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ABSTRACT

With JWST, observing separate spectra of the morning and evening limbs of hot Jupiters has finally

become a reality. The first such observation was reported for WASP-39b, where the evening terminator

was observed to have a larger transit radius by about 400 ppm and a stronger 4.3µm CO2 feature than

the morning terminator. Multiple factors, including temperature differences, photo/thermochemistry,

clouds and hazes, could cause such limb asymmetries. To interpret these new limb asymmetry obser-

vations, a detailed understanding of how the relevant processes affect morning and evening spectra

grounded in forward models is needed. Focusing on WASP-39b, we compare simulations from five

different general circulation models (GCMs), including one simulating disequilibrium thermochemistry

and one with cloud radiative feedback, to the recent WASP-39b limb asymmetry observations. We also
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post-process the temperature structures of all simulations with a 2D photochemical model and one sim-

ulation with a cloud microphysics model. Although the temperatures predicted by the different models

vary considerably, the models are remarkably consistent in their predicted morning–evening temper-

ature differences. Several equilibrium-chemistry simulations predict strong methane features in the

morning spectrum, not seen in the observations. When including disequilibrium processes, horizontal

transport homogenizes methane, and these methane features disappear. However, even after including

photochemistry and clouds, our models still cannot reproduce the observed ∼2000 ppm asymmetry in

the CO2 feature. A combination of factors, such as varying metallicity and unexplored parameters in

cloud models, may explain the discrepancy, emphasizing the need for future models integrating cloud

microphysics and feedback across a broader parameter space.

Keywords: Exoplanet atmospheres (487) — Exoplanet atmospheric dynamics (2307) — Exoplanet

atmospheric structure (2310) — Extrasolar gaseous giant planets (509)

1. INTRODUCTION

Transit spectroscopy probes the day–night boundary

(terminator region) of the atmospheres of exoplanets.

When interpreting transmission spectra, it is typically

assumed that this region is homogeneous, with proper-

ties that depend only on the radial coordinate. However,

for tidally synchronized extrasolar giant planets, which

have been the focus of most observational campaigns

aimed at characterizing exoplanet atmospheres to date,

the terminator region is expected to be inhomogeneous:

atmospheric dynamics predicts temperature differences

between the evening terminator (trailing limb in tran-

sit) and morning terminator (leading limb in transit)

for these planets (e.g., Fortney et al. 2010; Dobbs-Dixon

et al. 2012; Helling et al. 2019; Caldas et al. 2019; Pluriel

et al. 2022). In particular, most hot Jupiters are ex-

pected to feature a super-rotating equatorial jet (Show-

man & Guillot 2002; Showman & Polvani 2011; Tsai

et al. 2014) transporting hot air eastward from the day

side of the planet towards the evening terminator. At

the morning terminator, in contrast, the jet carries cold

air flowing from the night side towards the day side.

In addition, in many 3D simulations of hot Jupiters,

large mid-latitude gyres trapping cold air form east of

the antistellar point. Often, these gyres lead to even

lower temperatures at the morning terminator at mid-

latitudes compared to the equatorial region.

The differences in temperature of the two limbs lead to

differences in the chemical processes, leading to predic-

tions of differences in gas-phase abundances (e.g., Fort-

ney et al. 2010; Moses et al. 2011; Kataria et al. 2016)

as well as differences in cloudiness (e.g., Line & Parmen-

tier 2016; von Paris et al. 2016; Lee et al. 2016; Kemp-

ton et al. 2017; Powell et al. 2019; Helling et al. 2020;

∗ 51 Pegasi b fellow

Roman et al. 2021; Carone et al. 2023). In addition, at-

mospheric transport strongly affects the abundances of

chemical species and aerosols and can either drive limb

asymmetries, for example by concentrating small photo-

chemical hazes near the morning terminator (Steinrueck

et al. 2021), or homogenize the abundances of chemi-

cal species with long reaction timescales, for example

methane (e.g., Cooper & Showman 2006; Agúndez et al.

2014; Drummond et al. 2018c; Mendonça et al. 2018b;

Baeyens et al. 2021; Zamyatina et al. 2024) or SO2 (Tsai

et al. 2023). Directly detecting differences between the

morning and evening terminator thus presents an oppor-

tunity to test our understanding of atmospheric dynam-

ics of hot Jupiters, to quantify biases that arise when us-

ing 1D models in interpreting transmission spectra (Line

& Parmentier 2016; Fu et al. 2025, e.g.,), and to obtain

additional observational constraints for cloud and pho-

tochemical models.

1.1. Limb Asymmetry Measurements

Previously, differences between the morning and

evening terminator have been detected for multi-

ple ultra-hot Jupiters through high-resolution cross-

correlation observations (Ehrenreich et al. 2020; Prinoth

et al. 2023; Kesseli et al. 2022; Pelletier et al. 2023; Sei-

del et al. 2025). These detections took advantage of

the fact that ultra-hot Jupiters rotate substantially over

the course of the transit and observed a shift in the

spectrum as the morning dayside rotated out of view

and the evening dayside rotated into view. These de-

tections have been ground-breaking for studying spa-

tial differences in exoplanets. However, this technique

also has limitations: so far, it has mostly been lim-

ited to ultra-hot Jupiters orbiting bright stars because

of the high signal-to-noise ratio required for ground-

based high-resolution observations and because of the

geometric constraints (a large degree of rotation dur-
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ing the transit is required) (Wardenier et al. 2022). In

addition, spectral information on the continuum is lost

during the cross-correlation process, and the resulting

observational signature can be quite complex to inter-

pret (e.g., Savel et al. 2022, 2023; Wardenier et al. 2021,

2023; Beltz et al. 2023).

A promising complementary approach are transit

mapping techniques, which attempt to recover infor-

mation separately from the morning and evening limbs

via transit photometry or spectroscopy and primarily

utilize information from the ingress and egress. This

approach has long been suggested as a way to observe

thermal, chemical and cloud limb asymmetries (Fort-

ney et al. 2010; Dobbs-Dixon et al. 2012; Kempton

et al. 2017; Powell et al. 2019). While it has been used

in high-resolution cross-correlation observations before

(Louden & Wheatley 2015), JWST for the first time

opens up the possibility to directly observe limb dif-

ferences in low-resolution spectra, preserving the spec-

tral shape and thus information on temperature struc-

ture and abundances. In one of the first exoplanet ob-

servations with JWST, Rustamkulov et al. (2023) re-

ported a detection of a wavelength-dependent shift of

the mid-transit time in the NIRSpec PRISM transit ob-

servation of hot Jupiter WASP-39b as an indication of

limb asymmetries, as predicted by Dobbs-Dixon et al.

(2012). Espinoza et al. (2024, hereafter E24) analyzed

this dataset for limb asymmetries using the catwoman

software package (Jones & Espinoza 2020) which ap-

proximates the planet as two half-circles rather than a

single circle. They were able to derive separate spec-

tra for the morning and evening sides of the planet.

Their analysis showed an offset between the morning

and evening spectra of 405± 88 ppm as well differences

in the spectral shape, most notably a much stronger CO2

feature for the evening terminator. One-dimensional re-

trievals on the spectra suggested a temperature differ-

ence of 177+65
−57 K.

At the same time, Murphy et al. (2024) performed

a similar analysis for JWST/NIRCAM F322W2 obser-

vations of the low-density hot Neptune WASP-107b,

also finding differences in absolute transit depth and

spectral shape between morning and evening termina-

tors. These results later were extended to a broader

wavelength range in Murphy et al. (2025) and were in-

terpreted as evidence for inhomogeneous cloud cover-

age. The latter study also reported tentative evidence

for abundance variations in SO2 and CO2. More re-

cently, Tada et al. (2025) reported differences in the

CO2 feature and tentative differences in the SO2 fea-

ture in a different set of observations of WASP-39b using

NIRSpec/G395H, and Mukherjee et al. (2025) detected

strong terminator differences on the hotter WASP-94Ab

using NIRISS/SOSS. Fu et al. (2025) examined the

NIRISS/SOSS spectra of nine exoplanets for limb asym-

metries and found statistically significant variations in

three planets, (WASP-94Ab, WASP-39b and WASP-

17b).

1.2. The Need for 3D Modeling

To interpret these exciting new observations, a com-

parison with the predictions of 3D general circulation

models (GCMs) is indispensable. While retrievals can

quantify differences in spectra and attribute them to dif-

ferences in abundances, temperature, or cloudiness with

some statistical likelihood, only multi-dimensional for-

ward models that simulate the atmospheric dynamics

like GCMs can provide physical insight into which pro-

cesses are the primary drivers of these limb differences.

However, such a comparison also comes with challenges:

even a single GCM simulation is computationally expen-

sive, making fitting infeasible, and currently, no single

GCM is equipped to model all processes that are ex-

pected to affect limb asymmetries simultaneously. In

addition, GCM predictions for the same planet, even

with similar input parameters, can vary substantially

depending on inherent model differences, including for

example differences in the dynamical cores, numerical

dissipation, treatment of radiative transfer and the in-

clusion of additional physics such as chemical kinetics or

radiative feedback from clouds.

1.3. Goals of This Work

While E24 and Mukherjee et al. (2025) included brief

comparisons to the results of GCM simulations, a de-

tailed analysis of GCM simulations was beyond the

scope of these studies. The aims of this work are: 1)

to quantify the extent to which GCMs of hot Jupiters

in their typical configurations vary in their predictions

regarding limb asymmetries, 2) to provide a compre-

hensive examination of how various processes predicted

to influence limb asymmetries affect the simulated out-

comes for the same planet from a forward-modeling per-

spective, 3) to compare this set of GCM simulations with

recent observations of limb asymmetries. We choose

to focus on WASP-39b, the first planet for which limb

asymmetries in low-resolution spectra were reported and

arguably the best-studied exoplanet with JWST.

To accomplish this goal of exploring the mechanisms

driving limb asymmetry, we analyze simulations con-

ducted with five different GCMs, described in Section

2. First, we compare the clear-atmosphere, equilibrium

chemistry version of each GCM to assess the impact of

temperature structure and the variations between dif-

ferent GCMs (Section 3). We then examine the impact



4

of disequilibrium chemistry on limb asymmetries using

two methods: a GCM capable of simulating transport-

induced disequilibrium chemistry and a 2D photochem-

ical model using the thermal structure and winds from

the simulations of all five GCMs included in this study

as input (Section 4). Many different approaches exist to

include condensate clouds in GCMs. We choose to use

two complementary cloud models: a parametrized equi-

librium condensation model to examine the impact of

radiative feedback on the temperature structure within

a GCM, and a post-processed microphysics model to

better examine how cloud particle sizes and composi-

tion vary between morning and evening terminator. The

results from both models are discussed in Section 5. Fi-

nally, we use a radiatively passive tracer-based model

to simulate the 3D distribution of photochemical hazes

(Section 6). In Section 7, we discuss possible explana-

tions for the remaining discrepancies between our mod-

els and the observations of E24, and avenues for future

work, and in Section 8, we summarize our conclusions.

2. METHODS

The modeling of WASP-39b used here encompasses

both three-dimensional GCMs as well as the post-

processing of those models with more physically com-

plex cloud and photochemistry schemes. We outline the

various approaches here.

2.1. General Circulation Models

To capture different aspects of the atmosphere of

WASP-39b, five different general circulation models,

each with an established history of use in simulating

exoplanets, were run to examine the 3D structure of
WASP-39b. As each GCM has different capabilities, this

ensemble will allow for the atmosphere to be better char-

acterized. The included GCMs are summarized in Table

1, and the configurations and setups of each of the GCMs

are outlined in the following subsections. All GCMs

used the planetary parameters listed in Table 2. An ex-

ception to this is the ExoRad/IWF Graz model, which

used the set of parameters listed in Table A.1 in Carone

et al. (2023) internally within the GCM and cloud mi-

crophysics model, though the stellar and planetary radii

from Table 2 were used in post-processing to generate

spectra to ensure better comparability with the other

models. The differences between the two sets of param-

eters are comparable to the observational uncertainty

for each parameter and the impact on simulation results

is expected to be small compared to the differences be-

tween simulations arising e.g., from different radiative

transfer methods. Early analyses of JWST spectra of

WASP-39b suggested a metallicity close to 10× solar

based on fits to forward models (JWST Transiting Ex-

oplanet Community Early Release Science Team et al.

2023; Ahrer et al. 2023; Alderson et al. 2023; Feinstein

et al. 2023; Rustamkulov et al. 2023). We therefore

adopt a metallicity of 10× solar in all simulations.

2.1.1. ExoRad

The ExoRad GCM (also referred to as the ex-

peRT/MITgcm) uses the dynamical core of the MITgcm

(Adcroft et al. 2004), solving the hydrostatic primitive

equations on a C321 cubed-sphere grid (Adcroft et al.

2004). It resolves the atmosphere at pressures less than

100 bar on 41 log spaced cells between 1× 10−5 bar and

100 bar. At pressures greater than 100 bar, six linearly

spaced grid cells between 100 bar and 700 bar are added.

The model uses a sponge layer that damps the horizontal

velocity to its zonal mean between p = 10−4 − 10−5 bar

and also applies basal drag to pressure layers deeper

than 500 bar (Carone et al. 2020; Schneider et al. 2022).

In addition, like in SPARC/MITgcm, a fourth-order

Shapiro filter is applied.

The GCM is coupled to a non-gray radiative trans-

fer scheme based on petitRADTRANS (Mollière et al.

2019). Fluxes are recalculated every 4th dynam-

ical timestep. Stellar irradiation is taken from

the PHOENIX model atmosphere suite (Allard &

Hauschildt 1995; Hauschildt et al. 1999; Husser et al.

2013). The GCM operates on a pre-calculated grid of

correlated-k-binned opacities, where the opacities are

taken from the ExoMol database (Chubb et al. 2021)

and precalculated offline on a grid of 1000 logarithmi-

cally spaced temperature points between 100 K and 4000

K for every vertical layer. We further include the same

species as shown in Schneider et al. (2022) except TiO

and VO to avoid the formation of a temperature inver-

sion in the upper atmosphere. These are: H2O, CH4,

CO2, NH3, CO, H2S, HCN, PH3, FeH, Na, and K. For

Rayleigh scattering, the opacities are H2 and He, and

we add the following CIA opacities: H2–H2 and H2–He.

The sources for all the opacity data are found in Ta-

ble 4 in Appendix E. For the radiative transfer calcula-

tions in the GCM, we use a similar wavelength resolution

as SPARC/MITgcm (Kataria et al. 2013), but incorpo-

rate 16 instead of 8 k-coefficients (S1 case in Schneider

et al. 2022). For WASP-39b, 10× solar metallicity and

1 equivalent to 128 × 64 grid points in the longitude and latitude
directions
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Table 1. Overview of General Circulation Models used in this Work

Model Radiative Transfer Gas-phase Chemistry Cloud/Haze Modela Aerosol Feedback

ExoRad/IWF Graz Correlated-k Equilibriumb Post-processed microphysical
condensate cloud model with
mixed grains. (see Section
2.3.1)

No

RM-GCM Picket-fence – Temperature-based equilibrium
condensate cloud model with
parametrized cloud thickness
(see Section 2.3.2)

Yes

SPARC/MITgcm Correlated-k Equilibrium Passive haze tracers with a con-
stant particle size (see Section
2.4)

No

THOR Double-gray – – –

Unified Model Correlated-k Equilibrium or chem-
ical kinetics

– –

aWe use the term “clouds” to describe particles condensing out of the gas phase in a reversible process and the term
“hazes”to describe particles forming from photochemical byproducts.

bFor the post-processing of the cloudy case, elemental depletion from the clouds was taken into account in the equilibrium
chemistry calculation.

Table 2. WASP-39b Planetary Parameters

Quantity Value Units Source

Planetary Radius 8.94×107 m Mancini et al. (2018)

Stellar Radius 6.48×108 m Gaia DR3

Gravity 4.26 m s−2 Mancini et al. (2018)

Planetary Rotation Period 4.055 d Fischer et al. (2016)

Zero-albedo Equilibrium Temperature 1166 K Mancini et al. (2018)

Metallicity 10× solar JWST Transiting Exoplanet Community Early Release
Science Team et al. (2023)

an interior heat flux corresponding to a temperature of

Tint = 515K were assumed, as in Carone et al. (2023).

The model was initialized at rest with the 1D analytic

pressure–temperature profile of Parmentier et al. (2015)

above 1 bar suitable for the planet’s irradiation temper-

ature averaged over the whole planet and below 1 bar a

profile from Guillot (2010) consistent with the assumed

Tint. The simulation ran for 1000 d simulation time with

a dynamical timestep of 25 s to ensure that the tempera-

ture structure does not evolve anymore in the modelling

domain. For cloud modelling (see Section 2.3), the snap-

shot after 1000 d simulation time is used as input. To

diagnose large-scale dynamical structures, GCM results

time averaged over the last 100 d simulation time are

used instead.

2.1.2. RM-GCM

The RM-GCM was originally adapted for hot Jupiter

atmospheres by Rauscher & Menou (2010) from the Uni-

versity of Reading’s Intermediate General Circulation

Model (Hoskins & Simmons 1975) with subsequent mod-

ifications to include radiatively active cloud feedback

(Roman & Rauscher 2017, 2019) and “picket-fence” non-

gray radiative transfer (Malsky et al. 2024). The dy-

namical core solves the primitive equations of meteorol-

ogy on a pseudo-spectral grid, using spherical harmon-
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ics to solve the equations horizontally while the ver-

tical equations are solved on a logarithmically-spaced

sigma coordinate grid, normalized to the surface pres-

sure. In the models presented here, pressures range

from 102 bar to 10−5 bar in 65 layers. The horizon-

tal resolution is T31, corresponding to ∼ 4◦, and the

hyperdissipation is used to maintain numerical stabil-

ity with a hyperdiffusion timescale of ∼ 2000 s. Sim-

ulations were initialized with no winds and a single

double-gray pressure–temperature profile (Guillot 2010)

approximating a global average and were run for 1000

planet days. A dynamical timestep of ∼ 60 s was used,

with radiative transfer tendencies updated every four

dynamical timesteps. Picket-fence radiative transfer pa-

rameters were taken from Parmentier et al. (2015) with

Rosseland mean opacities for 10× solar composition

used in place of solar composition opacities. A stellar

bolometric flux of 4.2× 105 Wm−2 and an internal heat

flux corresponding to Tint = 500K are assumed. Two

versions were run, one with a clear atmosphere and an-

other with radiatively active clouds (described further

in section 2.3).

2.1.3. SPARC/MITgcm

SPARC/MITgcm (Showman et al. 2009) uses the

MITgcm dynamical core (Adcroft et al. 2004) coupled

to the code of Marley & McKay (1999), a wavelength-

dependent, plane-parallel two-stream radiative transfer

code that has been widely used in the exoplanets and

brown dwarf communities. Here, we use the 11 wave-

length bins suggested by Kataria et al. (2013) span-

ning from 0.26 to 324.86 µm with eight k-coefficients

for each bin. The numerical setup of the simulation

in this work is identical to the “passive, correlated-k”

simulation in Steinrueck et al. (2023), except that the

WASP-39b planetary parameters were adopted. A hor-

izontal resolution of C32 (equivalent to 128 × 64 grid

points in the longitude and latitude directions) and 60

vertical layers spanning a pressure range from 200 bar

to 2×10−7 bar were used. A bottom drag and a fourth-

order Shapiro filter were applied for numerical stability

and convergence. A dynamical timestep of 25 s and a

radiative timestep of 50 s are used.

As in May et al. (2021) and Steinrueck et al. (2023), a

hot interior boundary condition (Thorngren et al. 2019)

and a fixed temperature in the bottom layer were used.

Based on the 10× solar metallicity grid from Thorn-

gren et al. (2019), the temperature at the center of the

bottom-most layer at 170 bar was set to 4154 K. This

is equivalent to assuming an internal heat flux equiv-

alent to 356 K, consistent with Eq. (3) in Thorngren

et al. (2019). Molecular opacities were based on Freed-

man et al. (2008, 2014) and Lupu et al. (2014), with the

more recent updates described in Marley et al. (2021).

Molecular species included as opacity sources are H2O,

CO2, CO, CH4, NH3, N2, HCN, C2H2, C2H4, C2H6,

CrH, FeH, H2S, LiCl, MgH, OCS, PH3, SiO, TiO and

VO. Atomic species included were Li, Na, K, Rb and Cs.

Furthermore, Rayleigh scattering from H2, H and He as

well as collision-induced absorption from H2-H2, H2-H,

H2-He, and H2-CH4 were included. Bound-free and free-

free opacity from H− and H+
2 , free-free opacity from H−

2

and He−, and electron scattering are further included.

The abundances for the opacity calculation were cal-

culated at thermochemical equilibrium for a pressure–

temperature grid based on the models in Gharib-Nezhad

et al. (2021) and the Sonora atmosphere model (Marley

et al. 2021). Rainout, in the sense that condensable

species were removed from the gas mixture when their

abundance exceeded the vapor pressure, was included in

the chemistry calculation (see Marley et al. 2021, and

references therein for detail).

The simulation was started from a state of rest with an

initial pressure–temperature profile based on the 10× so-

lar metallicity grid from Thorngren et al. (2019). We ran

the simulation for 4,500 d simulation time with the syn-

thetic spectra generated from the a snapshot at the end

of the simulation.

2.1.4. THOR

THOR is an open-source GCM developed specifically

for simulations of exoplanetary atmospheres free from

Solar System-centric assumptions. Various aspects of

the THOR model have been successively updated in

works by Mendonça et al. (2016, 2018a,b), Deitrick

et al. (2020, 2022) and Noti et al. (2023). THOR solves

the non-hydrostatic deep (NHD) Euler equations on an

icosahedral grid (Tomita & Satoh 2004; Mendonça et al.

2016; Deitrick et al. 2020; Akın et al. 2025) by design,

removing many commonly used assumptions, such as

the hydrostatic, traditional or shallow approximations,

and admits the propagation of vertical acoustic waves.

The use of an icosahedral grid in the horizontal direc-

tion (Tomita et al. 2001), with a horizontal resolution

of 1◦, avoids any issue of “resolution crowding” char-

acterized by a convergence of grid cells along specific

points on a given grid resulting in model instabilities

(e.g., the singularity along the polar axis in spherical

coordinates). The vertical grid is uniformly spaced in

altitude with 50 levels. To maintain numerical stability

and to avoid non-physical energy build-up at the grid

scale, the THOR model employs horizontal and verti-

cal hyperdiffusion terms as well as a divergence damp-

ing operator and a sponge layer is introduced into the
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simulations (Jablonowski &Williamson 2011; Mendonça

et al. 2018b). However, a basal drag is not included.

An in-depth review of how these numerical dissipation

schemes affect our solutions can be found in Hammond

& Abbot (2022). For the current study, the double-gray

two-stream radiative transfer module (Deitrick et al.

2020) is used with an opacity of κv = 0.0055 cm2 g−1

in the visible band and κth = 0.01 cm2 g−1 in the ther-

mal band. The simulation is initialized at rest with a

temperature-pressure profile derived from the analytical

picket-fence model at the substellar point, as in Noti

et al. (2023), assuming an internal heat flux equivalent

to Tint = 358K (Thorngren et al. 2019). Following the

recommendations of Sainsbury-Martinez et al. (2019),

the simulation uses a hot adiabatic initial profile for the

deep atmospheric layers of hot Jupiters. The simulation

is run for 5000 d simulation time, with a dynamical and

radiative timestep of 100 s. The presented results are

time-averaged over the last 500 d.

2.1.5. The Unified Model

The equilibrium and kinetic chemistry simulations

were done using the idealised configuration of the

Met Office Unified Model (UM), whose dynamical core

(ENDGAME, Wood et al. 2014; Mayne et al. 2014a,b,

2017), radiative (SOCRATES, Edwards 1996; Edwards

& Slingo 1996; Amundsen et al. 2014, 2016, 2017) and

chemistry (Drummond et al. 2018a,b,c, 2020) compo-

nents were adapted to simulate the atmospheres of hot

Jupiters. ENDGAME solves the full, deep-atmosphere,

non-hydrostatic Euler equations using a semi-implicit

semi-Lagrangian scheme. SOCRATES solves the two-

stream equations in 32 spectral bands covering 0.2–322

µm and with absorption due to H2O, CO, CO2, CH4,

NH3, HCN, Li, Na, K, Rb, Cs, collision-induced absorp-
tion due to H2-H2 and H2-He and Rayleigh scattering

due to H2 and He (see Goyal et al. 2020, for line list

information) using the correlated-k and equivalent ex-

tinction methods. The chemistry module designed for

exoplanet applications is coupled to the dynamical core

and radiative transfer, and here we investigate both the

chemical equilibrium and the chemical kinetics cases (see

Section 2.2.1 for further details regarding the chemical

kinetics). The UM uses a constant angular grid, with the

simulation having a 144 longitudinal and 90 latitudinal

grid points resulting in a horizontal resolution of 2.5◦ in

longitude by 2◦ in latitude and 66 vertical levels equally

spaced in height covering pressures from ∼ 200 bar to

∼ 10−5 bar. The atmosphere is assumed to be aerosol-

free with 10×solar metallicity, and was run for 1000 d

simulation time until the upper atmosphere (≤105 Pa)

has reached a pseudo-steady state dynamically, radia-

tively and chemically. The model employs a sponge layer

covering the upper 1/4 of the computational domain

with an damping coefficient of 0.15, as well as a second-

order longitudinal filter with a diffusion coefficient of

K = 0.158. A discussion of the diffusion and damp-

ing can be found in Mayne et al. (2014b) and Christie

et al. (2024). The UM simulations were initialised at

rest with the dayside-average pressure–temperature pro-

file from the 1D radiative-convective-chemistry model

ATMO (e.g., Tremblin et al. 2015; Drummond et al.

2016) which was run assuming chemical equilibrium for

the chemical species present in the Venot et al. (2012)

chemical network. The internal heat flux was assumed

to be equivalent to Tint = 100K in both ATMO and the

UM simulations, with no frictional drag applied at the

bottom boundary in the UM. The UM simulations were

run using dynamical and radiative timesteps of 30 s and

150 s, respectively.

2.2. Disequilibrium Chemistry

To better ascertain what impact disequilibrium chem-

istry may play in the observed limb asymmetries, we

adopt two approaches. The first is to simulate chemical

kinetics directly in the UM GCM, capturing the interac-

tion of transport and thermo-chemistry. The second is

to post-process each of the GCM simulations using the

2D VULCAN photochemical model allowing the photo-

chemistry to be followed. Each approach is expanded

upon below.

2.2.1. Transport-induced Disequilibrium Thermochemistry
in 3D with the Unified Model

The UM gas phase abundances can be calculated un-

der the assumption of chemical equilibrium, through

minimization of the Gibbs energy, or through direct

calculation of the time-dependent reaction rates in a

given chemical network, termed chemical kinetics (de-

scribed in Drummond et al. 2020). In this work we

track the 30 species found in the Venot et al. (2019) re-

duced C/N/O/H chemical network, which are advected

and interact with the radiative transfer, solving for the

chemical state every 3750 s (125 dynamical timesteps).

For the chemical kinetics, the abundances are initial-

ized to their equilibrium values at the beginning of the

simulation and then integrated using the 181 reversible

reactions from Venot et al. (2019). As the model does

not include sub-grid eddy, molecular diffusion, or photo-

chemical reactions, the abundances are driven from their

equilibrium values through local changes in temperature

and wind-driven transport (e.g., Zamyatina et al. 2024).

Except for the approach to the solution for the chemical

abundances, the configuration of the chemical kinetics
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simulation is identical to that of the equilibrium chem-

istry simulation.

2.2.2. Photochemistry with the 2D Kinetics Model
VULCAN

Photochemistry affects the abundances of multiple

major absorbers in the atmospheres of hot Jupiters.

Most notably, it leads to the production of detectable

amounts of SO2 (Tsai et al. 2023a) and the photochem-

ical destruction of CH4 at low pressures (e.g., Moses

et al. 2011). Yet, photochemistry is not included in the

UM chemical kinetics simulations.

To explore how circulation interacts with thermo-

chemical and photochemical processes, we employ the

2D photochemical model VULCAN to simulate the gas-

phase composition in the equatorial region. VULCAN

includes both vertical mixing and horizontal transport

on a longitude-pressure plane using velocity fields from

the contributing GCMs as input, and it has been bench-

marked and described in detail in Tsai et al. (2024).

Here, we briefly summarize the model setup. The 2D

photochemical model solves the continuity equation

∂ni

∂t
= Pi − Li −

∂ϕi,z

∂z
− ∂ϕi,x

∂x
, (1)

where ni is the number density of species i, Pi and Li

are the chemical production and loss rates of species i,

and ϕi,z, ϕi,x are the vertical and horizontal transport

fluxes, respectively. The vertical flux includes transport

by molecular diffusion and eddy diffusion, expressed as

ϕi,z = −KzzN
∂Xi

∂z
−Di

[
∂ni

∂z
+ ni(

1

Hi
+

1 + αT

T

dT

dz
)

]
,

(2)

where Kzz is the mixing rate inferred from the GCM,

Di,z is the molecular diffusion coefficient, N is the to-

tal number density, Xi is the volume mixing ratio of

species i, Hi is the scale height of species i, and αT

is the thermal diffusion factor. For numerical stability,

vertical advection is not included here. The horizontal

transport by the zonal wind vx is

ϕi,x = −ni,xvx, (3)

evaluated on isobaric surfaces.

2D VULCAN adopts the temperature and wind pro-

files obtained from the GCM output introduced in Sec-

tion 2.1. These profiles are averaged over an equatorial

latitudinal band of ± 30◦, where the circulation is char-

acterized by an equatorial jet, allowing the system to

be represented by a 2D framework. We use the same

chemical network as Tsai et al. (2023a), except for a mi-

nor update on the rate constants associated with H2S
2.

This 2D framework simplifies the 3D global circulation

and excludes chemical feedback on the thermal struc-

ture; however, the 2D photochemical model offers in-

sights into global chemical transport not readily acces-

sible through 1D photochemical or 3D GCMs.

A challenge when modeling photochemistry with

GCMs is that the upper boundaries used in GCMs typi-

cally do not extend to sufficiently low pressures for pho-

tochemical models. 2D VULCAN uses a top boundary

of 10−8 bar, while the top boundary of GCMs in this

work ranges from 10−4 to 2×10−7 bar. For regions above

the top boundary of the GCM, we assume that temper-

ature and winds remain constant with height, with the

values set to those at the top boundary of the GCM. In

Appendix B, we demonstrate that this assumption does

not qualitatively change our results.

2.3. Condensate Clouds

We similarly adopt two approaches to cloud modelling

to investigate what impact they may have on the ob-

served limb asymmetry. Our first approach is to post-

process the ExoRad GCM output using the IWF Graz

1D microphysical model. The second is to model sim-

plified, radiatively-coupled clouds in the RM-GCM to

observe what impact they have on the thermal struc-

ture. Each approach is outlined below.

2.3.1. Post-processed Clouds with the IWF Graz
Microphysics Model

Due to the computational overhead of coupling cloud

microphysics to a GCM (see, e.g., Lee et al. 2016;

Lines et al. 2018), we instead post-process the outputs

of ExoRad with the IWF Graz microphysical kinetic

cloud formation model, which, when used in tandem,

we denote as the ExoRad/IWF Graz model. The cloud

model is coupled to equilibrium gas-phase chemistry,

which includes the processes of nucleation, bulk growth,

evaporation, and gravitational settling of cloud parti-

cles, as well as element consumption and replenishment

(Woitke & Helling 2003, 2004; Helling & Woitke 2006;

Helling et al. 2008). We consider cloud condensation

nuclei to form from four species (TiO2, SiO, NaCl, KCl)

and compute the nucleation rates for each species us-

ing modified classical nucleation theory while conden-

sation of 16 condensate species (TiO2[s], Mg2SiO4[s],

MgSiO3[s], MgO[s], SiO[s], SiO2[s], Fe[s], FeO[s], FeS[s],

Fe2O3[s], Fe2SiO4[s], Al2O3[s], CaTiO3[s], CaSiO3[s],

NaCl[s], KCl[s]) is considered through 132 gas-surface

2 https://github.com/exoclime/VULCAN/blob/master/thermo/
SNCHO photo network 2024.txt

https://github.com/exoclime/VULCAN/blob/master/thermo/SNCHO_photo_network_2024.txt
https://github.com/exoclime/VULCAN/blob/master/thermo/SNCHO_photo_network_2024.txt
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reactions. A replenishment timescale, τmix, is used to

simulate replenishment of gas species through upward

mixing from the deep, cloud-free atmosphere into the

cloud forming regions. Together with 11 element con-

servation equations, a set of 19 moment equations are

solved (see, e.g., Helling & Woitke 2006) from which

cloud properties (mean cloud particle size, cloud particle

number density, mixed material compositions of cloud

particles) are derived.

As input for the IWF Graz model, 1D pressure, tem-

perature, and vertical velocity profiles were extracted

from the cloud-free ExoRad simulation (Sec. 2.1.1) to

provide the atmosphere structure in a similar hierarchi-

cal approach to what is used in Helling et al. (2021,

2023). The 1D profiles were extracted at longitudes

±75◦, ±90◦, and ±105◦ and at latitudes 0◦, 23◦, 45◦,
68◦, and 86◦ to generate the spectra. The replenish-

ment timescale τmix is derived from the standard de-

viations of the ExoRad GCM vertical velocities as in

Appendix B in Helling et al. (2023). Samra et al. (2023)

find that increasing τmix by a factor of 100× compared to

the GCM-derived values leads to better agreement with

observations for WASP-96b, as using the GCM-derived

value leads to an overabundance of clouds. The same

approach is used here for WASP-39b. The cloud model

assumes an undepleted gas abundance of 10× solar.

2.3.2. Parametrized Radiatively Active Clouds in the
RM-GCM

In the RM-GCM, clouds are treated according to

the model of Roman & Rauscher (2019), with the up-

dates detailed in Roman et al. (2021) and Malsky et al.

(2024). In contrast to the post-processing approach of

the Graz model described in 2.3.1, the RM-GCM de-

termines the presence or absence of each cloud species

as the simulation progresses based on local tempera-

tures and pressures with the clouds condensing and dis-

sipating instantaneously as pressure and temperature

conditions evolve. When present, clouds absorb and

scatter light, allowing them to actively alter the ra-

diative transport and resulting thermal structure. The

default cloud prescription includes eight cloud species;

KCl[s], Cr[s], SiO2[s], Mg2SiO4[s], VO[s], Ca2SiO4[s],

CaTiO3[s], and Al2O3[s]. Clouds are present anywhere

in the atmosphere where pressure–temperature condi-

tions allow, based on equilibrium-chemistry condensa-

tion curves for a given composition from Mbarek &

Kempton (2016). To capture the balance between verti-

cal mixing and gravitational settling, a maximum thick-

ness (in units of vertical layers) is prescribed. This

is applied on a per-species and per-column basis: for

each column, each species of cloud is only allowed to

be present up to some number of layers (here, 35, or

about 4 orders of magnitude in pressure) above the low-

est intersection of the condensation curve and the tem-

perature profile. In the top four permitted layers, the

cloud mass is gradually tapered off to 0 (multiplied by

0.01, 0.03, 0.1, and 0.3). This tapering was necessary

for numerical stability due to the supersolar metallicity

(and therefore increased cloud-forming mass) of WASP-

39b. The amount of cloud-forming material available is

set by the abundance of the stoichiometrically limiting

constituent of each species, assuming solar abundance

ratios scaled to a chosen metallicity. A constant 10%

of the available cloud-forming material condenses where

conditions allow. This reduction is necessary to improve

numerical stability in the model and approximates inef-

ficient condensation. Roman et al. (2021) showed that

this practical adjustment, in general, reduced the mag-

nitude of cloud effects, but still yielded similar qualita-

tive effects in capturing the impact of clouds. Particle

sizes are prescribed as a function of pressure, set to 0.1

µm at P ≤ 10 mbar, and increasing linearly with pres-

sure to 80 µm at the model bottom boundary of 102

bar following Roman et al. (2021). Conditions for cloud

formation and the cloud radiative properties are evalu-

ated at each radiative timestep. Cloud absorption and

scattering properties in each radiation band are interpo-

lated from a pressure–temperature grid, pre-calculated

using Mie theory and assuming spherical grains of a sin-

gle radius at each pressure level, as described in Mal-

sky et al. (2024). When multiple species of cloud are

present at the same point, the scattering parameters

(e.g. the single scattering albedo and asymmetry pa-

rameter) are taken to be the optical-depth weighted av-

erage of the scattering parameters of each component

cloud (see Equations 11 & 12 in Malsky et al. 2021).

2.4. Photochemical Hazes

We modeled photochemical hazes within

SPARC/MITgcm as passive (i.e., not radiatively cou-

pled) tracers with a constant particle size following

Steinrueck et al. (2021). Hazes are produced at low

pressures, with a vertical haze production profile that is

a log-normal distribution in pressure, with a median of

2 µbar and a standard deviation of 0.576. Horizontally,

the column-integrated haze production rate peaks at

the substellar point and scales with the cosine of the

angle of incidence of the starlight. Deeper in the at-

mosphere, at pressures > 0.1 bar, hazes are destroyed

by a sink term. We considered particle sizes varying

from 1 nm to 1000 nm, but only results for the 30 nm

case—representative of the small particle regime—are

shown here as larger particle sizes are unlikely based

on microphysical modeling (Lavvas & Koskinen 2017;
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Arfaux & Lavvas 2022), and qualitatively provided a

worse match to the NIRSpec PRISM data. With a

passive tracer model, the haze production rate can be

scaled by an arbitrary factor after running the simu-

lation. We chose a column-integrated haze production

rate of 2.5 × 10−12 kg m−2 s−1 at the substellar point

as our nominal case, which resulted in the best match

to the observed limb-averaged transmission spectrum,

but also include larger haze production rates for the

purpose of illustration.

2.5. Generating Spectra

To compare the results from the GCM simulations

to the observations, we generate synthetic transmission

spectra for each of the GCM outputs, following the pro-

cedure of E24. We perform extinction-only, ray-striking

radiative transfer with the 3D post-processing code out-

lined in Kempton & Rauscher (2012), with the morn-

ing and evening spectra generated by simply mirroring

the morning (evening) limb onto the evening (morning)

limb (i.e., constructing “morning-only” and “evening-

only” atmospheres). As the rays traverse physical lines

of sight, GCMs that employ pressure grids in the verti-

cal direction (i.e., all but THOR and the UM) have their

vertical structure mapped on to equally spaced altitude

grids with the inner boundary taken to be at 1 bar. For

THOR and the UM, which use an altitude-based verti-

cal grid, we use the highest altitude where the pressure

always exceeds 1 bar as the inner boundary.

The opacity sources included in generating the spec-

tra are H2O, CO, CH4, CO2 , C2H2, SO2, and NH3.

The opacity inputs are generated using opacity sampling

with the HELIOS k-table module (Grimm & Heng 2015;

Malik et al. 2017; Grimm et al. 2021) at a resolution of

3000 from 0.5 to 21 microns, and the line lists used can

be found in Table 4 in Appendix E. Then, we degrade

our synthetic spectra to a resolution of 100 following the

same procedure as Line et al. (2021).

For the UM, we use GCM-output gas abundances to

determine the local volume mixing ratios (VMRs) of

each gas species considered. For all other GCMs, we

determine the local VMRs by interpolating FastChem

(Stock et al. 2018, 2022) equilibrium chemistry tables

as a function of local temperature and pressure. These

tables are calculated at 10× solar metallicity to agree

with the metallicity assumed in the GCMs.

Unlike the thermochemical models, where the three-

dimensional chemical structure of the atmosphere is

captured directly in the GCM, the photochemical cal-

culations are fundamentally two-dimensional, as they

are only intended to model transport near the equator.

Thus the spectral post-processing requires assumptions

about how to extend the chemical abundances in the

meridional dimension. We consider two limiting cases:

in the first, we assume that the abundances are con-

stant in latitude and thus photochemistry is modelled

throughout the atmosphere (we refer to this version as

“Full Limb”). In the second, we assume that the pho-

tochemical model only represents the state of the atmo-

sphere within 20 degrees of the equator, approximating

the behavior of an equatorial jet, with the remainder of

the atmosphere assumed to be in chemical equilibrium

(we refer to this version as “Jet”).

The post-processing of the RM-GCM’s cloud trac-

ers follows Arnold et al. (2025). The RM-GCM out-

puts a radial cloud optical depth for each cloud species,

dτcloud,i, in a given cell. We then convert this quantity

into a cloud opacity for each cloud species, κcloud,i, using

κcloud,i =
dτcloud,i

ds
Qλ,i, (4)

for a differential path length ds and wavelength-

dependent extinction efficiency Qλ. The condensate

refractive indices and extinction efficiencies are calcu-

lated from a Fortran conversion3 of LX-MIE (Kitzmann

& Heng 2018). We sum the κcloud,i to arrive at the to-

tal cloud opacity across all 8 species (KCl, Cr2O3, SiO2,

Mg2SiO4, VO, Ca2SiO4, CaTiO2, and Al2O3):

κcloud,total =

8∑
i=1

κcloud,i. (5)

We treat clouds differently when post-processing the

ExoRad/IWF Graz outputs. The post-processing of the

ExoRad simulations with the IWF Graz cloud model

outputs the cloud scattering and absorption coefficients

calculated on 5 unique latitudes (+ 4 mirrored from the

northern to the southern hemisphere), 6 longitudes, and

interpolated onto 50 pressure points. The cloud scat-

tering and absorption coefficients are combined to yield

extinction coefficients, which are then interpolated to

the gas opacity wavelength grid. Finally, they are lo-

cally interpolated within the post-processing code as a

function of latitude, longitude, and pressure, and they

are scaled by the local gas mass to yield units of area as

cross-sections.

We similarly include the optical effects of hazes when

post-processing the SPARC/MITgcm simulations. Haze

particle extinctions are calculated with Mie theory (us-

ing PyMieScatt; Sumlin et al. 2018) assuming a particle

size of 30 nm and a refractive index of soot (Lavvas &

Koskinen 2017).

3 https://github.com/ELeeAstro/Rosseland Clouds

https://github.com/ELeeAstro/Rosseland_Clouds
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For both the RM-GCM and ExoRad/IWF Graz cloud

models as well as the SPARC/MITgcm haze model, the

aerosol opacity is then added to the gas opacity to com-

pute the total opacity in a given cell.

3. TEMPERATURE STRUCTURE OF

CLEAR-ATMOSPHERE MODELS

We begin by considering the simulations without

clouds, hazes, or disequilibrium chemistry to better un-

derstand the baseline which the cloud and haze models

build upon and to what extent these preliminary clear

sky atmospheres can reproduce observations.

3.1. Deep Atmosphere Structure

It is important to first note that as these simulations

use a number of different internal heat fluxes, initial

conditions and levels of numerical dissipation, as well as

varied integration times, the behavior in the deep atmo-

sphere is both expected and observed to vary greatly be-

tween models due to the long integration times required

to approach convergence (Fig. 1, left and center panel;

see also Sainsbury-Martinez et al. 2019). However, as

the deep atmosphere is horizontally uniform and shows

no evidence of asymmetries and contributes minimally

to the transmission spectra, we do not focus on it except

to point out that the differences between models can be

∼ 1000K and any inferences relying on results from this

region of the atmosphere should be viewed with skepti-

cism. We further note that while we do not discuss the

global temperature structure or velocities of the GCMs

in depth in this section, zonal wind speeds and temper-

ature structure on isobars are shown in Appendix A for

reference.

3.2. Terminator Temperature Differences

Higher in the atmosphere, temperature asymmetries

are seen along the terminators above ∼ 0.1 bar with a

peak in the temperature asymmetry between the two

limbs around 0.01 bar (Fig. 1, right panel). The

magnitude of the peak limb temperature differences

varies between simulations, with the clear RM-GCM

simulation exhibiting a 400 K difference between the

morning and evening terminators, while the UM and

SPARC/MITgcm simulations peak at a somewhat lower

temperature ∼ 300K and ExoRad peaks at 200K.

The larger limb asymmetry seen with the RM-GCM

is driven, in part, by the hotter dayside temperatures,

reaching 1700K at P ∼ 4× 10−3 bar, whereas the other

GCMs have substellar temperatures of 1000 K to 1300 K

at similar pressures (see Fig. 2). This difference may

simply be due to the use of picket fence radiative transfer

in RM-GCM with the other GCMs using correlated-k

multiband or dual-grey radiative transfer. It may also

be due to the specific picket-fence setup used in the RM-

GCM simulations wherein the Rossland mean opacities

are computed for a 10× solar metallicity atmosphere but

the picket fence parameters for the visible bands, γv,i,

are assumed to be fixed with their values set by the 1×
solar fits found in Parmentier et al. (2015).

The THOR simulation has the coolest deep atmo-

sphere of any of the simulations and exhibits an in-

creasing temperature asymmetry between the two limbs

with decreasing pressure. THOR’s temperature profiles

at each limb differ from other GCMs, with the evening

limb being roughly isothermal with T ∼ 1200K−1300K.

This different behavior is likely due to the use of double-

gray radiative transfer unlike the remaining GCMs and

the greater boundary pressure at the top of the model.

The temperature differences, however, remain relatively

consistent with the other GCMs.

Across all models, the limb temperature differences at

P < 1mbar generally range from 100 to 300K. RM-

GCM is the outlier, reaching ∼400K near 0.01 bar.

3.3. Impact on Transmission Spectra

Each model was post-processed as outlined in Section

2.5, and the results are shown in Figure 3. Due to the ar-

bitrary normalization of the atmospheric altitudes, rela-

tive to the planet radius, in the post-processing a linear

shift in transit depth is applied to each model. The

adjustments range from 600 to 1000 ppm and are calcu-

lated through least-squares minimization between each

model and the full-transit data. These shifts are propa-

gated to the individual limbs to maintain the limb asym-

metries reported in the individual GCMs. The full tran-

sit spectrum (Fig. 3, top panel) exhibits a prominent

CO2 feature at 4.3 µm. The exact contrast between the

peak of this feature and the opacity window at 3.9 µm is

difficult to reproduce as it depends strongly on the rela-

tive abundances of CO2 and CH4 within the individual

clear-sky simulations. The UM simulations, for exam-

ple, lack methane relative to other simulations and thus

exhibit the largest contrast while the SPARC/MITgcm,

ExoRad, and RM-GCM clear-sky simulations have in-

creased methane contributions and thus smaller con-

trasts. As all these models lack clouds and photochem-

istry and assume the same elemental abundances, the

differences in the relative abundance of CH4 and CO2

are likely due to the temperature differences resulting

from model choices. For example, the temperatures on

the morning limb of the UM and THOR simulations in

the region probed by transmission spectroscopy – the

shaded gray region in Figure 1, left panel – are warmer

than other simulations, consistent with the reduction in
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Figure 1. Pressure–temperature profiles at the morning (left panel) and evening (center panel) terminators for each GCM.
The temperature difference between the limbs are shown in the right panel, with a positive difference indicating a hotter
evening terminator. The profiles are averaged between the latitudes of −30◦ and +30◦. While the absolute temperatures at
the terminator vary substantially between simulations done using different GCMs due to a variety of model differences, the
difference between morning and evening terminator remains remarkably consistent between all clear-atmosphere models. Cloud
radiative feedback in the cloudy RM-GCM (green) leads to cooling by several hundred Kelvin at the terminator.
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The temperature difference is shown in the right panel, with a positive difference indicating a hotter dayside. The profiles are
averaged between the latitudes of −30◦ and +30◦. The clear-sky RM-GCM (red) has the hottest dayside, likely due to the
use of picket-fence radiative transfer, while the cloudy RM-GCM (green) is substantially cooler than all other models below
≈2 mbar, highlighting the importance of cloud radiative feedback.

methane absorption seen in their spectra. Tuning of

parameters within individual GCMs may alter temper-

atures on the limbs and improve the agreement; how-

ever, the introduction of other physical processes, such

as photochemistry (Section 4.2) and clouds (Section 5),

may also impact the abundances and provide additional

sources of opacity.

When splitting the features between limbs, the CO2

feature appears primarily in the observations of the

evening limb (compare Fig. 3, middle panels). In the

observations, the CO2 feature on the evening termina-

tor is ∼ 2000 ppm larger than on the morning termina-

tor. This asymmetry in the feature is not reproduced

by any of the cloud-free, equilibrium-chemistry GCM

synthetic spectra. Within the simulations, CO2 abun-

dances remain relatively homogeneous across the limbs

with the transit asymmetry that is found at ∼ 4.3µm

being primarily due to temperature differences and not
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Figure 3. Transmission spectra for the clear sky simulations
with the observational data in grey. The full transmission
spectra are in the top panel with the individual limbs shown
in the middle panels. The difference between the limbs, with
a larger evening limb being positive, is shown in the bottom
panel. For several of the models the largest morning–evening
difference lies at 3.5 microns due to the strong CH4 features
on the morning terminator, which is not seen in the obser-
vations. In contrast, the observations show a large morning–
evening difference in the size of the CO2 feature, which is
not borne out by the models.

the CO2 abundance. The ExoRad and RM-GCM sim-

ulations do have transit asymmetries at 4.3 µ favoring

a larger effective evening radius, greater than the asym-

metry seen at other wavelengths for these simulations.

This asymmetry, however, is much more limited than

the observed asymmetry with the evening terminator

∼ 400 ppm larger than morning terminator, and it is not

substantially greater than asymmetries in the center of

methane features in favoring a larger morning termina-

tor. The amplitude of the full transit CO2 feature as well

as the asymmetry may be influenced by the C/O ratio

and the metallicity, both directly through the changes

in the elemental abundance resulting in more CO2 at

higher metallicities, as well as indirectly through the

changing thermal structure along the limbs. However,

the picture may also be complicated by clouds, which

are more thoroughly explored in Section 5. None of

the models presented here tested the impact of varying

metallicity and/or C/O ratio, making this an interesting

avenue for future investigation.

Most of the synthetic spectra show excess absorp-

tion around 3.5 microns due to methane in the simu-

lations, primarily occurring on the cooler morning limb,

relative to the data, leading to an asymmetry with a

larger morning limb, opposite of what is found in the

observations. This effect is especially prominent for the

SPARC/MITgcm spectra and is a result of the cooler

temperatures on the limb and the assumption of equi-

librium chemistry. While an overall hotter atmosphere

would reduce the methane abundance within these mod-

els, were chemical kinetics or photochemistry to be in-

cluded in the models, the methane abundance could in-

stead be reduced through transport-induced quenching

as large-scale motions carry gas with a reduced methane

abundance up from the deeper atmosphere or through

photochemical dissociation at the top of the atmosphere.

These possibilities are explored further in Section 4.

4. DISEQUILIBRIUM CHEMISTRY

The clear-sky models in the previous section assumed

the atmosphere was in thermochemical equilibrium. We

now investigate how departures from equilibrium may

influence the limb asymmetry, first examining coupled

chemical kinetics in Section 4.1 and then photochemical

post-processing in Section 4.2.

4.1. 3D Chemical Kinetics (Unified Model)

To understand any potential limb asymmetry result-

ing from departures from chemical equilibrium, simula-

tions were done with the UM using both an equilibrium

chemistry and chemical kinetics setups, as outlined in

Sections 2.1.5 and 2.2.1. Previous work using the UM
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demonstrated that the relaxation of the assumption of

chemical equilibrium made little difference to the syn-

thetic transmission spectrum for the hottest and coolest

planets in their study, with the greatest impact seen

for HD 189733b with an equilibrium temperature near

1200 K (∼150 ppm; Zamyatina et al. 2023). WASP-39b

has a similar equilibrium temperature to HD 189733b,

where the balance between the chemical, radiative and

advective timescales result in departures from equilib-

rium which are potentially significant enough to be ob-

served, although differing metallicity and other param-

eters between the models may yield divergent results.

4.1.1. Chemical Abundances

The simulations demonstrate that the abundances of

the important absorbers CH4 and CO2 indeed exhibit

substantial deviations from chemical equilibrium. Fig-

ure 4 shows the vertical abundance profiles on the two

limbs of the simulations, for both the equilibrium and

kinetics simulations. The abundance of CO2 and CH4

vary by an order of magnitude or two, respectively, be-

tween the equilibrium and kinetics case. For the kinetics

case, the abundances are similar at both limbs, but vary

by up to three orders of magnitude for CH4 in the equi-

librium case. Figure 5 shows the abundances of CO2 and

CH4 at a pressure of 10−3 bar for the equilibrium and

kinetics simulations. Again, there are stronger horizon-

tal abundance variations in the equilibrium chemistry

case. While the kinetics simulations result in both a re-

duction in and an homogenization of the methane abun-

dance at low pressures, the detailed quenched methane

abundance is known to depend on the temperatures in

the deep atmosphere (Fortney et al. 2020). The deep at-

mosphere temperatures can be impacted by radiatively-

coupled clouds, which are not included in the UM chem-

ical kinetics simulations, as well as the assumed intrin-

sic temperature Tint, which is taken to be 100K in the

chemical kinetics simulations and is not explored further

here.

4.1.2. Impact on Transmission Spectra

Comparing the resulting spectra to the observed full-

transit spectrum, the observations of WASP-39b are

consistent with both the chemical equilibrium and chem-

ical kinetics simulations of the UM to the same degree

(Fig. 3, top panel). It is important to note here that

the simulations are identical in setup, aside from the

approach to the gas phase chemistry. The difference be-

tween the models (∼100 ppm) is below the uncertainty

of the observations. Thus, our observations are not able

to differentiate between the two synthetic transmission

spectra for what is potentially one of the most optimal

cases. However, we note that this result may be sensitive

to modeling choices within the GCM and the particular

GCM used. The UM simulations are the hottest at pres-

sures below ≲ 10−3 bar relative to other GCMs in this

study and thus have the lowest methane abundances. In

comparison, the simulations with the coldest tempera-

tures at low pressures (SPARC/MITgcm, ExoRad) ex-

hibit strong methane features in equilibrium chemistry

and may thus exhibit larger spectral changes if disequi-

librium thermochemistry is introduced. However, these

models currently are not capable of simulating chemical

kinetics.

Any difference between the limbs in the synthetic

transmission spectra is small (Fig. 3, bottom panel).

The asymmetry in the observations resulting from the

strong evening CO2 feature at 4.3 µm is not repro-

duced. Furthermore, the longitudinal homogeneity in

the CO2 abundances resulting from transport-induced

quenching is at odds with the larger CO2 feature at the

evening terminator. In the following subsection, we ex-

plore whether the introduction of photochemistry leads

to an asymmetry in the CO2 distribution. It is possible,

however, that the observed limb asymmetry in the CO2

band is not chemical in origin, and instead is caused by

a temperature difference that is stronger than predicted

by the GCMs (see 7).

4.2. 2D Photochemical Results

4.2.1. Abundances and Vertical Profiles

As discussed in the previous subsection, atmospheric

circulation effectively homogenizes the limb asymme-

tries present in thermochemical equilibrium. We now ex-

amine our 2D photochemical results to assess how pho-

tochemistry contributes to limb asymmetries. Figure 6

shows the vertical distributions of CO2, SO2, and CH4

at the morning and evening terminators, as computed

by 2D VULCAN. Overall, SO2 and CO2 exhibit moder-

ate asymmetries, while CH4 remains uniform below ∼1

mbar. Above this level, CH4 is efficiently destroyed by

stellar UV radiation, in contrast to the relatively higher

abundances in the absence of photochemistry, as seen in

Figure 4.

The variation of CO2 is driven by thermochemistry,

where that of SO2 is driven by photochemistry. CO2

maintains close to chemical equilibrium throughout the

atmosphere up to 10−6 bar (see Fig. 6), with higher

abundances on the the morning terminator where tem-

peratures approach the optimal conditions for CO2 sta-

bility (Moses et al. 2013). Across all models, the limb

asymmetry in CO2 abundance is moderate, differing

only by a factor of a few. Generally, differences in CO2

abundances correlate with temperature differences, i.e.

the THOR model exhibits the largest CO2 limb asym-
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opening angle along the terminator, computed following Wardenier et al. (2022). Atmospheric transport efficiently homogenizes
the abundances of both species.

metry, while the ExoRad model shows the smallest. On

the other hand, SO2 is produced through photochemi-

cal processes. While it might initially be expected that

the cooler morning terminator would yield less SO2 due

to reduced oxidizing power at lower temperatures (Tsai

et al. 2023a), Figure 6 shows the opposite. The SO2

abundances are about an order of magnitude higher at

the morning terminator compared to the evening across

all models.

4.2.2. Horizontal Transport Effects

The underlying driver for this SO2 asymmetry be-

comes apparent in Figure 7. While the cooler morn-

ing terminator would indeed produce less SO2 in the

absence of horizontal transport, horizontal transport al-

ters the distribution of SO2. With horizontal transport,

SO2 can be transported to the nightside and build up to

higher abundances in the upper atmosphere since the

photodissociation of SO2 is absent (Tsai et al. 2023;

Baeyens et al. 2024). This nightside buildup of SO2

is subsequently transported to the morning terminator,

resulting in the SO2 limb asymmetry. As summarized
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Figure 8. Transmission spectra for the photochemistry
(Full Limb) post-processing with the observational data in
grey. This post-processing applies the 2D photochemical out-
put to all latitudes. Compared to the equilibrium chemistry
spectra (Fig. 3), these spectra have strong SO2 features and
no CH4 features.

in Figure 7, while CO2 exhibits little limb asymmetry,

SO2 has enhanced morning abundances induced by hor-

izontal transport from the nightside.

4.2.3. Impact on Transmission Spectra

To examine the impact of photochemistry on the limb

spectra, an assumption has to be made about how the

20000

20500

21000

21500

22000

22500

23000

T
ra

n
si

t
d
e
p
th

[p
p
m

]

Full Transit

CH4 H2O CH4 CO2 COSO2

ExoRad/IWF Graz

RM-GCM Cloudy

SPARC/MITgcm, 30nm haze

THOR

UM Kinetics

9500

10000

10500

11000

11500

12000

12500

L
im

b
d
e
p
th

[p
p
m

]

Morning Limb

9500

10000

10500

11000

11500

12000

12500

L
im

b
d
e
p
th

[p
p
m

]

Evening Limb

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

λ [µm]

0

2000

D
e
p
th

D
iff

e
re

n
c
e

[p
p
m

]

Limb Difference

Figure 9. Transmission spectra for the photochemistry
(Jet) post-processing with the observational data in grey.
This post-processing applies the 2D photochemical output
with 20◦of the equator. Compared to the equilibrium chem-
istry spectra (Fig. 3), these spectra have moderate SO2 and
CH4 features.

abundances from the 2D model are mapped back onto

the 3D grid used for post-processing (see also Section

2.5). We explore two cases that should be understood

as limiting cases bounding the possible impact of photo-

chemistry on the spectra: Full Limb (Fig. 8), where the

abundances from 2D VULCAN are assumed to extend

to all latitudes, and Jet (Fig. 9), where 2D VULCAN
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abundances are only used in the equatorial region and

equilibrium chemistry is assumed for higher latitudes.

The most realistic spectrum can be expected to lie some-

where in between these cases, with spectral features of

specific species being closer to either the Full Limb or

the Jet post-processing depending on their chemical be-

havior. For example, for CH4, which is efficiently de-

stroyed by photochemistry, the true feature amplitude

would be expected to be closer to the Full Limb post-

processing. For CO2, which remains relatively close

to thermochemical equilibrium around the globe, the

true feature amplitude may be closer to the Jet post-

processing which includes higher CO2 abundance at the

colder mid-latitudes. For SO2, where horizontal trans-

port from the nightside through the jet plays a key role,

the Jet post-processing might be more accurate.

The two largest effects of 2D photochemistry on our

model spectra are a decrease in the CH4 feature be-

tween 3.0 and 3.5 µm, and the appearance of the SO2

feature blueward of 4 microns. Changes to the CO2 fea-

ture are small, and thus the inclusion of photochemistry

has the potential to improve agreement with observa-

tions relative to clear sky models (Section 3) by alter-

ing the contrast between the 4.3 µm CO2 peak and the

blueward 3.9 µm window . The effect of photochem-

istry on CH4 can be most clearly seen by comparing

the SPARC/MITgcm equilibrium chemistry, Full Limb,

and Jet post-processing. In the equilibrium chemistry

spectrum (Fig. 3), the morning-limb methane feature is

clearly present—in fact, it is the strongest of all mod-

els considered, as the SPARC/MITgcm morning limb

is the coldest at the top of the atmosphere of all mod-

els considered (Fig. 1). In the Jet post-processing case,

the strength of this feature decreases modestly (Fig. 9),

and it disappears entirely in the Full Limb photochem-

istry case (Fig. 8). That is, as we extend the abundances

from the 2D photochemistry model to the full globe, the

spectral signature of CH4 correspondingly decreases as

atmospheric transport quenches the molecule to a lower

abundance at the morning terminator. Further, CH4 is

photodissociated at low pressures. Thus, the spectral

differences between morning and evening terminator in

the CH4 bands disappear. A similar but somewhat less

pronounced effect can be seen in the RM-GCM and Ex-

oRad/IWF Graz models.

The effect of photochemistry on SO2 is most promi-

nently seen in the UM Kinetics model, but can also be

seen in the other models. In the models without pho-

tochemistry, the spectra show no sign of SO2 (Fig. 3),

owing to low equilibrium SO2 abundances (Fig. 4) and,

in case of the UM Kinetics model, the non-inclusion

of SO2 in the kinetics network due to its expected

low abundance when only considering thermochemistry.

Once photochemistry is taken into account, however,

the SO2 feature becomes more prominent, with the Full

Limb post-processing method yielding the largest signal

(Figs. 8–9). As noted above, transport brings SO2 in

higher abundance to the morning limb, yielding stronger

morning SO2 absorption than evening. The signal-to-

noise in the current morning and evening spectra of

WASP-39b is too low to unambiguously detect SO2 (Es-

pinoza et al. 2024; Tada et al. 2025). However, detecting

differences in the SO2 feature may be feasible in the fu-

ture by combining multiple transits.

5. CONDENSATE CLOUDS

In this section we examine the effect of clouds on limb

asymmetries using the two complementary approaches:

by post-processing the ExoRad GCM simulations with

the IWF-Graz cloud model (described in Section 2.3.1),

and through the inclusion of radiatively-active clouds in

the RM-GCM (described in Section 2.3.2). A further

summary of these models and useful quantities is given

in Table 3 in Appendix C.

5.1. Impact of Clouds on Temperature Structure

First, we revisit the temperature differences between

the two cloud-free 3D models (see Section 3) because

the local thermodynamics strongly impacts the modelled

cloud coverage. Here, the ExoRad GCM exhibits rela-

tively modest temperature differences of ∆T ∼ 200K

between the morning and evening terminators in the

pressure range mainly probed by transmission spec-

troscopy (Fig. 1), that is, for p ≈ 10−2 bar (Carone et al.

2023). The clear-sky RM-GCM model has larger tem-

perature differences between both limbs (∆T ≈ 400 K)

at the same pressure level. Further, ExoRad tends to

be cooler by 100 K (morning) and 300 K (evening ter-

minator) compared to the clear-sky RM-GCM.

Examining the impact of clouds on the temperature

structure with the RM-GCM, we find that cloud feed-

back leads to cooler temperatures at both terminators.

In the cloudy RM-GCM, clouds are nearly globally

present for p > 10−2 bar, and effectively absent at lower

pressures. The presence of this cloud deck results in the

rapid attenuation of starlight at p ∼ 10−2 bar, which

enhances day-night temperature differences at this pres-

sure and lower pressures. At higher pressures, the op-

posite effect is produced. Increased opacity from clouds

in the thermal channels (and therefore longer radiative

timescales) combined with the lack of starlight to drive

asymmetries produce a significantly more homogeneous

intermediate and deep atmosphere. Additionally, scat-

tering by dayside clouds increases the planetary albedo,
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cooling the planet overall. The combination of these ef-

fects results in the limbs being cooler compared to all

cloud-free GCMs, with asymmetries confined to lower

pressures. More precisely, the cloudy RM-GCM is cooler

by up to 200 K (morning) and 400 K (evening termina-

tor) compared to the ExoRad/IWF Graz model. At

p = 10−2 − 10−3 bar), however, the temperature differ-

ences between both models are smaller (only ≈100 K).

Further, in this pressure range, the differences between

the limbs are of the same order in both the cloudy

RM-GCM and the cloud-free ExoRad/IWF Graz model

which is ∆T ≈ 150−200 K. Therefore, the temperature

differences across the limbs are similar in both 3D mod-

els with clouds discussed in this section, despite their

different approaches.

5.2. Cloud Mass Load and Horizontal Distribution

Comparing the cloud properties arising from the two

3D cloud models, we find that the ExoRad/IWF Graz

model predicts stronger horizontal variations and a

higher cloud mass fraction. Figure 10 shows the cloud

mass fraction for a slice across the terminator, as it

would appear to an observer during transit. It is im-

mediately clear that the RM-GCM model, with param-

eterized clouds in the GCM, produces a very homoge-

neous distribution and density of clouds at both limbs

of the terminator with a significant jump in density at

10−2 bar. Comparatively, the ExoRad/IWF Graz model

produces a smoother increase in total cloud mass frac-

tion with increasing pressure and shows more varia-

tion with latitude and for each limb. There is also a

substantially higher cloud mass fraction for the Exo-

Rad/IWF Graz model than the RM-GCM, by approx-

imately one order of magnitude (see Fig. 10 caption).

This is despite both models assuming a 10 x solar metal-

licity atmosphere. A likely cause of this difference is

that the RM-GCM only allows 10% of available cloud-

forming mass to condense. While all simplified cloud

models have to make a somewhat arbitrary choice about

which fraction of the available cloud-forming mass con-

denses (a question only detailed microphysical model-

ing or observational constraints can answer), the value

of 10% chosen here was at least partially motivated by

numerical stability. Further, we note that in the RM-

GCM model, the cloud mass fraction only depends on

whether the temperature is above or below the conden-

sation temperature and is not sensitive to the exact value

of the local temperature. As the limb temperature dif-

ferences in the RM-GCM model are not large enough to

put one limb above and one limb below the condensa-

tion temperature (except for KCl, a minor cloud com-

ponent), the clouds are homogeneous across the termi-

nators. Conversely, the cloud mass load from the mi-

crophysical cloud model used in the ExoRad/IWF Graz

model is more sensitive to moderate temperature differ-

ences of a few 100 K and as a result exhibits significantly

more cloudiness at mid-latitudes on the morning termi-

nator (see also Carone et al. 2023).

5.3. Particle Sizes and Number Densities

These differences in cloud models also extend to par-

ticle sizes and number densities. Figure 11 displays

the average particle size ⟨a⟩ and the number density of

cloud particles nd for the equatorial points of the morn-

ing and evening terminators. These selected points are

qualitatively representative of the differences between

the models at all latitudes. We note that in the RM-

GCM, the particle size follows a prescribed vertical pro-

file at all longitudes and latitudes, and thus there are

no horizontal differences in the particle size. The two

models display comparable particle sizes and number

densities of cloud particles for pressures greater than a

few mbar. They differ substantially for lower pressures,

where the ExoRad/IWF Graz model predicts smaller

particles and a much less steep decline in number den-

sity than the RM-GCM. The ExoRad/IWF Graz model

also predicts mean particle sizes to vary substantially be-

tween day- and night-side in contrast to the RM-GCMs

horizontally-uniform mean particle size (Fig. 12). On

the dayside, the ExoRad/IWF Graz model generally has

larger average sizes, as the higher temperatures restrict

the amount of nucleation occurring in the upper atmo-

sphere, and consequently more bulk growth occurs to

the limited number of cloud particles (see Helling et al.

2023, for a more detailed discussion). In the RM-GCM,

the column-integrated mean radius remains at ∼ 0.2µm

globally due to the assumed particle size profile in the

model. Despite these differences, the particle sizes as-

sumed in the RM-GCM model qualitatively agree well

with those predicted by the IWF/Graz model at the

terminator.

5.4. Cloud Material Composition

e consider the material compositions of the clouds,

where we focus on the pgas = 10−2 bar pressure level

for the equatorial morning and evening terminators

(Fig. 13). While the material mix is “simpler” for the

RM-GCM cloud model compared to the morning ter-

minator of the ExoRad/IWF Graz model, both cloud

models agree that a large part of the morning cloud at

p = 10−2 should consist of Olivines, Fayalites and En-

statite ((Fe/Mg)2SiO4[s] and MgSiO3[s]) that combined

make up about 50% of the cloud material. Larger dis-

crepancies in cloud composition arise with respect to sil-

ica clouds composed of SiO2[s], which only make up 11%
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Figure 10. The local cloud mass fraction or dust-to-gas mass ratio ρd/ρ for the atmosphere of WASP-39b in the terminator
plane (evening: left hand side of each 2D slice, morning: right hand side of each 2D slice). The left panel shows the Exo-
Rad/IWF Graz cloud model and the right panel the RM-GCM cloud model, respectively. Generally, the cloud mass fraction in
the ExoRad/IWF Graz model is roughly a factor 10 higher than in the RM-GCM. The ExoRad-IWF Graz model also predicts
noticeable variations with latitude and between morning and evening terminator, while the RM-GCM exhibits a more homo-
geneous cloud mass fraction. Please note the change in scale, where at pgas = 10−2 bar, (ρd/ρgas)IWF = (0.1 − 3) × 10−2 and
(ρd/ρgas)RM ≈ 2× 10−3.
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Figure 11. Mean particle size ⟨a⟩ (left) and cloud particle number density nd (right) for the equatorial morning (blue) and
evening terminator (orange) for the ExoRad/IWF Graz model and for the cloudy RM-GCM (black). The ExoRad/IWF Graz
model predicts larger particle sizes and lower number densities at the evening terminator than at the morning terminator. In
contrast, the cloudy RM-GCM assumes the same prescribed vertical particle size profile at all locations.
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Figure 12. Column integrated (from p = 10−1 bar to p = 10−5 bar), number-density-weighted average particle size, log10 (⟨⟨a⟩⟩)
at different locations in longitude and for five representative latitudes for the ExoRad/IWF Graz model (left) and the cloudy
RM-GCM (right), respectively. The ExoRad/IWF Graz model predicts substantial horizontal variations in the average particle
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size.
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densation temperatures and gaseous abundances, which are
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Figure 14. Transmission spectra for the cloudy simulations
with the observational data in gray. The full transmission
spectra are in the top panel with the individual limbs shown
in the middle panels. The difference between the limbs is
shown in the bottom panel. In both the ExoRad/IWF Graz
model and the RM-GCM, clouds decrease the strength of
spectral features, though this effect is somewhat stronger in
the ExoRad/IWF Graz model due to the higher cloud mass
fraction.

of the cloud volume in the kinetic cloud formation Ex-

oRad/IWF Graz model at the morning terminator, and

are completely missing at the warmer evening termina-

tor. In the RM-GCM cloud model, which assumes all

cloud species condense when the gas phase is saturated,

SiO2[s] contributes more than 40% at both limbs and
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is thus the second most abundant cloud species. Fur-

thermore, the ExoRad/IWF-Graz model also includes

iron-bearing condensates, and as a result obtains signif-

icant fractions of Fe[s] at the evening terminator, and

both, Fe[s] and Fe2SiO4[s], at the morning terminator.

The absence of Fe2SiO4[s] at the evening terminator

is explained by the hotter temperatures of the model.

In contrast, iron does not take part in cloud formation

in the RM-GCM. Another difference between the Exo-

Rad/IWF Graz and RM-GCM cloud model is that the

former shows notable composition difference between

the limbs. The warmer evening terminators leads to

a reduction in both, the number of different species as

well as the cloud mass to the dust-to-gas mass ratio

in the ExoRad/IWF Graz model. Most importantly,

Fe2SiO4[s] is not present at the evening terminator, the

iron is instead condensing out as Fe[s].

5.5. Impact on Transmission Spectra

In Figure 14, we compare the cloudy spectra for

both models to each other and to the observations.

The cloudy spectra are post-processed with the same

framework as the clear-atmosphere models (see Sec-

tion 2.5). Thus, the post-processing differs from the

the 1D framework used for the cloudy models in E24

(see Appendix D). Both cloudy spectra show significant

attenuation of all spectral features when compared with

the clear spectra in Figure 3. Despite the global differ-

ences in the microphysical properties of the clouds in

both models, the resulting spectra are surprisingly sim-

ilar. This is because the models have similar temper-

ature differences and are qualitatively in agreement on

the cloud properties in the atmosphere regions that the

transmission spectra are probing (1 to 10 mbar at the

terminator; see Carone et al. 2023). The higher over-

all cloud mass fraction in the ExoRad/IWF Graz model

results, however, in a stronger attenuation of the CO2

spectral features at both limbs compared to the cloudy

RM-GCM.

Including clouds has mixed results when it comes to

improving the match to observations. At the morning

limb, the attenuation of the CO2 feature at 4.0µm due

to clouds yields a better fit to observations than the

clear-sky models. However, for both models there is

poor agreement with the data for wavelengths < 4.0µm

for the morning spectra mainly due to strong CH4 fea-

tures between 2.0−2.5µm and 3.0−3.5µm, where the

latter feature is also present in the full transit model

spectra. This is likely a consequence of the use of equi-

librium chemistry for the gas phase of these models that

neglects quenching of CH4 due to transport and photo-

chemical destruction of CH4 (see Section 4). For the

evening limb, the attenuation of the CO2 feature is too

strong but the cloudy models still yield good agreement

between 2−4.0µm.

While the ExoRad/IWF Graz model predicts a lower

cloud deck for the evening terminator than for the morn-

ing terminator, the data suggest even less cloud coverage

at the evening terminator. In fact, the observed evening

spectrum, especially the amplitude of the CO2 feature, is

more consistent with a cloud-free atmosphere. In addi-

tion, it appears that it is mainly the temperature differ-

ences that drive the changes in the amplitude of the CO2

feature at 4.3 micron across the limb, because the differ-

ence between morning and evening depth in the center

of the feature is the same in the cloudy and cloud-free

models. Thus, our models predict that the impact of

clouds on the observed limb asymmetry in WASP-39b

with JWST between 2 and 5.5 microns is of second or-

der compared to the horizontal temperature gradient.

Nonetheless, our cloud models appear to underestimate

the extent of cloud inhomogeneity in WASP-39b’s at-

mosphere and further work is needed, as discussed in

Section 7.

6. PHOTOCHEMICAL HAZES

Due the small particle radii expected for photochem-

ical hazes, hazes have a much larger impact on shorter

wavelengths than the 2–6 µm wavelength region we fo-

cus on in this study. However, in the case of large

haze production rates, hazes can still influence the spec-

trum in the near-infrared (Fig. 15). In addition, hazes

have a much stronger impact on transmission spectra

in the short-wavelength region of NIRSpec PRISM and

NIRISS SOSS. To demonstrate this impact, we extended

the wavelength regions shown in Figure 15 to shorter

wavelengths. Generally, photochemical hazes in our sim-

ulations of WASP-39b have two main effects on the tran-

sit spectrum: they mute the amplitude of molecular fea-

tures, and they increase the transit radius more strongly

at the morning terminator than at the evening termina-

tor.

Even in the models with large haze production rates,

the limb asymmetries signal remains dominated by dif-

ferences in the chemical composition between morning

and evening terminator. For the equilibrium chemistry

case, much more methane is present on the cooler morn-

ing terminator. Thus, in the clear-atmosphere equilib-

rium chemistry case, there is a strong negative limb

depth difference in methane bands (2-2.5 µm and 3-

4 µm), while there is a slightly positive limb depth differ-

ence outside the methane bands. With increasing haze

production rate, molecular features become increasingly
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Figure 15. Transmission spectra for the hazy simulations with the observational data in grey. The full transmission spectra
are in the top panel with the individual limbs shown in the middle panels. The difference between the limbs is shown in the
bottom panel. Displayed are spectra from SPARC/MITgcm simulations with photochemical hazes with a particle size of 30 nm
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Figure 16. Horizontal distribution of photochemical hazes
in the simulation with 30 nm-sized hazes on multiple isobars.
The substellar point is located in the center of each panel.
The black dashed lines indicate the opening angle along the
terminator, computed following Wardenier et al. (2022). At
very low pressures near the peak of the haze production re-
gion, hazes are more concentrated at the evening terminator
than at the morning terminator (top panel). At pressures
typically probed in transmission, however, the haze mass
mixing ration is higher at the morning terminator (center
and bottom panels).

muted and thus the spectral variations in the limb asym-

metries signal also become less pronounced.

The effect of the asymmetric haze distribution is most

obvious in the wavelength regions < 1.5 µm. Because

hazes are more concentrated at the morning termina-

tor than at the evening terminator over the pressures

probed in transmission, at short wavelengths, the tran-

sit radius of the morning terminator becomes larger

than the evening terminator in the continuum regions.

The horizontal distribution of hazes is shown in Figure

16 and Figure 17 shows the vertical mass mixing ratio

profile at the morning and evening terminator. Gen-
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Figure 17. Latitudinally-averaged mass mixing ratio pro-
files of 30-nm-sized hazes at the morning and evening termi-
nator. At most pressures, the mass mixing ratio is higher at
the morning terminator than at the evening terminator.

erally, at pressures below the peak of haze production

(< 2 × 10−6 bar), the haze mass mixing ratio is higher

at the evening terminator, while between < 2×10−6 bar

and 10−4 bar, hazes are concentrated on the night side

and near the morning terminator (see also Steinrueck

et al. 2021, 2023). For pressures ⪆ 10−4 bar, the haze

mass mixing ratio is more uniform between evening and

morning terminator, with slightly more hazes present at

the morning terminator.

Finally, we point out that while the haze produc-

tion rate in hot Jupiter atmospheres remains highly un-

known, haze production rates as large as the strongest

two cases shown in Figure 15 (2.5 × 10−11 kg m−2 s−1

and 2.5 × 10−10 kg m−2 s−1) are considered unlikely

for WASP-39b based on shorter-wavelength observations

and photochemical models (Arfaux & Lavvas 2022).

However, for some other exoplanets (especially cooler

ones), such strong haze production rates remain a pos-

sibility.

7. DISCUSSION

7.1. Summary of Model Performance and Remaining

Discrepancies

When we compare the terminator temperatures pre-

dicted by the GCMs in this work—both their values

and the differences between the terminators—we find re-

markable consistency between models, even though they

use significantly different assumptions. When photo-

chemistry is applied to these atmospheres, all the mod-

els are able to roughly match the average difference be-
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tween the morning and evening terminators. However,

all models significantly under-predict the amplitude of

the limb asymmetry in the CO2 feature at 4.3 µm, pri-

marily due to under-predicting the strength of this fea-

ture on the evening limb.

7.2. Potential Causes: Unexplored GCM Assumptions

Multiple factors that were not explored in this work

could lead to an increased morning–evening tempera-

ture difference, and so limb asymmetry, within GCMs.

The models in this work were run based just on the

previously known system properties and were not tuned

in any way to match these data. However, now that

properties of the planet’s atmosphere have been better

constrained, parameters in future GCMs could be ad-

justed to bring their predictions into closer alignment

with the data.

For example, Welbanks et al. (in prep.) suggest the

metallicity of WASP-39b lies between roughly 10 and

50x solar based on retrieval analysis of the full JWST

dataset of WASP-39b (Carter et al. 2024). Our models

generally assume 10× solar, at the lower end of this

range. Increasing metallicity is expected to increase

horizontal temperature contrasts (Showman et al. 2009;

Kataria et al. 2015; Drummond et al. 2018a) and in-

crease the CO2 abundance (e.g., Moses et al. 2013), so

changes to the assumed metallicity (and/or C/O ratio)

could possibly bring the strength of the predicted CO2

feature into better agreement with the observations.

Our work also did not systematically explore assump-

tions about numerical dissipation or (explicit) drag,

both which can shape the morning–evening temperature

differences (e.g., Heng et al. 2011; Dobbs-Dixon et al.

2012; Komacek et al. 2017; Beltz et al. 2023). While

these factors may explain part of the discrepancy be-

tween observations and models, it is unlikely that they

alone can account for a five-fold difference in the asym-

metry of the CO2 feature. Furthermore, an increase in

just the terminator temperature differences would not

explain why there is no equally strong asymmetry ob-

served in the H2O feature.

7.3. Potential Causes: Underestimated Cloud

Inhomogeneities

One possible explanation for the discrepancy between

the observed and predicted limb asymmetry in the CO2

feature is that the cloudy models, in particular, may

be underestimating the differences between the morn-

ing and evening terminator. While E24 and the anal-

ysis of the NIRISS/SOSS WASP-39b data by Fu et al.

(2025) both interpret the results as indicating a change

in cloud coverage between the terminators, our GCMs

demonstrate the challenge of accurately capturing the

cloud distributions at the terminators. Despite the Ex-

oRad/IWF Graz microphysics model exhibiting a lower

cloud deck at the evening terminator than at the morn-

ing terminator in line with the data, it still predicts

substantial muting of spectral features through clouds

at the evening terminator. However, due to the high

computational demand of this approach, it was per-

formed on a single 3D temperature structure, with a

single metallicity, and its results are sensitive to various

model assumptions (e.g., strength of vertical mixing, nu-

cleation, etc.). It also lacks any feedback between the

clouds and the underlying temperature structure. Al-

though the RM-GCM model does include this feedback,

its simplified assumption of equilibrium condensation re-

sults in fairly homogeneous clouds between the morning

and evening terminator. This work demonstrates the

intrinsically challenging problem of correctly modeling

hot Jupiter clouds, with complexity from microphysi-

cal to global scales, and motivates future work further

exploring these issues, as the most likely cause for the

discrepancy between the models and data.

7.3.1. Potential Causes: Uncertainty in Observational
Analysis

The other possibility is that we are not yet reliably

measuring the spectral asymmetry, due to the intrinsi-

cally challenging nature of this new type of observation.

For example, E24 tested various treatments for stellar

limb darkening as well as different approaches for deriv-

ing morning and evening spectra (fitting two half-circles

with catwoman, fitting the half-ingress/half-egress sep-

arately with a spherical-planet transit model) in their

analysis and found that while different approaches pro-

duced similar overall results, there were mild differences

in the strength of the CO2 feature in both the morning

and evening terminator. In particular, the limb differ-

ence in the center of the CO2 feature could vary from

∼1000–2000 ppm, between the different analyses. In the

reanalysis by Fu et al. (2025), the strengths of the CO2

feature fell into the range of variation between these

three analyses. Reducing the CO2 feature asymmetry

would bring the observations closer to the predictions,

but would not fully resolve the discrepancy.

We also note that the CO2 feature is only resolved

with a few data points, all of which have relatively large

error bars, and so further data on this planet will be

valuable. In particular, the NIRSpec G395H data also

include the CO2 feature and are at higher spectral res-

olution (Alderson et al. 2023). A first look at these

data by Tada et al. (2025) confirms large differences in

the strength of the CO2 feature between morning and

evening terminator, although their approach subdivides



28

the planet more finely, making a direct comparison of

the measured amplitude challenging.

7.4. The Path Forward: New Targets, Models, and

Methods

Finally, we point out that analyzing limb asymme-

tries in low-resolution spectra is a new technique and

the analysis of E24, together with Murphy et al. (2024),

was the first of its kind. Additional limb asymmetry

analyses of more targets, and analyses using a variety

of techniques and codes in addition to catwoman (e.g.,

Grant & Wakeford 2023; Tada et al. 2025; Chen et al.

2025) will increase the confidence in low-resolution limb

asymmetry measurements and shed more light on what

is happening on WASP-39b. Thankfully, such efforts are

already well on their way (e.g., Mukherjee et al. 2025;

Fu et al. 2025, JWST Program GO 3969, PI: Espinoza;

JWST Program AR 5275, PI: Kempton;).

8. CONCLUSIONS

In this work, we analyzed the differences between

morning and evening terminators, and the resulting im-

pact on morning and evening spectra, in 3D simulations

of the atmosphere of the hot Jupiter WASP-39b using

five different GCMs. To examine the impact of dise-

quilibrium chemistry, we included a 3D chemical kinet-

ics scheme to simulate transport-induced disequilibrium

thermochemistry without photochemistry in one of the

GCMs (the UM), and we used the temperature struc-

tures from all five GCMs as input for the photochemistry

model 2D VULCAN. We further examined the impact of

clouds using two different cloud models: a parametrized

equilibrium condensation model (the cloudy RM-GCM)

to investigate the impact of cloud radiative feedback

on temperature structure and atmospheric dynamics,

and by postprocessing the pressure–temperature profiles

from one of the GCMs with a microphysics model (the

IWF Graz model) that simulates the growth of cloud

particles through nucleation, bulk growth, evaporation

and gravitational settling. Finally, we simulated the

3D distribution of photochemical hazes using a passive

tracer-based haze model. Our key conclusions can be

summarized as:

1. Even though the temperatures within the dif-

ferent GCM simulations vary by several hun-

dred Kelvin within the observable atmosphere due

to various model differences, as expected, the

clear-atmosphere models are remarkably consis-

tent when it comes to predicting temperature dif-

ferences between morning and evening termina-

tors. Temperature differences typically peak near

0.01 bar with a value between 200 and 300 K for

models with full wavelength-dependent radiative

transfer and 400 K in the model using picket-fence

radiative transfer. For lower pressures, tempera-

ture differences slightly decline.

2. Spectra derived assuming equilibrium chemistry

show prominent methane absorption features at

the morning terminator for several, but not all,

GCMs, with substantially less methane absorption

at the evening terminator. Observations, in con-

trast, show no detectable methane feature at the

morning terminator but exhibit a strong change

in the amplitude of the CO2 feature, with a much

larger CO2 feature at the evening terminator by

≈ 2000 ppm. This large difference in the CO2

feature is not reproduced by any of our models,

although a few models exhibit larger differences in

this wavelength region than at other wavelengths

(≈ 400 ppm compared to ≈ 200 ppm).

3. Photochemistry and atmospheric transport have a

first-order effect on observed morning–evening dif-

ferences, especially for the models that exhibited

strong methane absorption in the morning spec-

trum when equilibrium chemistry was assumed.

The photochemical destruction of CH4 at low pres-

sures (< 1 mbar) and its homogenization through

transport at intermediate pressures lead to the

disappearance of these features and thus much

smaller morning–evening differences in the spec-

trum at wavelengths < 4 µm, in good agree-

ment with observations. Both photochemistry and

atmospheric transport also have a large impact

on the abundance of SO2, which builds up on

the night side from photochemical products trans-

ported there from the day side through the equa-

torial jet. This leads to larger abundances at the

morning terminator than at the evening termi-

nator, though the difference is not large enough

to be detectable in the NIRSpec PRISM data of

E24. Atmospheric transport and photochemistry

only have a moderate impact on the abundance of

CO2, and the amplitude of the CO2 feature barely

changes when these processes are included.

4. Radiative feedback from condensate clouds can

cool both morning and evening terminators by sev-

eral hundred Kelvin. In our simulations, cloud

radiative feedback also reduced the temperature

differences between the morning and evening ter-

minator at p >0.01 bar, but minimally affected

temperature changes for p < 0.01 bar. Cloud

microphysics models predict much larger termina-

tor differences in cloud particle sizes, mass frac-
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tion and composition than what is captured by

the parametrized equilibrium cloud model. Nev-

ertheless, the differences are not large enough to

explain the difference in the amplitude of the CO2

feature observed by E24. However, clouds can be

very sensitive to temperature structure and metal-

licity, and we conclude that a larger exploration of

the parameter space with microphysics models as

well as studies combining radiative feedback and

microphysics are necessary.

5. Unlike condensate clouds, photochemical hazes

have a negligible impact on limb asymmetries

for wavelengths > 2µm, except when extremely

high haze production rates are invoked. At

shorter wavelengths, photochemical hazes lead to

a slightly larger transit radius at the morning ter-

minator.

Overall, we conclude that the suite of five GCMs show

remarkable agreement between each other when it comes

to predicting the temperature difference between morn-

ing and evening terminator, and are in good agreement

with the retrieved temperature difference of 177+65
−57 K

of E24. When photochemistry is included, the spectral

difference between morning and evening terminator also

agrees well with the observed difference at wavelengths

below 4 µm. However, none of our models can explain

the large difference in the amplitude of the CO2 feature

at 4.3 µm.

Cloud formation restricted to the morning termina-

tor could explain the difference in the amplitude of the

CO2 feature. This could be achieved by a sufficiently

hot evening terminator (due to increased atmospheric

metallicity or physics not included in this study, such
as drag) or by a broader exploration of assumptions in

microphysics models (e.g., vertical mixing, nucleation,

cold-trapping of some species). Further observations

of WASP-39b and reanalysis of the existing data may

also improve our understanding of the robustness of the

CO2 feature and what role observational systematics

play, putting models into better agreement or poten-

tially moving it further from reach. Similarly, the anal-

ysis of limb asymmetry in other planets—e.g., WASP-

107b, WASP-94Ab—may also help better understand

the parameters that drive these asymmetries, and thus

help us better understand WASP-39b. Ultimately, while

we have investigated here many aspects of limb asym-

metry, there remain many avenues unexplored and much

work to do.
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APPENDIX

A. ATMOSPHERIC CIRCULATION OF

CLEAR-ATMOSPHERE MODELS

The photochemical post-processing takes the veloc-

ity profiles as input and so we provide a description of

these data for completeness, with the discussion of the

photochemical results found in Section 4.2. The zonal

winds, averaged between latitudes of −30◦ and +30◦,
are shown in Figure 18 at different locations within the

atmosphere, and the mean zonal velocities for all lati-

tudes are shown in Figure 19. All the simulations exhibit

a super-rotating jet, ranging from 2 to 6 km s−1, with

a deeper counter-rotating jet seen in the UM and RM-

GCM simulations, due, in part, to a lack of numerical

drag included at the bottom of the computational do-

main to maintain stability as well as model momentum

exchange with the interior (see Liu & Showman 2013).

The UM and, to a lesser extent THOR, also exhibits a

peak in zonal windspeeds with a sharp decrease at ∼
1 mbar at all longitudes considered due to the use of a

vertical sponge (see Christie et al. 2024 for a discussion

for the case of the UM). While all GCMs show some de-

crease in zonal windspeed within the upper few layers,

this is not as extended as the decrease seen in the UM

and THOR.

For reference, we also provide horizontal temperature

maps of the underlying GCMs in Figure 20.

B. SENSITIVITY OF PHOTOCHEMISTRY

RESULTS TO EXTENDING THE UPPER

BOUNDARY

The major limitation in modeling photochemistry us-

ing GCM inputs is that their upper boundaries generally

do not extend to sufficiently low pressures, constrained

by numerical stability requirements. The GCMs em-

ployed in our study had upper boundaries ranging from

10−4 bar to 2×10−7 bar, with THOR using the lowest-

altitude top boundary and SPARC/MITgcm using the

highest. To properly cover the optically thin region in

the UV, our 2D photochemical model uses a top bound-

ary at 10−8 bar. When adopting the temperatures and

winds from the GCMs into VULCAN 2D, we simply

extrapolated these properties by holding them constant

from the GCMs’ upper boundaries. Here, we test the im-

pacts of extending the 2D photochemical model domain

beyond the GCMs’ limits. Using SPARC/MITgcm as a

control model, we performed an additional 2D VULCAN

simulation where we held temperatures and winds con-

stant from the pressure level corresponding to THOR’s

upper boundary.

Figure 21 shows that the extension of the upper

boundary can lead to minor errors, especially for SO2,

which is sensitive to both local temperature and at-

mospheric circulation. Nevertheless, the discrepancy is

mostly confined to the extrapolated region above 0.1

mbar and does not propagate downward. This test sug-

gests that the model results are reliable up to the upper

boundary of the 3D GCM. For SPARC/MITgcm, the

top boundary at 2×10−7 bar lies above the region that

is probed by the transmission spectroscopy.

C. DETAILED DEFINITIONS OF CLOUD

PROPERTIES

In Table 3, we summarize the differences between

the two cloud models used in this work, the Exo-

Rad/IWF Graz model and the cloudy RM-GCM.

D. DIFFERENCES BETWEEN CLOUD-POST

PROCESSING HERE AND IN ESPINOZA ET

AL. (2024)

The method of post-processing the cloud models has

been updated from those initial models in E24, and as

can be seen in Figure 22, the clouds computed by the Ex-

oRad/IWF Graz model have a lower impact on the spec-

trum in the post-processing presented here than for the

spectra presented in E24. Both spectra include the slant

geometry of rays in transmission spectroscopy; however,

there are a number of differences between the processing

for these spectra that could explain these differences.

For this work, additional “off-limb” longitudes are in-

cluded, as outlined in Sec. 2.5, for better coverage of the

terminator region as the opening angle of the termina-

tor is approximately ±15 degrees in longitude. Thus for

both limbs additional dayside atmosphere is probed by

a given ray paths. As the dayside has both less cloud

than at the terminator and a more extended atmosphere

due to the higher temperatures, the assumed homogene-

ity across the limbs when generating the transmission

spectrum using petitRADTRANS (Mollière et al. 2019)

likely overestimates the cloud contribution. In addition,

for the spectrum produced in this work, the cloud opac-

ity and abundances had to be interpolated onto the geo-

metric grid needed for processing the 3D radiative trans-
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fer process, which may also introduce some errors due to

the low resolution between grid points from the GCM.

E. LINE LISTS

The GCM simulations using correlated-k radiative

transfer – ExoRad, SPARC/MITgcm, and the Unified

Model – rely on opacity data from a variety of sources, as

does the post-processing code of Kempton & Rauscher

(2012). The line lists for the opacity sources used in the

Unified Model are found in Goyal et al. (2020) while for

SPARC/MITgcm the opacities coeme from Freedman

et al. (2008, 2014) and Lupu et al. (2014), as described

in Section 2.1.3. For reference, we collect the line lists

used by ExoRad and the post-processing code in Table

4.
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Table 3. Definition and units of quantities that are used in cloud models discussed in this work.

Variable Meaning or Definition ExoRad/IWF Graz RM-GCM

(Sect. 2.3.1) (Sect. 2.3.2)

Tgas Local gas temperature Depends on gas opacity only Depends on gas and cloud opacity

pgas Local gas pressure

ϵi Gas elemental abundance 10× Solara 10× Solarb

a Particle size

f(a) Particle size distribution Potential-Exponential Monodisperse

Lj Dust moments ρgasLj =
∫
V j/3f(V )dV

⟨a⟩ Mean particle size ⟨a⟩ = 3

√
3
4π

L1(pgas)

L0(pgas)
0.1µm for pgas < 10−2 bar,

=

∫
a
f(a) a da∫
a
f(a) da

80µm for pgas > 80 bar

⟨a⟩ varies linearly with pgas in between

nd Cloud particle number density = ρgasL0 from total cloud mass, ρd, and a

Vs Material volume of kind s Eqs. 2, 9 in Helling et al. (2008) Eq.2 in Roman & Rauscher (2019)

s Cloud material species 16 8

(e.g. Fe[s], Mg2SiO4[s], . . .)

ρd Cloud particle mass density

=
∑

s nd,sMs for a = a0 =const

=
∑

s

∫
V
f(V ) ρsVs(V )dV

Ms Mass of particle of material s Eq.1 in Roman et al. (2021)

aAsplund et al. (2009)

bAnders & Grevesse (1989). We note that both sets of solar element abundances differ in the oxygen abundance.
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Table 4. Line Lists

Source ExoRad Post-processing

Atomic and Molecular Sources

H2O Polyansky et al. (2018) Polyansky et al. (2018)

CH4 Yurchenko et al. (2017) Yurchenko et al. (2017)

CO2 Yurchenko et al. (2020) Yurchenko et al. (2020)

NH3 Coles et al. (2019) Coles et al. (2019)

CO Li et al. (2015) Li et al. (2015)

H2S Azzam et al. (2016) -

HCN Barber et al. (2014) -

PH3 Sousa-Silva et al. (2014) -

FeH Wende et al. (2010) -

C2H2 - Chubb et al. (2020)

SO2 - Underwood et al. (2016)

Na Piskunov et al. (1995) -

Allard & Hauschildt (1995)

K Piskunov et al. (1995) -

Allard & Hauschildt (1995)

Rayleigh Scattering

H2 Dalgarno & Williams (1962) -

He Chan & Dalgarno (1965) -

Collision-Induced Absorption

H2–H2 Richard et al. (2012) -

H2–He Richard et al. (2012) -
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