we
hifted our synthetic transmission spectra uniformly by a fixed value 
efore comparing them to the observed transit depth data. The value
f the shift was chosen so that the latest existing observations at 4.5
m aligned with our model predictions. 
Synthetic HAT-P-11b transmission spectra (Figs 5 a and 6 a) from

ur equilibrium and kinetics simulations differ at several wave- 
engths. The magnitude and cause of these differences varies, with 
he largest differences caused by the transport-induced quenching of 
O and NH 3 (Section 3.3.1 ). In the region probed in transmission

n the kinetics simulation, CO and NH 3 abundances increase by 2–
 orders of magnitude o v er those predicted at equilibrium. That
auses CO and NH 3 to replace H 2 O as the main contributor to
he total transmission spectrum at 4.4–5.0 μm and 10.2–11.4 μm, 
espectively, and increase the transit depth by up to 60 and 45 ppm,
espectively (including smaller contributions from other gases), in 
he kinetics simulation relative to the equilibrium one. Other, smaller 
 ±20–30 ppm) differences between our transmission spectra are 
ssociated with the transport-induced quenching of CH 4 , CO 2 , H 2 O,
H 3 , and HCN. These differences are not dominated by the change

n abundance of one gas, but are instead caused by the change in
bundance of all of these gases. Ho we ver, because abundances of
MNRAS 519, 3129–3153 (2023) 

0 The conversion factor from mole fraction to mass fraction is the ratio of the 
pecies molar mass to the mean molar mass of the background gas. The latter 
s about 2.33 g mol −1 for hot Jupiters. Therefore, the conversion factors are: 
H 4 6.89, CO 12.02, H 2 O 7.73, and NH 3 7.31. 
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Figure 5. Transmission spectra from the equilibrium (grey dashed) and kinetics (black solid) simulations of HAT-P-11b (a), HD 189733b (b), HD 209458b 
(c), and WASP-17b (d). UM transmission spectra were uniformly shifted by −760, −980, 140, −7200 ppm, respectiv ely. The observ ed transit depths and their 
uncertainties are shown in green. 

Figure 6. As in Fig. 5 but with the contributions from CH 4 , CO, CO 2 , H 2 O, HCN, NH 3 absorption, and H 2 –H 2 and H 2 –He collision-induced absorption. 
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hese gases often change in opposing directions, the corresponding
ifferences between our spectra are small. 
When compared to existing observations, our synthetic HAT-

-11b transmission spectra disagree with observations by Fraine
t al. ( 2014 ) and Chachan et al. ( 2019 ). Ho we ver, this disagree-
ent supports the suggestion of Line & Parmentier ( 2016 ) and
NRAS 519, 3129–3153 (2023) 
hachan et al. ( 2019 ) that the HAT-P-11b transmission spec-
rum could be explained by a relatively low atmospheric metal-
icity and uneven cloud cover. A further comparison with ex-
sting observations is required, especially with those shortward
f 2 μm, but such a comparison is outside the scope of 
his study. 
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Synthetic HD 189733b transmission spectra (Figs 5 b and 6 b) from
ur equilibrium and kinetics simulations depart from each other 
hroughout the entire wavelengths range considered in this work. 
he main cause of departure is the transport-induced quenching of 
H 4 , NH 3 , and CO 2 (Drummond et al. 2020 , and Section 3.3.2 in this
ork). In the region probed in transmission in the kinetics simulation, 
H 4 abundance increases by 2–4 orders of magnitude at the eastern 

erminator, and stays similar to that predicted at equilibrium at the 
estern terminator. This, together with a planet-wide, 2–3 orders of 
agnitude increase in NH 3 abundance, increases the transit depth 

y up to 150 ppm at 2.1–2.5 μm, 300 ppm at 3.0–4.1 μm, and
30 ppm at 7.0–9.5 μm (including smaller contributions from other 
ases) in the kinetics simulation relative to the equilibrium one. 
espite the aforementioned increases in CH 4 and NH 3 , the kinetics 

imulation predicts a smaller (by 30 ppm) transit depth at 4.2–4.5 
m than the equilibrium simulation. This is caused by an order of
agnitude decrease in CO 2 abundance at the western terminator in 

he kinetics simulation relative to the equilibrium one. Lastly, and 
imilarly to HAT-P-11b, NH 3 abundance increases in HD 189733b 
inetics simulation so that NH 3 replaces H 2 O as the main contributor
o the total transmission spectrum at 10.0–11.6 μm, and causes 
n increase the transit depth by up to 200 ppm (including smaller
ontributions from H 2 O, CH 4 , and HCN) at these wavelengths. 

When compared to existing observations, our synthetic 
D 189733b transmission spectrum from the kinetics simulation 
artly agrees with observations of Swain et al. ( 2008a ; reliability
f which had been questioned in Sing et al. 2009 ), but predicts
arger transit depths than those presented in Pont et al. ( 2013 ) and
ing et al. ( 2016 ). In fact, in the case of the latter two studies the
pectrum from our kinetics simulation o v erestimates the observ ed 
ransit depths more severely than the spectrum from our equilibrium 

imulation. This suggests that if the atmosphere of HD 189733b is
loud- and haze-free, it is closer to being at chemical equilibrium. 
o we ver, without an observational constraint on the position of

he spectrum continuum at the wavelengths range considered in 
his work, we cannot rule out a possibility that HD 189733b’s 
ransmission spectrum could be explained by the presence of clouds 
nd/or hazes (as retrieved by, e.g. Barstow 2020 , or simulated with
D hydrodynamics-radiation model by, e.g. Steinrueck et al. 2021 ). 
s for future observations, Drummond et al. ( 2020 ) showed that

ccording to the synthetic JWST and Ariel transmission observations 
1 and 10 orbits, respectively), JWST and Ariel could resolve the 
forementioned HD 189733b CH 4 –NH 3 and CO 2 spectral features 
hen provided with the data from our equilibrium and kinetics 

imulations. Ho we ver, according to the synthetic JWST transmission 
pectrum, the NH 3 spectral feature at ∼10.5 μm could be obscured 
y the noise (Drummond et al. 2020 , their fig. 12). Overall, it suggests
hat these telescopes could detect disequilibrium chemistry signa- 
ures due to CH 4 –NH 3 and CO 2 in the HD 189733b transmission
pectrum, if its atmosphere is cloud- and haze-free. 

Synthetic HD 209458b transmission spectra (Figs 5 c and 6 c) 
rom our equilibrium and kinetics simulations differ at several 
avelengths, with the largest differences occurring at 4.1–4.5 μm 

nd 10.2–11.3 μm. The primary cause of these differences is the 
ransport-induced quenching of CH 4 and NH 3 (Drummond et al. 
020 , and Section 3.3.2 in this work). In the region probed in
ransmission in the kinetics simulation, CH 4 abundance changes in a 
ay that alters the pseudo-equilibrium between CO, H 2 O, and CO 2 ,

nd leads to a decrease in CO 2 abundance at the western terminator,
hich, in turn, decreases the transit depth by up to 37 ppm at 4.1–
.5 μm in the kinetics simulation relative to the equilibrium one. 
eanwhile, NH 3 abundance increases in the same region, more so at 
igh latitudes than at the equator, and causes an up to 75 ppm increase
n the transit depth at 10.2–11.3 μm. Other differences between our
pectra from kinetics and equilibrium simulations are mostly positive 
up to 30 ppm), and are caused by changes in CH 4 , NH 3 , and HCN
bundances, ho we ver, the contribution of these changes to the total
ransmission spectra is o v erwhelmed by the contribution of H 2 O. 

When compared to existing observations, our synthetic 
D 209458b transmission spectra disagree with most of them, 

lthough there is substantial variation between the different observa- 
ional studies. As for future observations, Drummond et al. ( 2020 )
howed that according to the synthetic JWST and Ariel transmission 
bservations (1 and 10 orbits, respectively), JWST and Ariel could 
esolve the aforementioned HD 209458b’s CO 2 spectral feature 
hen provided with the data from our equilibrium and kinetics 

imulations. Ho we v er, JWST could not resolv e HD 209458b’s NH 3 

pectral feature at ∼10.5 μm well enough with one orbit (Drummond
t al. 2020 , their fig. 10). Overall, it means that these telescopes
ould detect a disequilibrium chemistry signature due to CO 2 in the
D 209458b transmission spectrum, if its atmosphere is cloud- and 
aze-free. 
Synthetic WASP-17b transmission spectra (Figs 5 d and 6 d) from

ur equilibrium and kinetics simulations depart from each other the 
ost at 4.3–4.4 μm and 10.2–11.3 μm. Similarly to HD 209458b,

he cause of the first departure is the transport-induced quenching 
f CH 4 , which by altering the pseudo-equilibrium between CO, 
 2 O, and CO 2 , leads to a decrease in CO 2 abundance at the western

erminator (Section 3.3.3 ), which, in turn, causes a decrease in the
ransit depth by up to 30 ppm in the kinetics simulation relative to the
quilibrium one at these wavelengths. Also similarly to HD 209458b, 
H 3 abundance increases in WASP-17b kinetics simulation, and 

auses up to a 20 ppm increase in the transit depth at 10.2–11.3
m. Detecting these disequilibrium chemistry signatures in the 
ASP-17b’s transmission spectrum might be challenging because 

f the signatures’ small size, and the possibility of them to be
uted if WASP-17b’s atmosphere is not cloud- and haze-free. Other 

ifferences between our WASP-17b equilibrium and kinetics spectra 
re less than ±10 ppm. 

When compared to existing observations, our synthetic WASP- 
7b transmission spectra broadly agree with observations by Sing 
t al. ( 2016 ) and Alderson et al. ( 2022 ). In fact, our simulations
how that H 2 O and CO 2 absorption are the main contributors to the
otal transmission spectra o v er the 2–30 μm range, which compares
a v ourably with the detection of H 2 O (at > 7 σ ) and the inference
f CO 2 (at > 3 σ ) reported in the latter study. Ho we ver, a further
omparison with observations is required, e.g. with the upcoming 
WST observations of WASP-17b transmission spectrum o v er the 
.6–14 μm range ( JWST GTO-1353, PI: Nikole Lewis). 

.4.2 Emission spectrum 

ollowing the methodology of Boutle et al. ( 2017 ), we calculate
ynthetic dayside emission spectra (Fig. 7 ) o v er the 2–30 μm range
sing the output from our equilibrium and kinetics simulations of 
he atmospheres of HAT-P-11b, HD 189733b, HD 209458b, and 

ASP-17b. Each synthetic emission spectrum shown here is the 
verage of the spectra at two phase angles, when a maximum area of
he planetary dayside is visible to the observer before and after the
econdary eclipse. The observed secondary eclipse depth data were 
aken from the latest publications and observational data reviews, 
here possible, i.e. for HD 189733b, from Swain et al. ( 2009a , table
), Charbonneau et al. ( 2008 , table 1), Grillmair et al. ( 2008 , fig. 1),
MNRAS 519, 3129–3153 (2023) 
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M

Figure 7. Dayside emission spectra from the equilibrium (grey dashed) and kinetics (black solid) simulations of HAT-P-11b (a), HD 189733b (b), HD 209458b 
(c), and WASP-17b (d). Grillmair et al. ( 2008 ) data were obtained using the WebPlotDigitizer. 
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gol et al. ( 2010 , section 6.7), and Knutson et al. ( 2009 , table 1); for
D 209458b, from Swain et al. ( 2009b , fig. 3), Evans et al. ( 2015 ,

able 4), Swain et al. ( 2008b , table 3), and Crossfield et al. ( 2012 ,
able 5); and for WASP-17b, from Anderson et al. ( 2011 , table 5). 

Synthetic HAT-P-11b emission spectra (Fig. 7 a) from our equi-
ibrium and kinetics simulations differ at 4.3–5.0 and 10–30 μm.
he difference at 4.3–5.0 μm is primarily caused by the transport-

nduced quenching of CO, while the difference at 10–30 μm is
aused by the transport-induced quenching of NH 3 and a temperature
ecrease (Section 3.3.1 ) with respect to the equilibrium simulation.
n the kinetics simulation, a planet-wide increase in CO and NH 3 

ole fractions at the 4.5 and 10.5 μm photospheres, respectively,
laces these photospheres at lower pressures (Fig. C4 ), and thus lower
emperatures (Fig. C5 ). This, in turn, causes the emergent intensity
t the top of the atmosphere in the 4.5 and 10.5 μm spectral bands
o decrease, and therefore reduce the planet-to-star flux ratios in the
inetics simulation relative to the equilibrium one. A decrease in
emperature, caused by a decrease in the o v erall absorption due to a
ecrease in H 2 O mole fractions at pressures lower than 1 × 10 4 Pa,
dditionally reduces the planet-to-star flux ratios at 10–30 μm in the
inetics simulation. Ho we ver, because HAT-P-11b’s atmosphere is
he coldest relative to the other planetary atmospheres in our sample,
he HAT-P-11b emission spectrum has the smallest planet-to-star
ux ratios, which make its disequilibrium chemistry signatures due

o CO, NH 3 and H 2 O challenging to detect. 
Synthetic HD 189733b emission spectra (Fig. 7 b) from our

quilibrium and kinetics simulations depart from each other at
.1–2.5, 3.0–4.0, and 5.3–30.0 μm. In this case, the main cause
f departure is the transport-induced quenching of CH 4 and NH 3 

Drummond et al. 2020 , and Section 3.3.2 in this work). An increase
n CH 4 mole fractions on the HD 189733b dayside in the kinetics
imulation relative to the equilibrium one mo v es the 3.6 and 8.0 μm
hotospheres on the dayside to lower pressures and temperatures
Fig. C4 and C5 ), resulting in a decrease in the planet-to-star flux
NRAS 519, 3129–3153 (2023) 
atios in the 3.6 and 8.0 μm spectral bands. Meanwhile, an increase
n NH 3 mole fractions on the HD 189733b dayside in the kinetics
imulation relative to the equilibrium one does not change the
ocation of the 10.5 μm photosphere as much as the change in CH 4 

oes for the 3.6 and 8.0 μm photospheres, causing the emergent
ntensity at the top of the atmosphere to originate in a layer with
elatively similar temperatures to those at chemical equilibrium. Yet,
he resulting decrease in the planet-to-star flux ratio in the 10.5 μm
pectral band in the kinetics simulation is comparable to those for
H 4 due to a high NH 3 absorption cross-section at the pressures and

emperatures of the 10.5 μm photosphere (Fig. C6 ). 
When compared to existing observations, our synthetic

D 189733b emission spectrum from the equilibrium simulation
ends to agree more with observations by Swain et al. ( 2009a ),
harbonneau et al. ( 2008 ), Grillmair et al. ( 2008 ), and Agol et al.
 2010 ), but less so with observations by Knutson et al. ( 2009 )
t 24 μm than the kinetics simulation. This suggests that if the
tmosphere of HD 189733b is cloud- and haze-free, it is closer
o being at chemical equilibrium, or that our kinetics simulation

isses some important processes, e.g. formation of clouds, which
ould generally increase the dayside planetary emission in the

nfrared part of the spectrum (Christie et al. 2021 ). As for future
bservations, Drummond et al. ( 2020 ) showed that according to the
ynthetic JWST and Ariel emission observations (1 and 5 orbits,
espectively), JWST and Ariel could resolve the aforementioned
D 189733b CH 4 and NH 3 spectral features when provided with

he data from our equilibrium and kinetics simulations (Drummond
t al. 2020 , their fig. 12). That suggests that these telescopes could
etect disequilibrium chemistry signatures due to CH 4 and NH 3 in
he HD 189733b emission spectrum, if its atmosphere is cloud- and
aze-free. 
Synthetic HD 209458b emission spectra (Fig. 7 c) from our

quilibrium and kinetics simulations differ at 10.2–10.8 μm. The
ain cause of this difference is the transport-induced quenching of
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Figure 8. Emission phase curves from the equilibrium (dashed) and kinetics (solid) simulations of HAT-P-11b (a), HD 189733b (b), HD 209458b (c), and 
WASP-17b (d). The gap in the model data indicates the range of planetary phases when a planet is partially or fully eclipsed by its host star. 
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H 3 (Drummond et al. 2020 , and Section 3.3.2 in this work). In
he kinetics simulation, NH 3 mole fractions increase on the dayside 
f HD 209458b 10.5 μm photosphere, moving this photosphere to 
lightly lower pressures and temperatures (Figs C4 and C5 ), and 
ausing a small decrease in the planet-to-star flux ratios in the 10.5
m spectral band in the kinetics simulation relative to the equilibrium 

ne. HD 209458b’s dayside CH 4 distribution at the 3.6 and 8.0 
m photospheres does change between equilibrium and kinetics 
imulations, but this change has a negligible effect on the planet- 
o-flux ratios in the 3.6 and 8.0 μm spectral bands. 

When compared to existing observations, our synthetic 
D 209458b emission spectra from both equilibrium and kinetics 

imulations agree reasonably well with observations presented in 
wain et al. ( 2009b ), Evans et al. ( 2015 ), and Crossfield et al.
 2012 ), but similarly to the results of Amundsen et al. ( 2016 )
their fig. 10) from their cloud- and haze-free HD 209458b UM 

imulation with the SOCRATES radiation scheme, and the analytical 
hemical scheme, our simulated planet-to-star flux ratios are smaller 
elative to those determined by Swain et al. ( 2008b ). As for future
bservations, Drummond et al. ( 2020 ) showed that according to the
ynthetic JWST emission observations (1 orbit), JWST could not 
esolve the aforementioned HD 209458b NH 3 spectral features when 
rovided with the data from our equilibrium and kinetics simulations 
Drummond et al. 2020 , their fig. 10). That suggests that JWST could
ot detect (at least with 1 orbit) a disequilibrium chemistry signature 
ue to NH 3 in the HD 209458b emission spectrum, if its atmosphere
s cloud- and haze-free. 

Synthetic WASP-17b emission spectra (Fig. 7 d) from our equi- 
ibrium and kinetics simulations are practically the same, suggesting 
hat the emission spectrum of WASP-17b is not affected by transport-
nduced quenching (Section 3.3.3 ), as the emergent intensity at the 
op of its atmosphere originates in the part of the atmosphere that is at
hemical equilibrium. The disagreement of both our simulations with 
he existing observations by Anderson et al. ( 2011 ) is intriguing, as
t suggest that if WASP-17b atmosphere is cloud- and haze-free, our
odel misrepresents equilibrium chemistry (by assuming, e.g. lower 

han needed atmospheric metallicity), or misses some processes 
round the photosphere region. This makes the upcoming JWST 

bservations of WASP-17b emission spectrum o v er the 0.6–14 μm
ange ( JWST GTO-1353, PI: Nikole Lewis) even more welcome. 

.4.3 Phase curves 

ollowing the methodology of Boutle et al. ( 2017 ), we calculate
ynthetic emission phase curves (Fig. 8 ) using the output from our
quilibrium and kinetics simulations of the atmospheres of HAT-P- 
1b, HD 189733b, HD 209458b, and WASP-17b. Each synthetic 
mission phase curve shown here is comprised of the ratios of
lanetary to stellar flux summed o v er the range of SOCRATES spectral
ands falling within the corresponding Spitzer /IRAC 3.6, 4.5, 5.8, 
nd 8.0 μm bandpasses 11 , with the exception of 10.5 μm, for
hich we considered only a single SOCRATES spectral band 12 . 
MNRAS 519, 3129–3153 (2023) 

(v) 10.5 μm (10.416666555101983, 10.52631614584243) 1. 
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he observed phase curve data for HD 189733b at 3.6 and 4.5
m were taken from Knutson et al. ( 2012 ), and at 8 μm from
nutson et al. ( 2007 , 2009 ), and Agol et al. ( 2010 ), while the
ata for HD 209458b at 4.5 μm were taken from Zellem et al.
 2014 ). 

Synthetic HAT-P-11b phase curves (Fig. 8 a) vary little with phase
ngle, as is expected due to small thermal and chemical gradients
redicted for this planet. Ho we ver, its phase curves still differ
etween simulations. In the 4.5, 5.8, and 10.5 μm bandpasses, phase
urves from the kinetics simulation are offset from those from the
quilibrium simulation. In the case of 4.5 and 10.5 μm, the offset
s caused by the transport-induced quenching (Section 3.3.1 ), which
y increasing CO and NH 3 abundances in a way that evens out their
patial gradients mo v es the 4.5 and 10.5 μm photospheres to lower
ressures and temperatures, and decreases planet-to-star flux ratios
n these bandpasses. In the case of 5.8 μm, ho we ver, the of fset
ccurs not because of the transport-induced quenching, but because
f a temperature decrease. This decrease in temperature is caused
y a decrease in H 2 O abundance at pressures lower then those of
he 5.8 μm photosphere, which reduces the o v erall absorption at
hese pressures, thus reducing the temperature. Lastly, the 3.6 and
.0 μm phase curves from both equilibrium and kinetics simulations
re similar, because CH 4 abundance does not change much between
imulations. 

Synthetic HD 189733b phase curves (Fig. 8 b) vary more with
hase angle than those of HAT-P-11b and HD 209458b. While both
D 189733b simulations predict a large day-night thermal gradient,

he kinetics simulation predicts smaller chemical gradients, and thus
maller phase curve amplitudes. In the 3.6, 4.5, 5.8, and 8.0 μm
andpasses, planet-to-star flux ratios decrease on the dayside but
ncrease on the nightside in the kinetics simulation relative to the
quilibrium one. In the case of 3.6, 5.8, and 8.0 μm, the differences
re caused by the transport-induced quenching (Section 3.3.2 ), which
y smoothing CH 4 and H 2 O abundance gradients with longitude
attens phase curves in these bandpasses. In the case of 4.5 μm,
o we ver, the cause is a combination of changes in abundances of CO,
 2 O, and CO 2 , with an increase in H 2 O on the dayside o v erpowering

he contributions from other gases and causing the reduction in flux
n the dayside, and a decrease in H 2 O and CO 2 on the nightside
ontrolling the increase in flux on the nightside. Lastly, the 10.5 μm
hase curve from the kinetics simulation shows consistently lower
lanet-to-star flux ratios than the equilibrium simulation because of
 higher predicted NH 3 abundance. 

Comparison of our synthetic HD 189733b phase curves with
xisting observations produces mixed results. The observed 3.6 and
.5 μm phase curves show similar fluxes before the eclipse (0–180 ◦)
ut different fluxes after the eclipse (180–360 ◦). Our synthetic 3.6
nd 4.5 μm phase curves, ho we ver, are of fset from each other at all
hase angles, which agrees with observations after the eclipse but
 v erestimates them at 3.6 μm and underestimates them at 4.5 μm
efore the eclipse. If we compare the 3.6 and 8.0 μm phase curves,
hase curves from our equilibrium simulation tend to agree more with
bservations than those from our kinetics simulation. This suggests
hat if HD 189733b atmosphere is cloud- and haze-free, it is closer
o being at chemical equilibrium. In fact, if we update our reduced
hemical network from that of Venot et al. ( 2019 ) to that of Venot
t al. ( 2020 ), it will likely increase CH 4 abundance while keeping
O abundance the same in our kinetics simulation (see HD 189733b
ase in Venot et al. 2020 , their fig. 2). That would, in turn, reduce
he fluxes the 3.6 and 8.0 μm bandpasses in our kinetics simulation
ven more, and worsen the agreement with the observed 3.6 and
.0 μm phase curves. Therefore, an alternative direction of model
NRAS 519, 3129–3153 (2023) 
evelopment might be required to improve the agreement between
bservations and the UM in the case of HD 189733b, e.g. coupling a
as-phase chemistry scheme to a cloud/haze scheme. 

Synthetic HD 209458b phase curves (Fig. 8 c) from our equilibrium
nd kinetics simulations differ in the 3.6 and 8.0 μm bandpasses at
hase angles corresponding to the nightside, and are offset from
ach other in the 10.5 μm band. The cause of these differences is the
ransport-induced quenching (Section 3.3.2 ), which by increasing
H 4 abundance on the dayside but decreasing it on the nightside
attens phase curves in the 3.6 and 8.0 μm bandpasses, while a
lanet-wide increase in NH 3 abundance decreases planet-to-star flux
atios in the 10.5 μm band in the kinetics simulation relative to the
quilibrium one. 

When compared to the fit to phase curve observations in the 4.5
m bandpass (Zellem et al. 2014 ), both HD 209458b simulations
nderestimate the observed phase curve amplitude by underesti-
ating the flux on the dayside and o v erestimating the flux on the

ightside. Biases such as these, typical for cloud-free models (e.g.
armentier & Crossfield 2018 ), could be impro v ed upon by including
louds (Parmentier, Showman & Fortney 2021 ). This was done for
D 209458b with the UM by Christie et al. ( 2021 ), who found that

ll cloud treatments they considered increase their predicted 4.5 μm
hase curve amplitude (their fig. 14), but some discrepancies between
bservations and the model remain. 
Synthetic WASP-17b phase curves (Fig. 8 d) vary with phase angle

n a similar way as phase curves from our HD 189733b equilibrium
imulation. Ho we ver, in contrast to the other three planets in our
ample, WASP-17b’s phase curves from both simulations are the
ame in each considered bandpass, largely because the photospheres
orresponding to the centre of each bandpass are located in the
egion of WASP-17b atmosphere that is at chemical equilibrium
Section 3.3.3 ). 

 DI SCUSSI ON  

ransport-induced quenching plays an important role in control-
ing the chemical composition of the atmospheres of HAT-P-11b,
D 189733b, HD 209458b, and WASP-17b. Ho we ver, ho w critical

his role is in shaping their synthetic spectra and phase curves varies
rom planet to planet. By expanding the stellar-planetary parameter
pace explored with our model using both chemical equilibrium
nd chemical kinetics schemes, we show that transport-induced
uenching is predicted to occur in atmospheres of both newly
onsidered planets, a smaller and colder HAT-P-11b and a hotter
nd larger WASP-17b relative to previously simulated HD 189733b
nd HD 209458b (Drummond et al. 2020 ). Yet, when we compare
he results for all four planets, the largest differences between
ynthetic observations produced using our equilibrium and kinetics
imulations occur for HD 189733b. It means that there seems to
e a ‘sweet spot’ combination of stellar and planetary parameters
hat facilitates the formation of signatures of transport-induced
uenching. For the HD 189733 system, such a combination causes
ur HD 189733b cloud- and haze-free kinetics simulation to have an
tmospheric circulation that develops the deepest equatorial jet, and a
hermal structure that supports deep quenching, which due to a large
ontribution from meridional quenching helps shift the photosphere
rastically up into the region of lower temperatures. The existence
f this ‘sweet spot’ emerges as a balance between the time-scales
f advection and chemistry. In other words, and if we consider the
lanetary temperature only, to maintain efficient transport-induced
uenching, this temperature needs to be low enough to allow a
ong enough chemical time-scale, but high enough so that the
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Table 3. Observability of signatures of transport-induced quenching. � signifies the absence or little difference between 
predictions from our equilibrium and kinetics simulations, � indicates the presence of a substantial difference, and the 
fact that it is potentially detectable with JWST (T1) or Ariel (T2), � highlights cases where the difference in predicted 
chemical species abundances is noticeable but unclear if it is detectable, – indicates that no information is available. 

Planet Species Transit Eclipse Phase curve 
UM T1 T2 UM T1 T2 UM 

HAT-P-11b CH 4 � – – � – – � – –
CO � – – � – – � – –
CO 2 � – – � – – � – –
H 2 O � – – � – – � – –
HCN � – – � – – � – –
NH 3 � – – � – – � – –

HD 189733b CH 4 � � � � � � � – –
CO � � � � � � � – –
CO 2 � � � � � � � – –
H 2 O � � � � � � � – –
HCN � � � � � � � – –
NH 3 � � – � � – � – –

HD 209458b CH 4 � � � � � � � – –
CO � � � � � � � – –
CO 2 � � � � � � � – –
H 2 O � � � � � � � – –
HCN � � � � � � � – –
NH 3 � � – � � – � – –

WASP-17b CH 4 � – – � – – � – –
CO � – – � – – � – –
CO 2 � – – � – – � – –
H 2 O � – – � – – � – –
HCN � – – � – – � – –
NH 3 � – – � – – � – –
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hermal gradient between the irradiated hot dayside and the dark 
old nightside could sustain a short enough advection time-scale. 

The observability and detectability of the ‘sweet spot’ of transport- 
nduced quenching currently relies heavily on the assumption of 
 cloud- and haze-free atmosphere. By comparing our model 
redictions with existing observations, we show that the synthetic 
bservations produced using our kinetics simulations do not nec- 
ssarily agree better with observations than those produced using 
ur equilibrium simulations. Ho we ver, the dif ferences in predicted 
ynthetic observations between these simulations (except for WASP- 
7b emission spectrum and phase curves) are large enough to 
e identifiable as signatures of transport-induced quenching, and 
ven be detectable with JWST and Ariel (Table 3 ), assuming the
tmospheres are cloud- and haze-free. 

Lastly, and despite that our sample of planets is small, we would
ike to report evidence for the trend in chemical abundances that 
epends on the ef fecti ve planetary temperature. In our equilibrium 

nd kinetics simulations, CH 4 , H 2 O, NH 3 , and HCN decrease,
O 2 stays relatively constant and CO increases with increasing 
f fecti ve planetary temperature. This agrees with the results of
aeyens et al. ( 2021 ) from a rele v ant subset of pseudo-2D chemical
inetics simulations of planets with 800–1600 K ef fecti ve planetary 
emperature rotating around K5, G5, and F5 stars (their figs 8 
nd E9). 

 C O N C L U S I O N S  

e present results from a set of cloud- and haze-free simulations
f the atmospheres of HAT-P-11b, HD 189733b, HD 209458b, and 
ASP-17b computed using a coupled 3D hydrodynamics-radiation- 

hemistry model, the UM . This work expands the stellar-planetary 
arameter space explored with the UM relative to the similar previous
ork of Drummond et al. ( 2020 ). 
We conclude that according to our equilibrium and kinetics 

imulations: 

(i) Transport-induced quenching occurs in atmospheres of all 
lanets considered in our work, ho we v er, the e xtent to which
ransport-induced quenching affects their synthetic observations 
aries from planet to planet. 

(ii) Due to a combination of stellar and planetary parameters, 
D 189733b’s atmosphere develops a particular balance between its 

dvection and chemistry time-scales, that places it at the ‘sweet spot’
or identification of signatures of transport-induced quenching. 

(iii) Ho we ver, this ‘sweet spot’ emerges when we assume a cloud-
nd haze-free atmosphere, which might be a good assumption for 
ome planets, e.g. WASP-96b (Nikolov et al. 2018 , 2022 ), making
uch planets the best targets for testing this theory, but when it is not
 fair assumption, the observability and detectability of signatures of 
ransport-induced quenching should be re-e v aluated by taking into 
ccount processes that affect them. 

.1 Future work 

he potential to detect signatures of disequilibrium chemistry in 
eneral is likely to be larger when both transport-induced quenching 
nd another disequilibrium process, photochemistry (Moses 2014 ), 
re considered together. Photochemistry was shown to have an impact 
n the gas-phase composition of H 2 -dominated atmospheres both 
xperimentally (Fleury et al. 2019 , 2020 ) and through modelling
most recently by Baeyens et al. 2022 ). While Baeyens et al. ( 2022 )
ound that photochemistry has a limited impact on the synthetic 
MNRAS 519, 3129–3153 (2023) 
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ransmission spectra of tidally locked H 2 -dominated planets, they
onsidered photochemistry in isolation from photochemical hazes.
athways of formation of photochemical hazes in atmospheres of
arm and hot Jupiters are not yet known, as laboratory data for the

ele v ant gas mixtures and temperatures have only recently started
o be obtained (Fleury et al. 2019 ; He et al. 2020 ). Ho we ver,
ormation of aerosols (hazes particles) from initial gas mixtures
ithout the need for artificial nucleation centres was reported already,
hich confirms the existence of a transition from gas-phase only
omogeneous chemistry to gas-solid heterogeneous chemistry in
uch regimes. This highlights the need for a good representation
f (1) chemistry in the absence of light (i.e. without an interaction
ith a photon), (2) photochemistry (i.e. with an interaction with
 photon), (3) transformation of gas into solid, and (4) gas-solid
eterogeneous chemistry. Given the complexity of photochemical
aze formation and computational expense of 3D modelling, in the
hort-term we plan to address (1) by implementing the update to the
ethanol chemistry recommended for warm Neptune simulations by
enot et al. ( 2020 ) and/or use the Tsai, Lee & Pierrehumbert ( 2022 )
hemical network, and (2) by leveraging the work done by Ridgway
t al. ( 2023 ), who added the treatment of photodissociation reactions
nto the UM , leaving (3) and (4) for the medium- to long-term. 

Another medium- to long-term goal is to couple the UM ’s chemical
inetics scheme to a cloud formation scheme. Previously, the UM ’s
nalytic chemical scheme based on Burrows & Sharp ( 1999 ) had
een coupled by Lines et al. ( 2018b ) to the kinetic, microphysical
ineral cloud formation model of Lee et al. ( 2016 ) and by Lines

t al. ( 2019 ) and Christie et al. ( 2021 , 2022 ) to the EDDYSED cloud
odel of Ackerman & Marley ( 2001 ). Coupling the UM ’s chemical

inetics scheme to any cloud scheme would require an extension of
he chemical network to include cloud forming species rele v ant for
 2 -dominated atmospheres. 
Lastly, according to our simulations, transport-induced quenching

ccurs deep within the atmospheres of HAT-P-11b and HD 189733b.
t suggests that capturing interactions between the planetary interior
nd the atmosphere abo v e is likely to be particularly important for
hese two planets, and we would like to simulate that part of the
tmosphere better in the future. 
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Table A1. Line lists and partition functions used in this work. 

Species Line list 

Li VALD3 a 

Na VALD3 a 

K VALD3 a 

Rb VALD3 a 

Cs VALD3 a 

H 2 O Barber et al. ( 2006 ) 
CO Rothman et al. ( 2010 ) 
CO 2 Tashkun & Pere v alov ( 2011 ) 
CH 4 Yurchenko & Tennyson ( 2014 ) 
NH 3 Yurchenko, Barber & Tennyson ( 2011 )
HCN Harris et al. ( 2006 ), Barber et al. ( 2014
H 2 -H 2 CIA Richard et al. ( 2012 ) 
H 2 -He CIA Richard et al. ( 2012 ) 

Note. a Heiter et al. ( 2008 ), Heiter et al. ( 2015 ), Ryabchikova et

able A2. Pressure broadening data used in this work. More details can be found 

pecies Broadener Line width 

i, Rb, Cs H 2 Allard et al. ( 1999 ) 
He Allard et al. ( 1999 ) 

a, K H 2 Allard et al. ( 1999 ), Allard et al. ( 2003 ), A
He Allard et al. ( 1999 ), Allard et al. ( 2003 ), A

 2 O H 2 Gamache, Lynch & Brown ( 1996 ) 
He Solodov & Starikov ( 2009 ), Steyert et al. (

O H 2 R ́egalia-Jarlot et al. ( 2005 ) 
He BelBruno et al. ( 1982 ), Mantz et al. ( 2005 )

O 2 H 2 Padmanabhan et al. ( 2014 ) 
He Thibault et al. ( 1992 ) 

H 4 H 2 Pine ( 1992 ), Margolis ( 1993 ) 
He Pine ( 1992 ) 
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Partition function 

Sauval & Tatum ( 1984 ) 
Sauval & Tatum ( 1984 ) 
Sauval & Tatum ( 1984 ) 
Sauval & Tatum ( 1984 ) 
Sauval & Tatum ( 1984 ) 
Barber et al. ( 2006 ) 
Rothman et al. ( 2009 ) 
Rothman et al. ( 2009 ) 
Yurchenko & Tennyson ( 2014 ) 

 Sauval & Tatum ( 1984 ) 
 ) Harris et al. ( 2006 ), Barber et al. ( 2014 ) 

N/A 

N/A 

 al. ( 2015 ) ( ht tp://vald.ast ro.uu.se/ ∼vald/ php/ vald.php ). 

in Goyal et al. ( 2020 ). 

Exponent 

Sharp & Burrows ( 2007 ) 
Sharp & Burrows ( 2007 ) 
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llard et al. ( 2007 ) Sharp & Burrows ( 2007 ) 

Gamache et al. ( 1996 ) 
 2004 ) Gamache et al. ( 1996 ) 

Le Moal & Severin ( 1986 ) 
 Mantz et al. ( 2005 ) 

Sharp & Burrows ( 2007 ) 
Thibault et al. ( 2000 ) 
Margolis ( 1993 ) 
Varanasi & Chudamani ( 1990 ) 
Nouri et al. ( 2004 ) 
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Sharp & Burrows ( 2007 ) 
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PPEN D IX  B:  M O D E L  PSEUDO-STEADY  STATE  

o check if the model has reached a steady state, we analysed the
volution of (a) the global maximum wind velocities (Fig. B1 ), (b)
he global mean top-of-atmosphere net energy flux (Fig. B2 ), and 
c) the total mass of major opacity sources, CH 4 , CO, CO 2 , H 2 O,
CN, and NH 3 (Fig. B3 ). These quantities serve as metrics of the
ynamical, radiative, and chemical state of the atmosphere, and no 
hange in these metrics with time indicates that the atmosphere has 
eached a steady state. 

The global maximum zonal, meridional, and vertical wind veloc- 
ties reach 2.6, 1.4, and 0.005 km s −1 , respectively, for HAT-P-11b,
.9, 3.5, and 0.01 km s −1 for HD 189733b, 6.5, 2.7, and 0.02 km s −1 

or HD 209458b, and 6.9, 2.5, and 0.05 km s −1 for WASP-17b, and
hange by less than 1 per cent o v er the last 200 d. The global mean
op-of-atmosphere net energy flux for HAT-P-11b, HD 189733b, 
D 209458b, and WASP-17b levels off at 0.6, 5, 8, and 23 kW m 

−2 ,
espectively, indicating a net inward energy flux equal to less than 
 per cent of the corresponding incoming energy flux, and changes 
y less than 1 per cent o v er the last 200 d. 
The total mass of chemical species evolves differently within each 

tmospheric layer. It increases if a species is produced within or
dvected into a layer, and decreases if a species is destroyed within
r advected from a layer. Depending on the time-scale of processes
riving the change in the total species mass, different layers require 
 different amount of time to reach steady state. To see which layers
pproach or are at steady state, we integrated the mass of chemical
pecies within two arbitrary chosen pressure ranges (1 × 10 2 –1 × 10 4 

a and 1 × 10 2 –1 × 10 5 Pa) and over the entire model domain
1 × 10 2 –1 × 10 7 Pa). We performed this calculation for both, 
igure B1. Evolution of the global maximum of the zonal (blue), meridional (gree
dashed) and kinetics (solid) simulations of HAT-P-11b (a), HD 189733b (b), HD 2
y a factor of a 100. 
quilibrium and kinetics, simulations, and as expected, found larger 
hanges in the total species mass in the kinetics simulations discussed
n detail belo w. Ho we ver, the HAT-P-11b equilibrium simulation was
n exception, where the pressure-temperature structure has changed 
nough on its own to cause the same (1.3 per cent) increase in the
otal mass of HCN within 1 × 10 2 –1 × 10 4 Pa as in the HAT-P-11b
inetics simulation. 
The domain-total mass of chemical species changes little o v er time

ecause the majority of atmospheric mass is located at high pressure
evels (in a regime controlled by chemical equilibrium), making the 
ontribution of the low pressure levels (under potential chemical 
isequilibrium) to the total relatively small. When deep atmospheric 
ayers are excluded (by integrating mass over a narrower pressure 
ange, e.g. 1 × 10 2 –1 × 10 5 Pa), the total species mass changes
ore noticeably, especially in the kinetics simulations. For HAT- 
-11b, NH 3 and HCN increase by 2.3 per cent and 1.3 per cent,
espectively, from their initial total mass, and for HD 189733b, CH 4 ,
H 3 , and HCN increase by 1.6 per cent, 4.5 per cent, and 4.8 per cent,

espectively, from their initial total mass. When an even thinner 
tmospheric layer is considered (1 × 10 2 –1 × 10 4 Pa), its total
pecies mass evolves differently from its equivalent for a thicker 
ayer, and might reach a different stable mass. For HAT-P-11b, NH 3 

nd HCN increase by a similar amount in this thinner layer relative
o a thicker layer. Ho we ver, for HD 189733b, CH 4 , NH 3 , and HCN
ncrease by 1.3 per cent, 3.6 per cent, and 3.6 per cent, respectively,
hich is less than their corresponding increases in a thicker layer,

nd for HD 209458b, CH 4 increases by 4.6 per cent, which is more
han its corresponding increase (less than 1 per cent) in a thicker
ayer. These examples illustrate the difference in evolution of the 
otal mass of chemical species in various atmospheric layers. We 
MNRAS 519, 3129–3153 (2023) 

n), and vertical (red) components of the wind velocity from the equilibrium 

09458b (c), and WASP-17b (d). Note that the vertical wind velocity is scaled 
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M

Figure B2. Evolution of the global mean top-of-atmosphere net energy flux from the equilibrium (dashed) and kinetics (solid) simulations of HAT-P-11b (a), 
HD 189733b (b), HD 209458b (c), and WASP-17b (d). 

Figure B3. Evolution of the total mass of CH 4 , CO, CO 2 , H 2 O, HCN, and NH 3 within 1 × 10 2 –1 × 10 4 Pa and 1 × 10 2 –1 × 10 5 Pa from the equilibrium 

(dashed) and kinetics (solid) simulations of HAT-P-11b (a), HD 189733b (b), HD 209458b (c), and WASP-17b (d). 
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ecommend checking this evolution for atmospheric layers of interest 
hen discussing the proximity of the model simulation to a chemical 

teady state. 
Given the results for the dynamical and radiative metrics men- 

ioned abo v e, and the fact that in all our simulations the total mass of
ajor opacity sources in the atmospheric layer bound by 1 × 10 2 –
igure C1. Temperature and horizontal winds at the 1 × 10 4 Pa pressure level. W
nd 90 ◦ and 270 ◦ longitude. 

Figure C2. As in Fig. C1 but for th
 × 10 5 Pa changes by less than 1 per cent o v er the last 200 d,
e conclude that this atmospheric layer has reached the dynamical, 

adiative, and chemical pseudo-steady state. 
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MNRAS 519, 3129–3153 (2023) 

hite cross denotes the substellar point. Grey grid lines show ±45 ◦ latitude 

e 1 × 10 5 Pa pressure level. 
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Figure C3. As in Fig. 3 but with different X-axes. 
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Figure C4. Pressure at a pressure level of the photosphere in individual spectral bands closest to 3.6, 4.5, 5.8, 8.0, and 10.5 μm associated with the peaks in 
absorption by CH 4 , CO, H 2 O, CH 4 , and NH 3 , respectively, for the equilibrium and kinetics simulations of HAT-P-11b (first column), HD 189733b (second 
column), HD 209458b (third column), and WASP-17b (fourth column). The substellar point is located at 180 ◦ latitude. Grey grid lines show 90 ◦ and 270 ◦
longitude. 
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Figure C5. As in Fig. C4 but for temperature. 
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Figure C6. Absolute absorption cross-sections of the opacity sources included into our UM simulations in this study (H 2 -H 2 CIA, H 2 -He CIA, Li, Na, K, Rb, 
Cs, H 2 O, CO, CO 2 , CH 4 , NH 3 , and HCN) at 1.08 × 10 3 Pa and 1115 K calculated from the SOCRATES 5000 band spectral files following the methodology of 
Goyal et al. ( 2020 ). Black dotted vertical lines highlight wavelengths corresponding to the centres of the Spitzer /IRAC channels and 10.5 μm. These absorption 
cross-sections are not exact but are rele v ant for the 10.5 μm photosphere pressures and temperatures in HD 189733b kinetics simulation. 

Figure C7. As in Fig. 5 but differences between simulations (kinetics minus equilibrium). 
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