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A B S T R A C T 

The upper atmospheres of temperate sub-Neptunes are strongly influenced by atmospheric dynamics due to their cool 
equilibrium temperature and thereby longer chemical time-scales than the atmospheric dynamical time-scales. In this 
study, we used a three-dimensional (3D) general circulation model to investigate the transport-induced disequilibrium 

chemistry and vertical mixing on temperate gas-rich mini-Neptunes, using K2-18b as an example. We model K2-18b 
assuming 180 times solar metallicity and consider it as either a synchronous or an asynchronous rotator, exploring spin- 
orbit resonances of 2:1, 6:1, and 10:1. We find that the vertical transport affects the chemical structure significantly, making 
CO2 and CO more abundant (∼10−3 ) in the upper atmosphere compared to the chemical equilibrium abundance ( < 10−15 ), 
and horizontal winds further homogenize the chemical composition zonally in this region. Molecular abundances in the 
photosphere generally agree across different rotation periods. We employ a passive tracer in the model to estimate the 
one-dimensional (1D) equivalent eddy-diffusion coefficient ( Kzz ) of K2-18b, providing a parameter useful for future 1D 

atmospheric models. Additionally, synthetic transmission spectra generated from our model are compared with the James 
Webb Space Telescope observations, and we find that our model can provide a comparable fit to the observations. This 
work offers a 3D perspective on transport-induced chemistry on a temperate sub-Neptune and derives vertical mixing 
parameters to support 1D modelling. 

Key words: planets and satellites: atmospheres – planets and satellites: composition – planets and satellites: gaseous 
planets. 
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 INTRODUCTION  

ub-Neptunes, defined as planets with radii between 1.7 and 
.5 R⊕, are among the most abundant class of (exo)planets de- 
ected to date (N. M. Batalha 2014 ; B. J. Fulton & E. A. Petigura
018 ). However, the interior structure of these planets remains 
oorly constrained. In particular, their bulk densities permit a 
ide range of degenerate interior and atmospheric compositions, 
ncompassing varying proportions of rock, H2 –He gas, volatiles 
e.g. H2 O), and ices (e.g. L. Rogers & S. Seager 2010 ; J. G. Rogers,
. E. Schlichting & J. E. Owen 2023 ). One prevailing interpreta-
ion is that they are scaled-down analogues of gas giants, consist-
ng of rocky cores enveloped by primordial H2 /He atmospheres 
e.g. W. Misener & H. E. Schlichting 2021 ). Alternatively, they 
ay represent ‘water worlds’, characterized by substantial H2 O- 
ich atmospheres, ices, and possibly liquid layers (e.g. L. Zeng 
t al. 2019 ; R. Luque & E. Pallé 2022 ). The debate is particularly
ctive for temperate sub-Neptunes, which receive stellar fluxes 
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omparable to that of Earth. Some studies have proposed that 
hese planets could host liquid oceans beneath their atmospheres, 
lassifying them as ‘Hycean worlds’ (N. Madhusudhan et al. 2020 ;
. A. A. Piette & N. Madhusudhan 2020 ; M. C. Nixon & N. Mad-
usudhan 2021 ). Potential clear-sky conditions on temperate sub- 
eptunes make them promising targets for molecular detections 
ith James Webb Space Telescope ( JWST ), providing an observa-
ional window into breaking the degeneracy in their structural 
nterpretations (X. Yu et al. 2021a ; A. H. Dymont et al. 2022 ; J.
rande et al. 2024 ). 
One temperate sub-Neptune that has been characterized and 
as molecules detected by JWST is K2-18b. It has a mass and
adius of approximately 8.6 M⊕ and 2.6 R⊕ and an orbital pe- 
iod of 32.94 Earth days 1 (B. T. Montet et al. 2015 ; B. Benneke
t al. 2019 ). K2-18b receives a stellar flux of ∼1367 W m−2 and
as an equilibrium temperature of ∼280 K with zero planetary 
lbedo. N. Madhusudhan et al. ( 2023 ) presented the first JWST
ransmission spectrum of K2-18b, which reported the detection 
 Unless otherwise specified, ‘day’ hereafter refers to an Earth day. 
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f ∼1 per cent volume mixing ratios of both CH4 and CO2 . This
esult suggests a potentially H2 -rich atmosphere with abundant
arbon-bearing species, motivating further exploration of both
ts atmospheric chemistry and interior structure. However, the
nterpretation of these findings remains debated. 
Rather than resolving the structural degeneracy, this JWST
bservation of K2-18b has prompted further scientific debate re-
arding its nature. N. Madhusudhan et al. ( 2023 ) argued that
he detection of CH4 and CO2 and the non-detection of NH3 
upports a Hycean world scenario, as NH3 depletion is indicative
f a liquid water ocean (R. Hu et al. 2021 ). This interpretation
as later supported by G. J. Cooke & N. Madhusudhan ( 2024 )
ut was challenged by O. Shorttle et al. ( 2024 ) and N. F. Wogan
t al. ( 2024 ). O. Shorttle et al. ( 2024 ) proposed that a surface
agma ocean can also solubilise NH3 , and N. F. Wogan et al.

 2024 ) suggested that a gas-rich mini-Neptune 2 can adequately
xplain the observation. Subsequently, S. P. Schmidt et al. ( 2025 )
rgued that the CO2 detection in N. Madhusudhan et al. ( 2023 ) is
ot statistically significant and suggested that K2-18b can instead
e explained by an oxygen-poor mini-Neptune scenario. Follow-
p observations by R. Hu et al. ( 2025 ), however, confirmed the
etections of CH4 and CO2 and the non-detections of CO and
H3 . 
Moreover, the claim of a possible biosignature gas detection in
. Madhusudhan et al. ( 2023 , 2025 ) has generated considerable
ebate regarding the true nature of K2-18b (R. Luque et al. 2025 ;
. Seager et al. 2025 ; K. B. Stevenson et al. 2025 ; J. Taylor 2025 ;
. Welbanks et al. 2025 ). In parallel, climate modelling studies
ave also raised concerns about the viability of the Hycean world
cenario for K2-18b (H. Innes, S.-M. Tsai & R. T. Pierrehumbert
023 ; R. T. Pierrehumbert 2023 ). The intense greenhouse effect
riven by its H2 -rich atmosphere may push the planet into a
unaway greenhouse state, potentially resulting in a supercritical
hase (R. Pierrehumbert & E. Gaidos 2011 ; D. D. B. Koll & T. W.
ronin 2019 ; H. Innes et al. 2023 ; R. T. Pierrehumbert 2023 ). 
The degeneracy in K2-18b’s interior structure is unlikely to be

esolved without both improved observational constraints and
ore comprehensive modelling of the various proposed scenar-
os. In this study, we focus on the mini-Neptune interpretation of 
2-18b. A more detailed understanding of the planet as a gas-rich
ini-Neptune may offer critical insights into resolving this struc-
ural degeneracy. We note that this study was initiated at a time
hen the observational data and analysis from N. Madhusudhan
t al. ( 2023 ) served as the primary reference available. The trans-
ission spectra reported by R. Hu et al. ( 2025 ) were published
hile we were analysing our simulation results. Although our
imulation set-up did not incorporate these new observations, we
ompared our results with their data for completeness. JWST has
bserved additional transmission spectra of K2-18b but has not
et been released, which will provide further insights into the
lanet’s nature (R. Hu & M. Damiano 2021 ). 
The chemical composition of mini-Neptune atmospheres is
rimarily determined by thermochemical kinetics, vertical trans-
ort, and photochemistry. In the hot deep atmosphere, chemi-
al time-scales ( τchem 

) are short, so the composition is close to
NRAS 549, 1–19 (2026)

 While ‘sub-Neptune’ classifies planets based on size (analogous to super- 
arths), ‘mini-Neptune’ refers to classification based on interior struc- 
ure (analogous to Hycean worlds). For a thorough discussion of sub- 
eptunes’ interior and envelope structures, please see B. Benneke et al. 
 2024 ). 
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hemical equilibrium. Moving to cooler, higher altitudes, vertical
ransport can dominate when the chemical time-scale exceeds
he vertical mixing time-scale ( τmix ). The level where τchem 

= τmix 
s generally referred to as the quench level, above which chem-
cal abundances deviate from equilibrium values due to atmo-
pheric transport. In the upper atmosphere, where optical depth
ecreases and UV fluxes become significant, photochemistry al-
ers the abundances of chemical species. For K2-18b, the cool
pper atmosphere leads to extremely long chemical time-scales
�1010 s), so vertical transport strongly influences the observed
hemical composition (J. Liu, D. Christie & J. Yang 2025 , fig. 1).
hese variations in chemical abundances can have a substantial
mpact on the transmission spectra. 
Previous studies on the transport-induced disequilibrium
hemistry of K2-18b as a mini-Neptune relied on one-
imensional (1D) models (e.g. D. Blain, B. Charnay & B.
ézard 2021 ; S.-M. Tsai et al. 2021 ; X. Yu et al. 2021b ; B. Bézard,
. Charnay & D. Blain 2022 ; G. J. Cooke & N. Madhusudhan
024 ; N. F. Wogan et al. 2024 ). In these models, the vertical
ixing process is parametrized by the eddy diffusion coefficient

 Kzz ). In full chemical kinetics–transport models, Kzz is included
s an important parameter in the continuity equations of 
hemical species (G. R. Gladstone, M. Allen & Y. L. Yung
996 ; S.-M. Tsai et al. 2021 ; X. Yu et al. 2021b ; G. J. Cooke &
. Madhusudhan 2024 ; N. F. Wogan et al. 2024 ), whereas in
uenching approximation models (D. Blain et al. 2021 ; B. Bézard
t al. 2022 ), the abundances of species are assumed to freeze
bove the quench level – where τmix ( H2 /Kzz , in which H is
he atmospheric scale height) equals τchem 

. However, the Kzz 
alues used in these studies remain coarsely constrained. D.
lain et al. ( 2021 ) and B. Bézard et al. ( 2022 ) assumed constant
zz values in their simulations. Although S.-M. Tsai et al. ( 2021 ),
. Yu et al. ( 2021b ), N. F. Wogan et al. ( 2024 ), and G. J. Cooke
 N. Madhusudhan ( 2024 ) employed 1D Kzz profiles, these Kzz 
rofiles were estimated based on empirical formulas (X. Yu et al.
021b ; G. J. Cooke & N. Madhusudhan 2024 ; N. F. Wogan et al.
024 ), or derived from previous three-dimensional (3D) general
irculation model (GCM) simulations of other (not K2-18b)
as-rich planets (S.-M. Tsai et al. 2021 ). The coarse constraint of 
zz makes the results from 1D models less reliable. 
Moreover, while 1D models provide useful insights, they
annot capture the inherently 3D nature of exoplanetary at-
ospheres. When τchem 

� τadv (the horizontal advection time-
cale), atmospheric dynamics can significantly influence the hor-
zontal distribution of chemical species. Therefore, 1D models
eglecting horizontal transport are limited in their ability to fully
epresent 3D transport-induced chemistry on K2-18b. 
Several previous studies have performed 3D cloud-free and
aze-free coupled chemistry-radiation-hydrodynamics simula-
ions for the hot gas giant planets: hot Jupiters HD 189733b,
D 209458b, WASP-17b, and WASP-96b, and a warm Neptune,
AT-P-11b (B. Drummond et al. 2020 ; M. Zamyatina et al.
022 , 2024 ). These simulations have demonstrated that atmo-
pheric circulation can drive substantial departures from local
hemical equilibrium, leading to observable differences in pre-
icted spectra. For instance, B. Drummond et al. ( 2020 ) found
hat the 3D advection substantially alters the chemical compo-
ition of hot Jupiters HD 209458b and HD 189733b, compared
ith a simulation assuming local chemical equilibrium. These
ompositional changes, particularly in CH4 , CO, and NH3 , lead
o significant changes in synthetic transmission and emission
pectra. 
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Table 1. Parameters used in this study. 

Parameter K2-18b 

Stellar flux 1367 W m−2 
Inner radius ( Rp ) 16 430 km 

Orbital period 32.94 d 
Planetary mass 5.15 ×1025 kg 
Semimajor axis 0.1591 au 
Surface gravity ( gp ) 12.44 m s−2 
Atmospheric composition 180 × solar metallicity 
Specific gas constant ( R ) 1023 J kg−1 K−1 
Specific heat capacity ( cp ) 3733 J kg−1 K−1 
Mean molecular weight 8.46 g mol−1 
Internal temperature 60 K (0.73 W m−2 ) 
Domain height 800 km 

Bottom and upper pressure 200 and ∼10−5 bar 
Horizontal resolution 2.5◦×2◦
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However, such coupled chemistry-radiation-hydrodynamics 
imulations have not yet been applied to cooler and smaller plan-
ts, such as temperate mini-Neptunes. Modelling these planets 
resents challenges. First, due to slower chemical reaction rates 
t lower temperatures, much of their atmosphere is governed 
y transport-induced disequilibrium chemistry. This shifts the 
uench level deeper into the atmosphere, requiring not only the 
bservable photosphere (typically between∼10−2 and∼10−4 bar) 
ut also deeper layers to reach dynamical and chemical con- 
ergence. Achieving this demands long simulation times, which 
mpose stricter demands on the model’s numerical stability and 
onservation properties, while also substantially increasing the 
omputational cost. Secondly, given temperate mini-Neptunes’ 
reater orbital distance, their tidal synchronization time-scales 
ay be long, and they may not be in synchronous rotation (T.
uillot et al. 1996 ). This possibility requires the exploration of 
synchronous rotation states in 3D modelling. 
In this study, we provide a 3D perspective on transport-induced 
isequilibrium chemistry on temperate mini-Neptune K2-18b 
ith a consistently coupled chemistry-radiation-hydrodynamics 
odel. This paper is Part II of a series. In Part I of the study (J.
iu et al. 2025 ), we characterize the atmospheric circulation and 
nalyse its influence on 3D transport. We model K2-18b as a syn-
hronous rotator or as an asynchronous rotator with spin-orbit 
esonance (SOR) of 2:1, 6:1, and 10:1, where the ratio denotes
he number of planetary rotations per orbit. We restrict our pa- 
ameter space to SOR ≥ 1 because gas-rich planets are generally 
xpected to form with relatively rapid rotation and then tidally 
pin down toward synchronous rotation (e.g. K. Batygin 2018 ; M.
. Bryan et al. 2018 ; S. Mathis 2018 ). Although sub-synchronous
otation (SOR < 1 ) can in principle arise through companion-
riven secular spin-orbit interactions in multiplanet systems (e.g. 
. Millholland & G. Laughlin 2018 ; Y. Su & D. Lai 2022 ; Y. Lai,
. Tan & Y. Su 2026 ), such a scenario is not strongly motivated
or K2-18b, since the proposed inner companion K2-18c remains 
nconfirmed (R. Cloutier et al. 2017 ; P. Sarkis et al. 2018 ; R.
loutier et al. 2019 ). Moreover, for a 33-d orbit, the synchronous
ase already lies in the slow-rotation regime ( Part I , equation
), so reducing the rotation rate further is not expected to qual-
tatively alter the large-scale circulation. To trace atmospheric 
ransport, we employed a passive tracer, which is advected by 
he flow but does not interact with radiation or participate in
hemical reactions. A brief review of the main results in Part I
s presented in Section 3.1 below. Although we do not analyse the
hemical structure in Part I , we emphasize that those simulations
o incorporate full chemical kinetics. 
Before Part I , although three studies have presented 3D simula-

ions of K2-18b as gas-rich mini-Neptune (B. Charnay et al. 2021 ;
. Innes & R. T. Pierrehumbert 2022 ; E. F. L. Barrier & N. Mad-
usudhan 2025 ), none incorporate transport-induced disequilib- 
ium chemistry, instead focusing on other aspects of K2-18b’s at- 
osphere. B. Charnay et al. ( 2021 ) examined water cloud forma-
ion and its observational impact, H. Innes & R. T. Pierrehumbert
 2022 ) investigated the dry atmospheric circulation, and E. F. L.
arrier & N. Madhusudhan ( 2025 ) employed a new convection 
cheme to model convection on K2-18b. 
In this paper, we extend the analysis to active chemical species
nd reactions, excluding photochemistry. We compare the 3D 

imulation results to those from a 1D chemical kinetics–transport 
odel and derive an equivalent Kzz profile suitable for further 
se in 1D models of K2-18b. Synthetic transmission spectra gen- 
rated from our 3D models are also compared with the JWST
bservations in N. Madhusudhan et al. ( 2023 ) and R. Hu et al.
 2025 ). 
The structure of this paper is as follows: Section 2 introduces

he GCM we used in this study and the experimental design.
ection 3.1 reviews the thermal structure, atmospheric circula- 
ion, and the passive tracer distribution in the 3D simulations, as
reviously analysed in Part I . In Section 3.2 , we present the 3D
hemical structure. The derived Kzz profile and the comparison 
etween results from the 1D and 3D models are shown in Sec-
ion 3.3 . Section 3.4 compares our synthetic spectra with JWST
bservations. Conclusions and discussion are given in Section 4 . 

 MODEL  DESCRIPTION  AND  EXPERIMENTAL  

ESIGN  

n this study, we simulate the atmosphere of K2-18b using the
et Office 3D Unified Model (UM) GCM. The main parameters 
sed in this study for K2-18b can be found in Table 1 . The UM
as been used to simulate hydrogen-dominated hot Jupiters (e.g. 
. J. Mayne et al. 2014 , 2017 ; D. S. Amundsen et al. 2016 ; B.
rummond et al. 2016 , 2018b , 2020 ; D. A. Christie et al. 2021 ; M.
amyatina et al. 2022 ) and sub-Neptunes (e.g. B. Drummond et al.
018a ; N. Mayne et al. 2019 ; D. A. Christie et al. 2022 ). It solves
he non-hydrostatic equations of motion using a finite difference 
emi-implicit semi-Lagrangian scheme on an Arakawa C grid (N. 
ood et al. 2014 ). A thorough description of the model set-up
or the hydrogen-dominated atmosphere can be found in N. J. 
ayne et al. ( 2014 ). The model employs a geometric height-based
ertical grid. Gravity is allowed to vary with height, following 
(r) = gp (Rp /r)2 , where gp and Rp denote the surface gravity and 
lanetary inner radius, respectively, and r is the radial distance 
rom the planet’s centre. The horizontal resolution is 2.5◦ ×2◦ in 
ongitude and latitude. The model domain extends up to 800 km
ith 66 levels evenly spaced in height, spanning pressures from 

00 bar down to approximately 1 Pa. 
The radiative scheme used in the model is the two-stream 

orrelated-k radiative transfer model SOCRATES (J. Edwards 
996 ; J. Edwards & A. Slingo 1996 ), with 32 spectral bands cov-
ring 0.2–322μm. The opacity of H2 O, CH4 , NH3 , CO2 , and 
O, the H2 –H2 collision-induced absorption, H2 –He collision- 
nduced absorption, and the Rayleigh scattering due to H2 and He 
re included in this study. We use the stellar spectrum of GJ 176,
n M2.5 star with an effective temperature of 3670 K, measured
y the MUSCLES survey (K. France et al. 2016 ), as the K2-18b’s
MNRAS 549, 1–19 (2026)
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pectrum has not been measured yet. For all the simulations, we
et the internal temperature to 60 K, corresponding to an internal
eat source of 0.73 W m−2 , following B. Charnay et al. ( 2021 ). 
In Part I of this study, we argue that K2-18b may not have
nough time to be fully 1:1 tidally locked, due to the comparable
agnitudes of K2-18b’s tidal spin-down time-scale ( ∼1 Gyr) and
he estimated time-scale of the K2-18 system ( ∼2.4 Gyr). Thus,
esides simulating K2-18b as a synchronous rotator, we explore
ts SOR of 2:1, 6:1, and 10:1, corresponding to rotation periods of 
6.47, 5.49, and 3.29 d, respectively. The obliquity and eccentricity
re set to zero for simplicity. 
Given the potentially long convergence times in 3D simula-

ions of sub-Neptunes and the substantial computational time
f the chemical kinetics scheme, the 3D simulations are con-
ucted in two steps. First, we spin up the model by prescribing
pacity (referred to as the ‘fixed abundance run’) until the total
inetic energy stabilizes or the energy imbalance at the top of the
tmosphere is limited to ± 3 W m−2 . The fixed abundance runs
re initialized at rest, with a globally uniform temperature pro-
le from the 1D radiative-convective-equilibrium model ATMO
P. Tremblin et al. 2015 , 2016 ; B. Drummond et al. 2016 ). The
odel assumes chemical equilibrium, stellar flux uniformly dis-
ributed across the planetary surface, a solar C/O ratio (0.55),
nd 180 times solar metallicity. The abundances of the chemical
pecies that affect opacity (i.e. H2 O, CH4 , NH3 , CO2 , CO, H2 , and
e) are set according to the vertical average value derived from
he chemical kinetics–transport simulations using ATMO , using
he same assumptions as above, as well as 106 cm2 s−1 Kzz . The
pecific heat capacity, gas constant, and mean molecular weight
re derived from the vertically averaged values in the same 1D
hemical kinetics–transport simulation (Table 1 ). The parameters
sed in the 1D model, including the 180 times solar metallic-
ty and Kzz values, are chosen based on the best agreement be-
ween the synthetic transmission spectrum generated from the
D model and the transmission spectrum in N. Madhusudhan
t al. ( 2023 , fig. 3). A more detailed discussion of the parameters
an be found in appendix C of Part I . The fixed abundance runs
re run for 5500 d for synchronous and 2:1 SOR simulations, 8000
nd 10 000 d for 6:1 SOR and 10:1 SOR simulations, respectively. 
After the fixed abundance runs, the simulations are restarted
ith the coupled chemical kinetics scheme (‘kinetics run’). This
hemical kinetics scheme has been used to study the transport-
nduced disequilibrium chemistry in hot gas giant atmospheres
B. Drummond et al. 2020 ; M. Zamyatina et al. 2022 , 2024 ). It
olves ordinary differential equations (ODEs) to describe the pro-
uction and loss of the chemical species based on a chosen chem-
cal network using the DLSODES solver (A. Hindmarsh 1983 ).
he chemical network employed in the model is developed by O.
enot et al. ( 2019 ), with 30 chemical species and 181 reversible
eactions, excluding photodissociation reactions. The chemical
pecies contained in the scheme are CO, CO2 , CH4 , NH3 , H2 O,
2 , He, HCN, H, OH, N2 , CH3 , H2 CO, O(3 P), NH2 , HCO, NH,
H3 OH, CH3 O, NCO, CH2 OH, N2 H2 , NNH, CN, HNCO, 3 CH2 ,
2 H3 , 1 CH2 , HOCN, and H2 CN. This network is reduced from O.
enot et al. ( 2012 ), which contains 105 species and about 1000
eversible reactions. The reduced network is designed to remove
ertain chemical species and reactions while preserving accuracy
or the observable species H2 O, CH4 , CO, CO2 , NH3 , and HCN. It
as been validated to closely match the original network across
 wide range of temperatures, pressures, metallicities, and C/O
atios (O. Venot et al. 2019 ). Each chemical species is treated
s a tracer and then advected by the dynamical core in units of 
NRAS 549, 1–19 (2026)
ass mixing ratio. For simplicity, we do not include the condensa-
ion processes of chemical species in the model. A more detailed
escription of the chemical kinetics scheme can be found in B.
rummond et al. ( 2020 ). 
The kinetics runs are initialized with the 3D temperature and
ind fields from the end of the fixed abundance runs. Assum-
ng 180 times solar metallicity and solar C/O ratio, the chemical
bundances are initialized to their chemical equilibrium values
sing the Gibbs energy minimization (B. Drummond et al. 2016 ,
018a ) calculated by the initial 3D temperature fields. The spe-
ific gas constant, specific heat capacity, and mean molecular
eight are the same as in the fixed abundance runs (Table 1 ). 
We also employ a passive tracer to diagnose atmospheric trans-
ort and estimate Kzz profiles in the kinetics runs. This tracer is
olely advected by winds but does not influence radiative opacity
r participate in chemical reactions. It is used to represent ex-
remely long-lived chemical species with a uniform source from
he deep atmosphere, whose distribution is primarily shaped by
ransport processes. We focus on the pressure levels where atmo-
pheric transport dominates, so no source/sink terms are applied
o the tracer field. Therefore, the evolution of tracer abundance
n the upper atmosphere is governed by advection. 
To justify this approach, we compare τchem 

of CO, CO2 , NH3 ,
nd CH4 from K. J. Zahnle & M. S. Marley ( 2014 ) with τmix 
nd τadv derived from our synchronous simulation ( Part I , fig.
). The results indicate that τchem 

� τmix and τadv at pressures
maller than ∼10 bar, suggesting that the transport-induced dise-
uilibrium chemistry dominates these regions, and ignoring the
ource/sink due to chemical reactions at these regions is rea-
onable. This choice is supported by the fact that the quenched
ressures for most of the dominant species range between 1 and
0 bar in 3D simulations, as shown below. The passive tracer is
nitialized to be globally uniform below 10 bar with a constant
ass mixing ratio of qinit = 10−5 . Above 10 bar, it follows a verti-
ally decreasing profile with a power-law dependence: 

init = 10−5 ×
(

Pbar 
10 bar 

)1 . 5 

. (1) 

he estimated Kzz profiles are expected to be insensitive to the
xact value of qinit as long as the initial vertical gradient of the
racer is sufficiently steep, and the simulations run long enough
o achieve a quasi-steady state (T. D. Komacek, A. P. Showman &
. Parmentier 2019 ). 
The kinetics runs are run for 5100 d, which is long enough to let

he chemical abundances at the photosphere reach equilibrium,
nd the top of the atmosphere energy imbalances are within
 W m−2 . The last 330 d (10 yr for K2-18b) of the simulations with
0-d output frequency are averaged and used in the subsequent
nalysis. 

 RESULTS  

n this section, we present the results of 3D self-consistent
ydrodynamics-radiative-chemistry simulations for the mini-
eptune K2-18b. We begin by summarizing the thermal struc-
ure, atmospheric circulation, and passive tracer distribution, as
reviously described and analysed in Part I of this study. We
hen investigate the chemical structure in the simulations, fol-
owed by an estimation of the 1D Kzz profile and a comparison
etween the results from 1D and 3D models. Finally, we present
ynthetic transmission spectra and compare them with the JWST
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bservations reported by N. Madhusudhan et al. ( 2023 ) and R. Hu
t al. ( 2025 ). 

.1 Overview of the thermal structure, atmospheric 
irculation, and the passive tracer distribution 

e briefly revisit the thermal structure, atmospheric circulation 
atterns, and passive tracer distribution presented in Part I , as
hey provide the necessary context for the analysis that follows. 
or convenience, the thermal structure and wind patterns are 
rovided in Appendix A , while a detailed description can be 
ound in Part I . 
The global mean air temperature profiles from the kinetics 

uns are consistent between simulations of different rotation 
eriods (Fig. A1 a). They all exhibit an increase in air temper-
ture with pressure below 5 ×10−4 bar, and a thermal inversion 
bove 5 ×10−4 bar, due to the strong shortwave absorption of the
bundant CH4 . The strong absorption of CH4 and CO2 in the 
ear-infrared wavelengths induces a detached convective zone 
etween 1 and 5 bar (Fig. A1 b). Vigorous convection can be trig-
ered in this region, resulting in strong vertical mixing. In the
eliocentric frame (with the substellar point fixed at 0◦ latitude 
nd 0◦ longitude), a temperature difference between the evening 
90◦ substellar longitude) and morning terminators (-90◦ substel- 
ar longitude) increases from a few Kelvin at 0.02 bar to 120 K at
he model top ( Part I , fig. 3e). This difference results from the east-
ard wind dominating the upper atmosphere and is consistent 
cross all the simulations. 
Eastward wind dominates pressure levels above 0.1 bar, with 

he occurrence of equatorial superrotating jets, across all the sim- 
lations (Figs A2 a and b). Two high-latitude jets are present in
he 6:1 SOR and 10:1 SOR simulations. At pressure levels above 
.01 bar, meridional wind is characterized by an equator-to-pole 
irculation on the day side and a reversed circulation at the night
ide (Figs A2 c and d). Upwelling dominates latitudes within 
60◦ on the day side, and downwelling motions dominate the 
ay-side high latitudes (Figs A2 e and f). These vertical wind 
atterns reverse on the night side. 
Global mean vertical mixing strength and the global mean 
assive tracer abundance agree well among simulations with dif- 
erent rotation periods (Fig. 1 f). However, the horizontal distri- 
ution of passive tracer abundances varies with rotation periods. 
assive tracers are more abundant within ±60◦ latitudes in the 
ynchronous, 2:1 SOR, and 6:1 SOR simulations (Fig. 2 a), pos-
tively correlated with the vertical wind. In the 10:1 SOR, pas-
ive tracers can still accumulate more at latitudes within ±60◦, 
ut are also abundant at high-latitude regions ( > 70◦, Fig. 2 a),
ligning with the zonal mean downwelling motion. This negative 
orrelation between passive tracer abundance and the vertical 
ind at high latitudes in the 10:1 SOR simulation is caused by
he strong vertical transient eddies that can transport passive 
racer upward ( Part I , fig. 10a). Longitudinally, the strong east-
ard wind transports passive tracers eastward from the substellar 
oint, where the vertical mixing is the strongest, leading to ∼20 
er cent more abundant passive tracers at the evening terminator 
han the morning terminator (Fig. 2 a). 

.2 Chemical structure 

n this section, we examine the chemical structure resulting from 

ur simulations. Fig. 1 presents the global-mean vertical profiles 
f the dominant chemical species that contribute to the transmis- 
ion spectra. The coloured lines represent the abundances under 
ransport-induced disequilibrium chemistry. The black dashed 
ines show the chemical equilibrium abundances calculated via 
ibbs free energy minimization based on the temperature field 
rom the synchronous kinetics run. Unless otherwise noted, we 
efer to the black dashed line results as the ‘chemical equilib-
ium’ case, as they are based on the same temperature profiles
s the chemical kinetics–transport simulations. We note that the 
lobal-mean temperature profiles remain nearly unchanged after 
nabling chemical kinetics–transport, so the final equilibrium 

bundances closely agree with the initial field (not shown). 
Since the global mean air temperature profiles remain consis- 

ent across different cases (mentioned above, shown in Fig. A1 a,
he mole fraction of chemical species remains invariant under lo- 
al chemical equilibrium, and only results from the synchronous 
imulation are shown in Fig. 1 . Overall, under chemical equilib-
ium, CO and CO2 abundances exhibit the largest vertical gradi- 
nt, varying over ten orders of magnitude; NH3 mole fraction can 
ary by one order of magnitude; and the changes in CH4 and H2 O
bundances are less significant, varying by less than one order of 
agnitude over the 200 bar pressure range. 
As shown by the dashed lines in Figs 1 (a), (b), (d), and

e), under the assumption of chemical equilibrium, CO and 
O2 are more abundant in regions of high temperature, while 
H4 and H2 O are more abundant under low-pressure and low- 
emperature conditions. CO and CO2 abundances exhibit steep 
ertical gradients between approximately 10 and 5 ×10−4 bar, de- 
reasing from around 10−2 at 10 bar to about 10−24 for CO and
0−19 for CO2 at 5 ×10−4 bar (these values are too small to be visi-
le in Figs 1 a and b). Above this level, their abundances increase
ith altitude, reaching approximately 10−7 for CO and 10−5 for 
O2 at the top of the atmosphere. The reversal in the vertical
bundance trends is caused by the temperature inversion that 
ccurs above 5 ×10−4 bar (Fig. A1 a). The equilibrium abundances 
f CH4 and H2 O increase with altitude between approximately 10 
nd 5 ×10−4 bar, but slightly decrease above 5 ×10−4 bar due to the
emperature inversion at these high altitudes. 
The above trends with temperature can be understood by 
nalysing the interconversion of CH 4 < = > CO and CO < = > 

O 2 . In the H2 -dominated atmosphere, the interconversion be- 
ween CH4 and CO is governed by the net reaction: CH 4 + 

2 O < = > CO + H2 (e.g. A. Burrows & C. M. Sharp 1999 ; Y. L.
ung & W. B. DeMore 1999 ; J. I. Moses et al. 2011 ; N. Mad-
usudhan 2012 ). At high temperatures ( � 1000 K, corresponding
o pressures above ∼10 bar in our simulations), the conversion 
f CH4 to CO is favoured, while at low temperatures ( � 1000 K,
orresponding to pressures below ∼10 bar in our simulations), 
he reverse reaction is favoured. Consequently, CH4 mole frac- 
ion decreases with increasing temperature, while CO increases 
ith increasing temperature (e.g. N. Madhusudhan 2012 ; J. I. 
oses et al. 2013 ) and is depleted in high altitudes. CO2 is mainly
onverted from CO and is in pseudo-equilibrium with CO (e.g. 
. L. Yung & W. B. DeMore 1999 ; J. I. Moses et al. 2011 ; S.-M.
sai et al. 2018 ), so that as CO depletes in low temperatures,
O2 also depletes. As CO and CO2 deplete in low temperatures, 
2 O becomes the dominant oxygen-bearing species, and its mole 
raction enhances with decreasing temperature. 
Under chemical equilibrium, NH3 is more abundant under 

ow-pressure and low-temperature conditions (Fig. 1 c). Its abun- 
ance increases from < 10−3 in the deep atmosphere ( P > 10 bar)
o > 10−2 in the cooler upper atmosphere ( P < 0.1 bar). Between
pproximately 10 bar and 5 ×10−4 bar, its equilibrium abun- 
ances increase with altitude, but decrease above 5 ×10−4 bar 
MNRAS 549, 1–19 (2026)



6 J. Liu et al.

M

Figure 1. Global-mean vertical profiles of CO (a), CO2 (b), NH3 (c), CH4 (d), and H2 O (e) mole fractions and passive tracer mass mixing ratio (f). 
Coloured lines show results from simulations assuming K2-18b is a synchronous rotator (blue), or in 2:1 SOR (orange), 6:1 SOR (purple), and 10:1 SOR 
(red). Black dashed lines depict the chemical equilibrium abundances calculated via Gibbs free energy minimization using the temperature field from the 
kinetics run; because the global-mean temperature profiles are consistent across different rotation rates, only results from the synchronous simulation 
are shown here. Horizontal grey dotted lines indicate the quench levels for each species. The quench levels for CO, CO2 , NH3 , CH4 , and H2 O are 7, 7, 
15, 7, and 7 bar, respectively. The dashed black line in panel (f) indicates the initial passive tracer mass mixing ratio used in all simulations. 
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ue to the temperature inversion at these high altitudes. This
rend is because both the conversion between N-bearing species:
2 + 3H2 < = > 2NH 3 and HCN + 3H2 < = > NH 3 + CH 4 are
avoured to produce NH3 at lower temperatures (e.g. J. I. Moses
t al. 2011 ). 
Under transport-induced disequilibrium chemistry, the global
ean mole fractions of chemical species exhibit some variations
cross different rotation periods (Fig. 1 ). However, these changes
emain minor, for example, the CO2 mole fraction is 1.1 ×10−3 ,
.5 ×10−3 , 1.2 ×10−3 , and 1.2 ×10−3 for synchronous, 2:1 SOR, 6:1
OR, and 10:1 SOR simulations, respectively. This suggests that
otation periods do not significantly impact vertical transport,
hich agrees with the results implied by the passive tracer as
iscussed in Part I (Fig. 1 f). 
The limited influence of rotation period on vertical transport

s primarily attributed to the similarity of the mean circula-
ion patterns across all simulations – in particular, the day-side
pwelling structures are consistently present regardless of the
otation period (Figs A2 e and f). While eddies can also trans-
ort tracers vertically, their contribution to the globally averaged
NRAS 549, 1–19 (2026)

i  
ertical flux remains secondary compared to the mean circula-
ion. The vertical transport of the passive tracer is governed by 

∂ ([ρ] [q ]) 
∂ t 

∼ − 1 
r2 

[ 

∂ ([ρw ][q ] r2 ) 
∂ r 

+ ∂ ([(ρw )′ q′ ] r2 ) 
∂ r 

+∂ ([ρw 

∗q ∗] r2 ) 
∂ r 

]
, (2) 

here the three terms on the right-hand side represent vertical
ransport by the mean flow, transient eddies, and stationary ed-
ies, respectively ( Part I , equation 9). Comparing the global mean
bsolute values of each term, we find that the mean-flow trans-
ort term dominates over the stationary eddy term by approxi-
ately 4, 7, 6, and 4 orders of magnitude, and over the transient
ddy term by approximately 4, 4, 4, and 3 orders of magnitude, for
he synchronous, 2:1 SOR, 6:1 SOR, and 10:1 SOR simulations,
espectively. 
The molecular abundances of CO and CO2 begin to sig-
ificantly deviate from chemical equilibrium under transport-
nduced chemistry at approximately 7 bar, where quenching
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Figure 2. Horizontal distribution of passive tracer (a), CO (b), CO2 (c), NH3 (d), CH4 (e), and H2 O (f) at 0.001 bar. The results are transformed into 
the heliocentric frame, keeping the substellar point at 0◦ longitude and 0◦ latitude. The black star-shaped markers indicate the location of the substellar 
point. The streamlines indicate the direction of the flow. To highlight the horizontal gradient, the contours indicate the local mole fraction divided by 
the global mean at this pressure level. The corresponding average values are displayed above each panel. Columns from left to right show results from 

synchronous, 2:1 SOR, 6:1 SOR, and 10:1 SOR simulations, respectively. 
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appens (Figs 1 a and b). Above this level, the dynamical time-
cale becomes shorter than their chemical time-scales, and atmo- 
pheric transport dominates the distribution of chemical species, 
eading to substantial changes in their abundances. As a result, 
O and CO2 mole fractions increase to 10−3 above 0.1 bar due to
ertical transport from deeper layers. As noted above, the chemi- 
al kinetics–transport simulations are initialized using chemical 
quilibrium abundances. This set-up makes CO and CO2 behave 
MNRAS 549, 1–19 (2026)
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Figure 3. Column-integrated CO and CO2 mole fraction contrast be- 
tween high- (> 75◦) and low- (< 15◦) latitude regions around quench level. 
The vertical axis shows the difference between the high- and low-latitude 
column abundances normalized by the global mean. Orange squares and 
blue circles denote CO and CO2 , respectively. Positive values indicate that 
CO and CO2 are more abundant at high-latitude regions. 
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imilarly to the deep-sourced passive tracer used in this study
nder atmospheric transport, albeit with non-uniform sources
discussed below). 
For NH3 , the quench level is around 15 bar (Fig. 1 c). Above

his level, chemical reactions are too slow to maintain local equi-
ibrium, atmospheric transport effectively homogenizes the NH3 
bundance, smoothing its vertical gradient. As we initialize, the
imulations from chemical equilibrium conditions where NH3 
s more abundant in the upper atmosphere ( ∼1 bar) than in the
eeper region (1–15 bar). Atmospheric transport therefore drives
 net downward flux of NH3 . This enhances NH3 in the deeper,
ow-abundance region (1–15 bar) while depleting it above ∼1 bar.
ompared to chemical equilibrium, the NH3 mole fraction in the
hotosphere decreases from ∼0.025 to ∼0.010 under transport-
nduced disequilibrium chemistry. 
The quench levels for CH4 and H2 O are around 7 bar. Above

he quench level ( ∼7 bar), the thermochemical time-scales of 
H4 and H2 O are much larger than the dynamical time-scale,
esulting in vertical mixing dominating their distribution. Since
oth species are more abundant above the quench level under
nitial thermochemical equilibrium than at the quench level, this
rompts atmospheric circulation to drive a net downward trans-
ort and depletes CH4 and H2 O above the quench level (Figs 1
 and e). However, the effect is modest compared to NH3 , owing
o the shallower vertical gradients of CH4 and H2 O in chemical
quilibrium. The mole fraction of CH4 decreases from 0.11 to
.10, and that of H2 O decreases from 0.19 to 0.18 in the photo-
phere under transport-induced disequilibrium chemistry com-
ared to chemical equilibrium. 
The horizontal distribution of chemical species at 0.001 bar is
hown in Fig. 2 . We present the horizontal chemical structures in
 heliocentric frame, where the substellar point remains fixed at
◦ longitude and 0◦ latitude. To highlight the horizontal gradient,
he contours indicate the local mole fraction divided by the global
ean at this pressure level. 
Unlike the passive tracer (Fig. 2 a), which exhibits pronounced

ongitudinal variations, the chemical species show largely uni-
orm abundances along longitudes in the upper atmosphere
Figs 2 b–f). This difference arises from the distinct initial con-
itions of the two types of tracers. 
The passive tracer has an idealised uniform horizontal distri-
ution and a steep, monotonic vertical gradient initially, with
igh abundances in the deep atmosphere and depletion in the
pper atmosphere. Consequently, vertical motions driven by at-
ospheric circulation efficiently transport tracer-rich air upward
nd tracer-poor air downward, generating strong longitudinal
ontrasts. In contrast, chemical species cannot trace vertical mix-
ng as directly as the passive tracer for two reasons: (i) Chem-
cal species exhibit relatively weak or non-monotonic vertical
radients in the upper atmosphere under initial thermochemical
quilibrium, which limit the horizontal contrast generated by the
ertical displacement. For example, CO and CO2 decrease with
ltitude from 10 bar to 5 ×10−4 bar, but increase above 5 ×10−4 bar
ue to the temperature inversion. At 0.001 bar, mixing of CO
nd CO2 with the more CO/CO2 -abundant upper atmosphere
an modify the chemical contrast established by vertical trans-
ort from deeper layers. Meanwhile, NH3 , CH4 , and H2 O vary
y only about one order of magnitude vertically under initial
quilibrium conditions, limiting the horizontal contrasts gener-
ted by vertical displacements. (ii) Under initial thermochemical
quilibrium, the non-uniform temperature field produces longi-
udinal inhomogeneities in chemical species distributions, which
NRAS 549, 1–19 (2026)
an partially offset the contrasts generated by vertical transport.
or example, at 0.001 bar, CO and CO2 reach their maximum
bundances in the hottest region east of the substellar point (70◦

ongitude, figure not shown), which is offset by 20◦ from the
eak passive tracer abundance region (90◦ longitude, Fig. 2 a).
his spatial offset reduces the chemical contrast that would be
nduced by atmospheric transport alone. Together, these factors
esult in more uniform distributions of chemical species in the
pper atmosphere compared to the passive tracer. 
The coloured contours in Figs 2 b–f broadly follow the wind
treamlines and exhibit a fish-like morphology, with a prominent
head’ near the evening terminator (90◦) and a narrowing ‘tail’
xtending toward the morning terminator (–90◦). This pattern
urther suggests that horizontal winds predominantly shape the
ongitudinal distribution of chemical species and smooth their
ontrast. Nevertheless, meridional gradients in chemical abun-
ances remain evident. 
Overall, NH3 exhibits the strongest meridional gradient among

he five chemical species, with ∼50 per cent changes in syn-
hronous rotator and 2:1 SOR simulations, ∼10 per cent in the
:1 SOR simulation, and up to ∼100 per cent in the 10:1 SOR
imulation (Fig. 2 d), discussed below. The meridional gradients
f CO and CO2 remain modest, with abundance variations within
 per cent for the synchronous rotator and 2:1 SOR simulations,
ithin 10 per cent for the 6:1 SOR case, and 20 per cent for the
0:1 SOR case (Figs 2 b and c). The abundances of CH4 and H2 O
emain relatively homogeneous across the horizontal domain,
xhibiting variations of less than 2 per cent in all the simulations
Figs 2 e and f). 
CO and CO2 are more abundant at latitudes within ±50◦ in

he 2:1 SOR simulation, whereas in the 6:1 SOR and 10:1 SOR
imulations, their concentrations peak at higher latitudes (Figs 2
 and c). In the synchronous simulation, CO and CO2 exhibit
lightly higher abundances in the northern hemisphere, but this
emispheric asymmetry is minor ( < 1 per cent). Although the
nitial set-up of CO and CO2 is similar to that of the passive
racer as mentioned above, their distributions are more complex.
nlike the passive tracer, which is initialized with a globally uni-
orm abundance, CO and CO2 exhibit some spatial variations in
bundance at the quench level (Fig. 3 ), making their meridional
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istribution affected by both the vertical mixing and their distri- 
ution at the quench level. 
In the 2:1 SOR simulation, CO and CO2 are slightly more abun-
ant at low latitudes due to the prevalence of upwelling motions
n these regions, which aligns with the positive correlation be- 
ween passive tracer abundance and vertical velocity as discussed 
n Part I . In contrast, in the 6:1 SOR simulation, the enhanced
bundances of CO and CO2 at high latitudes are primarily driven 
y their elevated abundances around the quench level in those 
egions (Fig. 3 ). Although the passive tracer abundance corre- 
ates positively with vertical wind in the 6:1 SOR simulation, the
istribution of species at the quench level dominates in shaping 
he meridional abundance patterns. In the 2:1 SOR simulation, 
lthough CO and CO2 are also more abundant at high latitudes 
t the quench levels, the meridional contrasts are small, so the
ertical wind pattern still dominates the meridional abundance 
atterns (Fig. 3 ). In these two simulations, the effects of vertical
ransport and the quench-level distribution act in opposite direc- 
ions, largely cancelling each other and resulting in weak merid- 
onal contrasts. 
In the 10:1 SOR simulation, CO and CO2 are also more abun-
ant at high latitudes, driven by two factors: first, vertical tran-
ient eddies in the high-latitude regions enhance upward trans- 
ort; second, CO and CO2 are intrinsically more abundant at high 
atitudes around the quench level (Fig. 3 ). These factors reinforce
ach other, leading to a larger meridional contrast compared to 
he 2:1 SOR and 6:1 SOR simulations. 
The higher quenched abundances of CO and CO2 at high lat- 

tudes in the 2:1 SOR, 6:1 SOR, and 10:1 SOR simulations are
ue to the warmer temperatures relative to the lower latitudes 
Figs B1 b–d). The warmer polar regions at this layer are likely
ue to eddy heat flux divergence at this layer (Figs B2 b–d).
owever, the vertical resolution in the 5–10 bar region is sig-
ificantly coarser than in the upper atmosphere: this pressure 
ange contains only ∼5 model levels with an average spacing of 
1 bar, compared to ∼10 levels with an average spacing of ∼0.01
ar in the 0.001–0.1 bar range – a factor of ∼100 difference in
esolution. As a result, the temperature contrasts identified in this
egion could also arise from interpolation errors or unresolved dy-
amical processes rather than a physically robust signal. A more 
etailed investigation with higher vertical resolution is required 
o accurately determine the underlying cause in future work. 
The minor hemispheric asymmetry ( < 1 per cent) in the CO
nd CO2 distributions in synchronous simulation, despite the 
odel being otherwise symmetric with no imposed obliquity or 
symmetric forcing, may be attributed to numerical diffusion in 
he dynamical core rather than any physical mechanism. The 
lmost uniform distribution of CO and CO2 suggests that vertical 
nd horizontal mixing can effectively smooth the contrast. This 
ay be partly due to the initially non-monotonic vertical pro- 
les of CO and CO2 , which lack a consistent gradient direction
ith altitude; vertical transport driven by atmospheric dynamics, 
herefore, may tend not to systematically enrich or deplete these 
pecies in a particular region, resulting in relatively small hori- 
ontal contrasts. 
NH3 consistently shows higher abundances at high latitudes 

> 50◦) across all simulations. This pattern arises primarily from 

wo factors. First, NH3 is more abundant at high latitudes initially 
nder chemical equilibrium, as it is more thermodynamically sta-
le in cooler environments. Since the chemical time-scale of NH3 
s long compared to the dynamical time-scale above the quench 
evel ( ∼15 bar), this chemical equilibrium latitudinal contrast 
argely serves as the baseline spatial pattern upon which dynami- 
al transport acts. This latitudinal contrast in the initial chemical 
quilibrium is 10–20 per cent above quench level in the syn- 
hronous, 2:1 SOR, and 6:1 SOR simulations, and is∼60 per cent 
n the 10:1 SOR simulation (Fig. B3 ). Second, because the initial
ertical NH3 profile increases with altitude below 5 ×10−4 bar, 
arge-scale overturning circulation further amplifies the merid- 
onal contrast: downwelling motions at high latitudes transport 
H3 -rich upper atmospheric air downward, while upwelling mo- 
ions at low latitudes bring NH3 -poor deep atmospheric air up- 
ard. This is evident from the final polar–equatorial contrast, 
hich increases under disequilibrium chemistry across all rota- 
ions (Fig. B3 ). The combination of these two factors, namely a
arge initial latitudinal contrast in chemical equilibrium and a 
ynamically amplified vertical redistribution, gives NH3 the most 
ronounced meridional contrast among all species considered. 
CH4 and H2 O are slightly more abundant at low latitudes, 

ikely due to the combined effects of initial meridional abundance 
radients and the large-scale circulation. However, the resulting 
atitudinal contrast is weak, with variations of less than 2 per cent
n all simulations. Compared to NH3 , CH4 and H2 O do not exhibit
arge meridional contrast due to two reasons. First, their chemical
quilibrium distributions show little latitudinal variation above 
he quench level (< 5 per cent ), providing a much smaller initial 
patial contrast. Second, their vertical abundance gradients are 
lso significantly smaller than that of NH3 , meaning that verti- 
al transport by the mean circulation produces a comparatively 
odest meridional redistribution. 
In summary, the meridional distribution of the chemical 
pecies in the upper atmosphere is the combined result of chem-
cal calculation and atmospheric dynamics. Chemical processes 
et the initial meridional contrasts at the quench levels and de-
ermine the sources of individual species, while atmospheric 
otions act to smooth these contrasts vertically. Despite this 
moothing, persistent horizontal variations remain, highlight- 
ng the need for fully coupled 3D chemical–dynamic simula- 
ions to accurately capture the 3D distribution of atmospheric 
omposition. 

.3 Kzz estimation and comparison to 1D models 

n this section, we estimate 1D Kzz profiles that characterize the 
trength of globally-averaged vertical mixing. We then compare 
he 1D model results, using these Kzz profiles, with the full 3D
odel outputs. This approach allows us to infer the effective ver-
ical diffusivity, which, in the context of a 1D model, would pro-
uce the same net vertical transport as that driven by dynamical
ixing processes in the 3D model, such as large-scale circulation 
nd small-scale eddies. 
We estimate the global mean Kzz profiles from the GCM simula- 

ions using two different methods: the flux–gradient relationship 
rom the passive tracer and the mixing-length theory (e.g. D. M.
unten 1975 ; R. Plumb & J. Mahlman 1987 ; X. Zhang & A. P.
howman 2018a ), discussed below. The global-mean Kzz values 
stimated using the two methods are presented in Fig. 4 , with
stimates from the synchronous rotator and 2:1 SOR simula- 
ions shown as examples, as the other simulations yield similar 
rofiles. 
For the flux–gradient relationship, we use two equations that 
ave been documented and used in previous studies. The first is
ased on the tracer mass flux (e.g. D. M. Hunten 1975 ; J. W. Cham-
erlain & D. M. Hunten 1987 ; V. Parmentier, A. P. Showman & Y.
MNRAS 549, 1–19 (2026)
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Figure 4. Kzz derived with the flux–gradient relationship I (a) and II (b) and the mixing-length theory (c). Panels (a)–(c) show results from the 
synchronous simulation, while panels (d)–(f) correspond to the 2:1 SOR simulation. Coloured lines represent the Kzz profiles calculated every thirty 
model days from the instantaneous model output, where bluer lines represent earlier stages of the simulation and redder lines indicate later stages. 
The results for the last 3600 d are shown after the simulations have spun up. The thick solid (dashed) black and solid grey lines represent a roughly 
‘average’ parametrization for the Kzz profiles derived from the flux–gradient relationship I (II) and the mixing length theory. The three average Kzz 
profiles estimated from different methods are all plotted in panel (c) for comparison. The thin grey dashed-dotted lines indicate the boundary between 
the radiative-convective (RC) zones and the convective (Conv) zone in panel (b). Above 1 bar, the average Kzz profiles are 3 × 104 · (1 bar /Pbar )0 . 61 cm2 s−1 , 
5 × 104 · (1 bar /Pbar )0 . 7 cm2 s−1 , and 3 × 105 · (1 bar /Pbar )0 . 7 cm2 s−1 for flux–gradient relationship I (solid black), flux–gradient relationship II (dashed 
black), and the mixing length theory (solid grey), respectively. Between 1 and 10 bar, the average Kzz profiles are set to be constants: 4 ×105 cm2 s−1 , 
4 ×105 cm2 s−1 , and 3 ×106 cm2 s−1 for the three methods. Note that the detached convective zone is set to be more extended vertically, from 1 to 10 bar in 
the average Kzz profile. The grey dashed line in panel (c) is the estimation in J. I. Moses et al. ( 2022 , equation 1): Kzz = 9 . 77 × 104 · (1 bar /Pbar )0 . 5 cm2 s−1 . 
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ian 2013 ; T. D. Komacek et al. 2019 ): 

zz = −〈 ρqw 〉 
〈 ρ ∂ q 

∂ r 〉 
, (3) 

here ρ and r are the air density and radial coordinate, and the
rackets denote the horizontal average along isobars. We refer to
quation ( 3 ) as ‘flux–gradient relationship I’. 
The second equation is based on the eddy tracer mixing ratio
ux, (e.g. R. Plumb & J. Mahlman 1987 ; X. Zhang & A. P. Show-
an 2018a , 2018b ; M. E. Steinrueck et al. 2021 ): 

zz = −〈 w′ q′ 〉 
∂ 〈 q 〉 
∂ r 

, (4) 

here q′ and w′ are the perturbations of the passive tracer mass
ixing ratio and vertical velocity from the horizontal average. We
efer to equation ( 4 ) as ‘flux–gradient relationship II’. 
The flux–gradient relationship links the tracer flux to the ver-

ical gradient of the mean value, inferring an effective diffu-
ive vertical mixing rate from an inherently non-diffusive three-
imensional atmosphere. The theoretical background of this
pproach is that we assume that the tracer is mixed upward by
he large-scale overturning circulation. If the tracer distribution
s initially horizontally uniform but exhibits a vertical gradient
NRAS 549, 1–19 (2026)
n its global-mean abundance, vertical transport will naturally
enerate tracer perturbations on isobaric surfaces that are corre-
ated with the vertical velocity field. Regions of upward motion
ecome enriched in tracers, while regions of downward motion
ecome depleted. Then the upward region can mix more tracer
pward, and the downward region mixes less tracer downward.
n a global-mean perspective, the atmospheric transport behaves
n a diffusive-like process. It is most valid when the atmosphere
s stratified and behaves diffusively, which requires horizontal
racer anomalies to be small (X. Zhang & A. P. Showman 2018a ,
018b ). In our simulations, however, the atmospheric transport
eviates from ideal diffusive behaviour. The material surfaces
f extremely long-lived tracers become highly distorted, causing
he conventional eddy-diffusion framework to break down. This
reakdown is evidenced by the occasional local negative Kzz val-
es (discussed below), which lead to negative global-mean Kzz in
ome cases. In light of this, we present the absolute values of Kzz 
n the subsequent analysis. 
The estimation based on the mixing-length theory is 

zz ≈ w 

2 
τadv . (5) 

ere, w is the global root-mean-square of vertical velocity, and
adv is the horizontal time-scale, estimated as Rp /u , where Rp is
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he planetary radius and u is the root-mean-square of zonal wind 
peed. This equation is simplified by ignoring the extremely long 
chem 

as shown in X. Zhang & A. P. Showman ( 2018a , equation 13)
nd T. D. Komacek et al. ( 2019 , equation 30). It holds when the
cale of horizontal wind to horizontal length (the planetary ra- 
ius) is comparable to the scale of vertical wind to the scale height
 U/Rp ∼ W/H). 
The Kzz profiles (coloured lines) are computed every thirty days 
ased on instantaneous model output. Comparing the three rows, 
he Kzz values estimated using the mixing-length theory (Figs 4 c 
nd f) are generally one to two orders of magnitude larger than
hose derived from the flux–gradient relationship (Figs 4 a, b, d, 
nd e). This finding is consistent with V. Parmentier et al. ( 2013 ),
here the Kzz derived from mixing-length theory was found to 
xceed the tracer-derived estimates by about two orders of magni- 
ude. The Kzz profiles obtained from flux–gradient relationships 
 and II are in broad agreement, with the values from relation-
hip II being slightly larger than those from relationship I above 
0.001 bar. 
In addition, the Kzz profiles estimated at different times dur- 

ng the simulations exhibit large variations, suggesting that the 
trength of vertical transport can have significant temporal vari- 
bility (coloured lines in Fig. 4 ). This behaviour is expected, as the
stimates are derived from instantaneous model outputs rather 
han time-averaged fields. Moreover, Kzz also exhibits large spatial 
ariations, leading to dips and spikes in the profiles, particularly 
n the estimation using the flux–gradient relationship (Figs 4 a, b, 
, and e). 
As shown in Fig. 5 , the absolute value of Kzz has large spa-

ial variation; this variation can reach more than three orders of 
agnitude at a given level (Fig. 5 b). For instance, at 0.001 bar,
zz reaches ∼1010 cm2 s−1 near 90◦N at a longitude of 90◦, while 
ropping below 107 cm2 s−1 to the west of the substellar point at 
he same pressure level (Fig. 5 b). The large Kzz values at polar
egions are caused by the strong downwelling at the dayside polar
egions (Fig. A2 e) and the reduced passive tracer abundance in
he polar regions (Fig. 2 a). The negative Kzz values (blue regions)
rise from distortions of the passive-tracer material surfaces due 
o horizontal transport. For example, at the evening terminator 
90◦ longitude, Fig. 5 b), Kzz becomes negative because the tracer 
oncentration is enhanced ( q′ > 0 ) as eastward winds transport
racer-rich air from the sub-stellar region (Fig. 2 a), where strong
eating drives upwelling (Fig. A2 e). Downstream of this, the flow 

ecomes downward, giving w′ < 0 . These combined produce neg- 
tive w′ q′ , and therefore negative local Kzz . 
The Kzz profiles estimated from different methods are sim- 

lar in shape. They exhibit two distinct regions. Above 1 bar, 
zz decreases exponentially with pressure, because the verti- 
al velocity decreases with pressure. Between 1 and 5 bar, the
resence of a detached convective zone induces more vigorous 
ertical motions, enhances vertical mixing, and consequently 
ncreases Kzz . 
We construct approximate ‘average’ parametrizations of the Kzz 
rofiles derived from the flux–gradient relationships I and II, as 
ell as from the mixing-length theory (shown as thick black and 
rey lines in Fig. 4 ). These average Kzz profiles are then imple-
ented into the 1D chemical kinetics–transport model ATMO (P. 
remblin et al. 2015 , 2016 ; B. Drummond et al. 2016 ) for valida-
ion. To enable a direct comparison, we use the same chemical 
etwork of O. Venot et al. ( 2019 ) as that used in the UM. For
onsistency, we adopt the global-mean temperature profile from 

he 3D synchronous simulation in the 1D model. The metal- 
icity and C/O ratio are set to 180 times solar and solar (0.55),
espectively, in agreement with the 3D set-up. Each 1D sim- 
lation is integrated for 5100 d, matching the duration of the
D model. 
The resulting chemical abundance profiles from the 1D model 
re compared with those from the 3D simulations in Fig. 6 . As
hown in Fig. 6 (a), when adopting the average Kzz profile derived
rom flux–gradient relationship I, the vertical mixing is relatively 
eak, limiting the upward transport of CO and CO2 from the 
eep atmosphere to the photosphere. Consequently, the 1D sim- 
lations yield lower CO and CO2 abundances in the upper atmo- 
phere compared to the 3D simulation. On the other hand, using
he average Kzz profile derived from the mixing length theory 
esults in overly strong mixing, causing CO, CO2 , and NH3 from 

he deep atmosphere to be transported excessively into the upper 
tmosphere. However, when applying the average Kzz profile de- 
ived from flux–gradient relationship II, the abundances of CO, 
O2 , NH3 , CH4 , and H2 O in the 1D simulation agree well with
hose from the 3D simulation. In addition, this 1D simulation suc-
essfully reproduces the vertical structure of the chemical species 
bserved in the 3D model, and the quench pressures also show
ood agreement between the two approaches. This suggests that 
he Kzz profile derived from the flux–gradient relationship II can 
erve as an appropriate equivalent Kzz profile for use in 1D mod-
ls of K2-18b, or of exoplanets with similar physical properties, 
amely an equilibrium temperature of ∼300 K and a metallicity 
f ∼180 times solar. It is parametrized as: 

zz (cm 

2 s −1 ) =
{
5 × 104 · ( 1 bar Pbar 

)0 . 7 P < 1 bar 
4 × 105 1 bar ≤ P ≤ 10 bar . 

(6) 

e note that this parametrization implicitly assumes that 3D 

ertical transport can be approximated as a 1D diffusive process, 
hich is most valid in stratified atmospheres where large-scale 
irculation dominates, and horizontal perturbations are small 
elative to vertical ones, as discussed above. As it is derived from
D simulations of K2-18b specifically, therefore most applicable 
o planets with atmospheric conditions analogous to those of K2- 
8b. 
We note that although the 1D model using the Kzz estimated 

rom the flux–gradient relationship II reproduces the CO and CO2 
bundances in good agreement with the 3D simulation, the NH3 
bundance shows less consistency. This discrepancy may arise 
ecause the Kzz profile was estimated using an initially uniformly 
istributed passive tracer with a deep atmospheric source, mak- 
ng it more representative of species like CO and CO2 , which also
riginate from deeper layers. In contrast, NH3 is sourced from the 
pper atmosphere and exhibits larger initial horizontal contrast 
nd thus may experience a different vertical mixing behaviour. 
his highlights the challenge of using a single Kzz profile to 
ccurately represent the transport of multiple chemical species 
ith different source regions. 
In Fig. 4 (c), we compare the Kzz profile estimated from our sim-
lations with that proposed by J. I. Moses et al. ( 2022 , equation 1)
or exo-Neptunes: Kzz = 9 . 77 × 104 · (1 bar /Pbar )0 . 5 cm2 s−1 , 
hich is scaled with an atmospheric scale height of 22.2 km at
.001 bar and an effective temperature (

√ 

2 times the equilibrium 

emperature) of 394.1 K assuming zero albedo for K2-18b. The 
omparison indicates that the analytical Kzz profile from J. I. 
oses et al. ( 2022 ) provides a comparable estimation in the
adiative-convective zone, but cannot capture the stronger 
ertical mixing at the detached convective zone, suggesting 
MNRAS 549, 1–19 (2026)
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Figure 5. The spatial distribution of Kzz estimated using the flux–gradient relationship II (equation 4 ). (a) The latitude versus pressure distribution of 
zonal mean Kzz . (b) The horizontal distribution of Kzz at 0.001 bar. The black star-shaped marker indicates the location of the substellar point. Kzz shown 
in this figure is derived from the synchronous simulation, averaged over the last 3600 d after it spins up, with an output interval of 10 d. 

Figure 6. The comparison between the chemical species abundances from 1D ATMO simulations (solid) employing different Kzz profiles and the global- 
mean results in the synchronous 3D simulation (dashed). The three panels are results with the average Kzz profile derived from the flux–gradient 
relationship I (a), flux–gradient relationship II (b), and the mixing length theory (c) as shown in Fig. 4 . 
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hat this scaling relation requires further validation through
omprehensive 3D modelling. 

.4 Synthetic transmission spectra 

n this section, we present the synthetic transmission spectra gen-
rated from the GCM simulations and compare them to the JWST
bservations reported by N. Madhusudhan et al. ( 2023 ) and R. Hu
t al. ( 2025 ). We highlight the differences between the morning
nd evening transmission spectra and examine the impact of 
ransport-induced disequilibrium chemistry on the transmission
pectra of K2-18b. 
We generate the transmission spectra following the method
escribed in S. Lines et al. ( 2018 ) and updated by D. A. Christie
t al. ( 2021 ). 
We first compute the full-limb transmission spectra, which in-
lude contributions from both the morning and evening termina-
ors, and compare them with the JWST observations presented in
g. 3 of N. Madhusudhan et al. ( 2023 ) (shown in Fig. 7 a). Overall,
he synthetic spectra from GCM simulations agree well with the
WST observations, with a χ2 value of around 1.6, suggesting that
NRAS 549, 1–19 (2026)

r 
he gas-rich mini-Neptune scenario is a reasonable explanation
or the interior structure of K2-18b. The synthetic spectra from
ifferent simulations remain almost invariant with each other.
his is due to the air temperature profiles and molecular abun-
ances being consistent across simulations (see Fig. 1 ). 
The contributions from the dominant molecules CO, CO2 ,
H3 , CH4 , and H2 O are shown in Fig. 7 b. CH4 contributes to
he absorption features at wavelengths shorter than 2.5μm and
t 3.3μm. CO2 mainly contributes to the feature at 4.3μm, and
he small bump at 4.6μm is produced by CO. Compared with the
bservations, our transmission spectra may over-predict the NH3 
nd CO absorption features at 2.9 and 4.6μm. 
Compared with the retrieved abundances reported in N. Mad-
usudhan et al. ( 2023 ), our 3D model yields higher abundances
f NH3 , H2 O, and CO, while the abundances of CO2 ( 10−3 ) and
H4 (0.1) are in broad agreement. For their one-offset retrieval,
he reported 1 σ ranges are 0 . 9 × 10−3 –0.026 for CO2 and 0.037–
.07 for CH4 . The low NH3 abundance inferred from the data
ay arise if the planet hosts a deep magma ocean capable of 
issolving NH3 , which is not included in our model, or if the
lanet is intrinsically nitrogen-poor (O. Shorttle et al. 2024 ; R.
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Figure 7. K2-18b synthetic transmission spectra predicted by the GCM simulations (coloured lines) compared to JWST NIRISS and NIRSpec data 
(black and grey error bars) from fig. 3 in N. Madhusudhan et al. ( 2023 ). Panel (a) shows the full (morning plus evening terminators) transmission 
spectra from chemical kinetics–transport simulations, assuming K2-18b as a synchronous rotator (blue), or has a 2:1 SOR (orange), 6:1 SOR (purple), 
and 10:1 SOR (red). The spectra from different simulations closely overlay. Panel (b) shows the contributions from the dominant chemical species, CO, 
CO2 , NH3 , CH4 , and H2 O, with the synchronous chemical kinetics–transport simulation as an example. Panel (c) depicts the morning (blue) and evening 
(orange) transmission spectra in the synchronous chemical kinetics–transport simulation. Panel (d) shows the effects of transport-induced disequilibrium 

chemistry on observation, in which the blue line shows the transmission spectrum from synchronous chemical kinetics–transport simulations, while 
the orange line shows the spectrum under chemical equilibrium, calculated using the same 3D temperature field as the synchronous chemical kinetics–
transport simulations. The χ2 

r values shown in panels (a) and (d) are calculated with 64 degrees of freedom with one offset between NIRISS and NIRSpec 
data. Panels (e) and (f) depict the difference between the evening and morning transmission spectra and the difference between the spectra generated 
from chemical kinetics–transport and chemical equilibrium simulations. 
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u et al. 2025 ). The elevated CO abundance in our simulation
ikely results from the absence of photochemistry, which would 
therwise dissociate CO. The enhanced H2 O abundance likely 
rises from the omission of H2 O condensation in our model. 
The transmission spectra calculated solely with the morning or 
vening terminator in the synchronous simulation are shown in 
ig. 7 (c). The transmission spectrum of the evening terminator 
xhibits larger absorption features because it is warmer than the 
orning terminator due to the eastward heat transport by the 
astward winds above 0.1 bar. Spectral differences between the 
wo terminators are most apparent at CH4 absorption bands at 
.3, 3.3, and 1.8μm, corresponding to a 12, 9, and 9 ppm differ-
MNRAS 549, 1–19 (2026)
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Figure 8. K2-18b synthetic transmission spectrum predicted by the GCM simulation compared to JWST NIRISS and NIRSpec data (grey and black 
error bars) from fig. 3 in R. Hu et al. ( 2025 ). Panel (a) shows the full (morning plus evening terminators) transmission spectrum from the synchronous 
chemical kinetics–transport simulation as an example. Panel (b) shows the contributions from the dominant chemical species, CO, CO2 , NH3 , CH4 , and 
H2 O. 
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nce in transit depth (Fig. 7 e). The spectral differences caused
y the CO2 and CO absorption at 4.3 and 4.6μm are much
maller, corresponding to only 5 and 2 ppm difference in transit
epth. 
As shown in Fig. 7 (d), the synthetic spectrum from the chem-

cal kinetics–transport simulation provides a better match to
he observational data, particularly capturing the CO2 absorp-
ion feature at 4.3μm. This feature corresponds to a transit
epth difference of 21 ppm, compared to the spectrum from
he chemical equilibrium simulation (Fig. 7 f). The CO absorp-
ion feature at 4.6μm corresponds to a transit depth difference
f 12 ppm between the chemical kinetics–transport and chemi-
al equilibrium simulations. As previously discussed, these fea-
ures result from the vertical transport of CO2 and CO from
he deep atmosphere driven by atmospheric circulation. This
ighlights the crucial role of vertical mixing in shaping observ-
ble spectral characteristics. However, all of these differences
entioned above remain within the current 1 σ observational
ncertainties. 
We note that R. Hu et al. ( 2025 ) released a new JWST near-

nfrared transmission spectrum of K2-18b while we were prepar-
ng this manuscript. We compared our synthetic transmission
pectra with their observations. Our spectra broadly agree with
heir results and successfully reproduce the CO2 and CH4 absorp-
ion features. However, our spectra may over-predict the NH3 and
O absorption features near 2.9 and 4.6μm (Fig. 8 ). 

 CONCLUSIONS  AND  DISCUSSION  

n this study, we present the 3D perspective on transport-induced
isequilibrium chemistry on the temperate mini-Neptune K2-
8b using a self-consistent chemical-radiative-dynamic GCM.
e assume K2-18b has 180 times solar metallicity and con-
ider it as both a synchronous rotator and an asynchronous ro-
ator, exploring the spin-orbit resonance (SOR) of 2:1, 6:1, and
0:1. 
We find that vertical mixing significantly affects the molec-
lar abundances in the photosphere. The quench levels of the
NRAS 549, 1–19 (2026)
ominant species: CO, CO2 , CH4 , and H2 O are located around
 bar, while NH3 quenches deeper, at approximately 15 bar.
mong these species, CO and CO2 exhibit the most significant en-
ancement under transport-induced disequilibrium chemistry:
heir mole fractions increase from below 10−15 in chemical equi-
ibrium to approximately 10−3 due to vertical mixing that trans-
orts them upward from deeper, more abundant layers. In con-
rast, the mole fractions of NH3 , CH4 , and H2 O decrease slightly
ompared to chemical equilibrium, as these species are more
table under low-temperature conditions. Specifically, their mole
ractions drop from 0.025, 0.11, and 0.19 to 0.01, 0.10, and 0.18 for
H3 , CH4 , and H2 O, respectively. 
Strong horizontal winds efficiently homogenize chemical
bundances in the photosphere, especially in the zonal direc-
ion. Although some meridional gradients remain, they are rela-
ively small. The meridional contrasts of chemical species are the
ombined results of atmospheric dynamics and chemical calcu-
ation, highlighting the importance of self-consistent chemical-
adiative-dynamic modelling in studying the transport-induced
hemistry on temperate sub-Neptunes. Furthermore, we find
hat global-mean molecular abundances in the photosphere are
argely consistent across simulations with different rotation peri-
ds, indicating that the rotation rate has a limited effect on global-
ean vertical mixing. 
We estimate 1D equivalent eddy diffusion coefficient ( Kzz ) pro-
les from 3D GCM simulations using both the flux–gradient re-
ationship and mixing-length theory. Our results show that Kzz 
rofiles estimated from the two methods are similar in shape. At
ressures between 1 and 5 bar, the presence of a detached con-
ective zone enhances vertical mixing, resulting in an increased
zz . At the radiative-convective zone above 1 bar, Kzz decreases
ith increased pressure due to the decreasing vertical velocity.
he Kzz values derived from mixing-length theory are one to two
rders of magnitude larger than those estimated from the flux–
radient relationship, consistent with previous studies. We also
nd that vertical mixing in the GCM exhibits significant temporal
ariability. 
By implementing the estimated Kzz profile into the 1D chemical
inetics–transport model ATMO , which uses the same chemical
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etwork as the 3D model, we find that the Kzz profile estimated
ased on the mixing-length theory (equation 5 ) induced too 
trong vertical mixing strength, while the flux–gradient relation- 
hip I (equation 3 ) slightly underestimates the strength of vertical 
ixing. In contrast, the Kzz profile estimated from flux–gradient 
elationship II (equation 4 ) successfully reproduces molecular 
bundances and vertical profiles in the photosphere that closely 
atch the 3D results, providing an appropriate equivalent Kzz 
rofile that can be further used in 1D models. It is parametrized
s equation ( 6 ). 
The development of the detached convective zone induced by 
O2 and CH4 absorption implies that atmospheric composition 
ay significantly impact vertical mixing. These results further 
mphasize the importance of a non-grey treatment of radiative 
rocesses and self-consistent chemical-radiative-dynamic calcu- 
ations in studying transport-induced chemistry on gas-rich exo- 
lanets. 
We then compare the synthetic transmission spectra from the 
D simulations with the JWST observations of K2-18b in N. Mad-
usudhan et al. ( 2023 ) and R. Hu et al. ( 2025 ). We find that our
D simulations provide comparable fits to the observations, sug- 
esting that the gas-rich mini-Neptune scenario is a reasonable 
xplanation for the interior structure of K2-18b. The transmission 
pectra are almost invariant between different rotation periods 
ecause the temperature profiles and the molecular abundances 
gree well among different simulations. 
The evening transmission spectrum exhibits stronger absorp- 

ion features than the morning spectrum, primarily due to the 
igher temperature on the evening terminator, a consequence of 
astward heat transport by upper-atmosphere eastward winds. 
he largest difference between evening and morning spectra ap- 
ears at the 2.3μm CH4 feature, with a transit depth difference 
f 12 ppm. 
Furthermore, we find that the spectrum from transport- 

nduced disequilibrium chemistry provides a better agreement 
ith the JWST observations compared to the spectrum gener- 
ted from chemical equilibrium, as it better captures the CO2 
bsorption feature at 4.3μm. This corresponds to a 21 ppm transit
epth difference between the chemical kinetics–transport and 
hemical equilibrium simulations, highlighting the important 
ole of atmospheric vertical transport in shaping the observation 
eatures. 
Our results have two broader implications for the atmospheric 
haracterization of temperate gas-rich planets. First, vertical mix- 
ng plays a crucial role in determining the photospheric molecu- 
ar abundances of such planets. Atmospheric retrievals and mod- 
llings of temperate mini-Neptunes, including promising targets 
uch as TOI-270d (T. Mikal-Evans et al. 2023 ) and LP 791-18c
M. S. Peterson et al. 2023 ), should therefore adopt disequilibrium
hemistry assumptions and a physically motivated Kzz profile, to 
void biased estimates of atmospheric metallicity and molecular 
bundances. Second, the rotation period has a limited influence 
n both the synthetic transmission spectra and the globally av- 
raged chemical abundance profiles, suggesting that the uncer- 
ainty in planetary rotation period of such relatively long-period 
lanets may not need to be explicitly considered in 1D retrieval
rameworks at the current level of observational precision. 
As with any modelling study, our simulations necessarily 

nvolve some simplifications. Photochemistry is not included 
n this study. While photochemistry may play a significant 
ole in the photosphere of K2-18b, considering the possible 
xtremely long convergence time for 3D simulation of sub- 
eptunes (H. Wang & R. Wordsworth 2020 ), fully coupled 3D 
hotochemical-radiative-hydrodynamic modelling within a 
CM might require significant computational resources, making 
t less practical. Further works on photochemical calculations 
n GCM can consider coupling a much computationally lighter 
hemical model (e.g. S.-M. Tsai, E. K. H. Lee & R. Pierrehumbert
022 ; E. K. H. Lee et al. 2023 ), or implement schemes to accelerate
he convergence time to equilibrium by artificially reducing the 
adiative time-scale in the deep atmospheric layers (e.g. M. 
urbet et al. 2021 ). Other efficient and practical approaches to
nvestigate photochemical kinetics on temperate sub-Neptunes 
nclude using the equivalent Kzz profile derived from our study 
equation 6 ) in the 1D models or adopting the wind speed fields
rom our GCM simulations in 2D photochemical models (e.g. 
.-M. Tsai et al. 2021 ; R. Baeyens et al. 2022 ). 
Condensation of chemical species is neglected in the simula- 

ions. However, the intersection between the water condensation 
urves and the air temperature profiles shown in figs 2(a)–(d) in
art I suggests that water clouds may form at the photosphere. Al-
hough B. Charnay et al. ( 2021 ) suggested that these clouds have
 relatively small impact on transmission spectra, the conden- 
ation of H2 O can suppress convection in hydrogen-dominated 
tmospheres, a phenomenon commonly referred to as ‘convective 
nhibition’ (T. Guillot et al. 1996 ; J. Leconte et al. 2017 , 2024 ; Y.
ao, D. D. B. Koll & F. Ding 2026 ). This convective inhibition
an suppress vertical transport, reduce Kzz , and potentially affect 
olecular abundances in the photosphere. Additionally, a recent 
tudy by N. Habib & R. T. Pierrehumbert ( 2025 ) reported that
onvective inhibition could lead to the depletion of water vapour 
n the upper atmosphere, preventing its detection. While only a 
mall region of the atmosphere in our simulations has the poten-
ial to undergo convective inhibition, this remains an important 
rocess to consider in future studies, especially for cooler planets. 
his also highlights the complex nature of vertical mixing on 
emperate sub-Neptunes. 
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ig. A2 shows the wind patterns for synchronous and 10:1 SOR
imulations as examples, with the wind patterns in other simula-
ions being similar. 

PPENDIX  B:  ADDITIONAL  INFORMATION  

ig. B1 shows the horizontal distribution of air temperature at
 bar. In the 2:1 SOR, 6:1 SOR, and 10:1 SOR simulations, the
NRAS 549, 1–19 (2026)

igure B1. Horizontal distribution of air temperature at 7 bar in the heliocen
:1 SOR, and 10:1 SOR simulations, respectively. 

igure B2. Pressure versus latitude distribution of air temperature contrast (a)
otal eddy heat transport (d) for the 6:1 SOR simulation. Results are derived from
ontrast begins to form, with an output interval of 10 d. 
olar regions are much warmer than the equatorial regions, lead-
ng to enhanced CO and CO2 abundances at high latitudes at
his level (Fig. 3 ). We argue that this reversed temperature con-
rast might result from the eddy heat convergence at the polar
egions (Fig. B2 ), transporting heat from low latitudes to high
atitudes. When ignoring the horizontal perturbation of air den-
ity at 1 to 10 bar for simplicity, the eddy heat flux convergence is
ttributed to the increase of air temperature: ∂ T 

∂ t ∼ −∂ (v′ T ′ +v ∗T ∗ ) 
∂ y 
tric frame. Panels from (a) to (d) are results from synchronous, 2:1 SOR, 

, transient eddy heat transport (b), stationary eddy heat transport (c), and 
 simulated data over the first 100 d, in which the horizontal temperature 
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igure B3. Column-integrated NH3 mole fraction contrast between 
igh- (> 75◦) and low- (< 15◦) latitude regions above the quench level
15 bar). The vertical axis shows the difference between the high- and
ow-latitude column abundances normalized by the global mean. Blue 
ircles and orange squares denote initial (under chemical equilibrium) 
nd transport-induced disequilibrium states, respectively. Arrows indi- 
ate the direction and magnitude of the shift induced by disequilibrium 

hemistry. Positive values indicate that NH3 is more abundant at high 
atitudes. The meridional contrast between high- and low-latitude regions 
ncreases under disequilibrium chemistry across all rotation states. 
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D. L. Hartmann 2007 ). However, due to the coarse vertical reso-
ution between 5 and 10 bar ( ∼1 bar), these temperature contrasts
ould also result from interpolation errors, random noise, or un- 
esolved dynamical processes. 
Fig. B3 shows the column-integrated NH3 meridional contrast 
bove the quench level (15 bar) in the initial thermochemical 
quilibrium state and under transport-induced disequilibrium 

hemistry. The meridional contrast increases under disequilib- 
ium chemistry across all rotation states. 
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