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A B S T R A C T 

The low equilibrium temperatures of temperate sub-Neptunes lead to extremely long chemical time-scales in their upper 
atmospheres, causing the abundances of chemical species to be strongly shaped by atmospheric transport. Here, we used a 
three-dimensional (3D) general circulation model involving a passive tracer to investigate the atmospheric circulation and 3D 

transport of temperate gas-rich sub-Neptunes, using K2-18b as an example. We model K2-18b as a synchronous or asynchronous 
rotator, exploring spin-orbit resonances (SOR) of 2:1, 6:1, and 10:1. We find that the strong absorption of CO 2 and CH 4 induces 
a detached conv ectiv e zone between 1 and 5 bar, resulting in strong vertical mixing at these levels. The upper atmosphere is 
dominated by eastward winds (an equatorial superrotating jet present in all simulations), leading to warmer evening terminators 
and approximately 20 per cent higher passive tracer mass mixing ratios compared to the morning terminators. Rotation rates have 
minimal impact on the strength of global mean vertical mixing, but significantly influence the latitudinal distribution of passive 
tracers. For synchronous, 2:1 SOR, and 6:1 SOR simulations, passive tracers are more abundant in the upwelling branches at 
latitudes within 60 

◦, while for the 10:1 SOR simulation, strong transient eddies at high latitudes ( > 70 

◦) between 0.1 to 1 bar can 

transport passive tracers upward from the deep atmosphere, making them more abundant there, despite their alignment with the 
downwelling branch of the large-scale circulation. This study focuses on the atmospheric dynamics and its influence on passive 
tracer transport, while a follow-up paper will incorporate active chemical species. 

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

etection of exoplanets has revealed that sub-Neptunes, with radii 
etween 1.7 to 3.5 times Earth’s radius, are abundant in the Galaxy
Batalha 2014 ; Fulton & Petigura 2018 ). Among them, temperate 
ub-Neptunes (with equilibrium temperatures between 250 and 
00 K) have gained significant interest due to their possible clear-sky 
onditions facilitating the detection of molecules and their potentially 
abitable environments. Previous studies suggest that temperate sub- 
eptunes with equilibrium temperatures below 500 K should be less 

loudy (Yu et al. 2021a ; Dymont et al. 2022 ; Brande et al. 2024 ),
aking them high-priority targets for observation. 
Sub-Neptunes are generally thought to have an accreted primordial 
 2 /He atmosphere with solid mantles and cores, akin to a smaller
ersion of the gas dwarf planets (e.g. Misener & Schlichting 
021 ). Ho we ver, their bulk density might also be explained by
w ater w orld’ scenario with substantial H 2 O in the condensed or
team form (e.g. Zeng et al. 2019 ; Luque & Pall ́e 2022 ). Given
 suf ficiently lo w surface temperature, recent studies propose that 
hese H 2 O-rich temperate sub-Neptunes could have a liquid ocean 
urface, categorized as ‘Hycean worlds’ (e.g. Madhusudhan et al. 
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020 ; Piette & Madhusudhan 2020 ; Nixon & Madhusudhan 2021 ),
roviding a suitable environment for harbouring life. 
Up to now, JWST has detected molecules on two temperate sub-

eptunes: K2-18b (Madhusudhan et al. 2023 , 2025 ) and TOI-270d
Benneke et al. 2024 ; Holmberg & Madhusudhan 2024 ). Of them,
2-18b has gained significant interest as it receives a similar stellar
ux as Earth ( ∼1367 W m 

−2 ), located in the canonical habitable zone
Kasting, Whitmire & Reynolds 1993 ; Kopparapu et al. 2013 ). K2-
8b has a mass of about 8.6 M ⊕, a radius of about 2.6 R ⊕, and an
rbital period of 32.94 Earth days 1 (Montet et al. 2015 ; Benneke
t al. 2019 ). It has an equilibrium temperature of ∼280 K with zero
lanetary albedo. Madhusudhan et al. ( 2023 ) reported a detection of

1 per cent volume mixing ratio of CH 4 and ∼ 1 per cent volume 
ixing ratio of CO 2 . The featured JWST transmission spectrum of
2-18b provides critical insights into its atmospheric composition 

nd interior structure, while also serving as a key constraint for
orward atmospheric modeling. 

Madhusudhan et al. ( 2023 ) argued that the detection of CH 4 and
O 2 , along with the non-detection of NH 3 , provides evidence that
2-18b could be a Hycean world, as a water ocean can lead to the
epletion of NH 3 (Hu et al. 2021 ). Ho we ver, this conclusion is later
isputed by Shorttle et al. ( 2024 ), showing that the high solubility of
 Unless otherwise specified, ‘day’ hereafter refers to an Earth day. 
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H 3 in magma ocean can explain its depletion. Moreover, subsequent
hotochemical modeling by Wogan et al. ( 2024 ) suggested that
he lifeless Hycean world scenario does not agree with the data.
nstead, either an ‘inhabited’ Hycean world with a biological CH 4 

ux or a gas-rich mini-Neptune 2 with 100 times solar metallicity can
rovide a comparable agreement to the observations. Wogan et al.
 2024 ) argued that the mini-Neptune scenario is more fa v ourable,
s it is simpler and does not require the presence of a biosphere.
ater, Cooke & Madhusudhan ( 2024 ) reexamined the three scenarios
onsidered by Wogan et al. ( 2024 ) and rebutted that the inhabited
ycean world scenario should be preferred o v er the mini-Neptune

cenario, as its chemical abundances are consistent with all retrieved
alues in Madhusudhan et al. ( 2023 ). A recent study reported hints
f possible signatures on K2-18b using JWST MIRI observation, but
as evoked debates (Luque et al. 2025 ; Seager et al. 2025 ; Taylor
025 ; Welbanks et al. 2025 ). 
Due to the limited transmission spectra and relatively low signal-

o-noise ratio of the JWST data, the debate on K2-18b’s interior is not
esolved yet. In this study, we assume that K2-18b is a mini-Neptune.

hile we do not explore the Hycean world or magma ocean scenario,
 better understanding of K2-18b as a gas-rich mini-Neptune may
elp resolve the degeneracy in its structural interpretation. We note
hat the current study was initiated when the observational data from

adhusudhan et al. ( 2023 ) were the primary reference available,
o the simulation setup (e.g. metallicity, cloud-free and haze-free
cenario) was made according to this paper. We acknowledge that
 recent reanalysis by Schmidt et al. ( 2025 ) casted doubt on the
obustness of the CO 2 detection reported in Madhusudhan et al.
 2023 ), and suggests that an oxygen-poor mini-Neptune model
ay also be consistent with the observations. Additional JWST

ransmission spectra for K2-18b are anticipated in the near future
Hu & Damiano 2021 ), which will provide improved constraints and
urther refine our understanding of this intriguing planet. 

One common way to interpret the atmospheric composition from
bservational data is to do forward chemical modelling. The low
quilibrium temperature of mini-Neptune K2-18b leads to excep-
ionally long chemical time-scales ( τchem 

� 10 10 s) compared to the
ertical mixing time-scale ( τmix ) in the cold upper atmosphere (Moses
t al. 2011 ; Visscher & Moses 2011 ). As a result, the chemical
bundances are strongly influenced by atmospheric transport and
eviate from chemical equilibrium (i.e. τchem 

> τmix ). The abundance
f a molecular constituent may become ‘quenched’ at a value
epresentative of the quench level, which is defined by τchem 

= τmix .
his can result in a significant change in molecular abundances

n the photosphere, a region between ∼ 10 −2 and ∼ 10 −4 bar,
hich impacts the observed transmission spectrum. Furthermore,
orizontal mixing, particularly driven by the strong jets in the upper
tmosphere, can influence the horizontal distribution of chemical
pecies, potentially affecting the observed features at the morning
nd evening terminators (e.g. Ag ́undez et al. 2012 , 2014 ; Baeyens
t al. 2021 ). In light of these, understanding the effects of atmospheric
ynamics on the three-dimensional transport of chemical species is
mportant to correctly interpret the observation data. 

Previous studies on the disequilibrium chemistry of K2-18b as
 mini-Neptune have predominantly used one-dimensional (1D)
NRAS 541, 2897–2916 (2025) 

 ‘Sub-Neptune’ is used to classify planets based on size (analogous to 
uper-Earths) while ‘mini-Neptune’ refers to planets categorized by their 
nterior structure (analogous to Hycean world). A thorough discussion of 
ub-Neptunes’ interior and envelope structure can be found in Benneke et al. 
 2024 ). 
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odels (e.g. Blain, Charnay & B ́ezard 2021 ; Tsai et al. 2021 ; Yu
t al. 2021b ; B ́ezard, Charnay & Blain 2022 ; Cooke & Madhusudhan
024 ; Wogan et al. 2024 ). These models parametrize vertical mixing
sing the eddy dif fusion coef ficient ( K zz ). Ho we ver, this approach
 v ersimplifies the inherently complex nature of vertical mixing, and
he values of K zz are often poorly constrained, reducing the reliability
f the results. Furthermore, exoplanetary atmospheres are intrinsi-
ally three-dimensional (3D), with atmospheric dynamics influenc-
ng both vertical and horizontal transport of chemical species. Since
D models do not account for horizontal mixing, they struggle to fully
apture the complexity of transport-induced chemistry on K2-18b. 

So far, three studies have conducted 3D simulations of K2-18b
sing general circulation models (GCMs) (Charnay et al. 2021 ;
nnes & Pierrehumbert 2022 ; Barrier & Madhusudhan 2025 ). Char-
ay et al. ( 2021 ) investigated cloud formation on K2-18b using a
odel with a non-gre y radiativ e scheme and cloud scheme. Their

esults suggest that, assuming K2-18b is a synchronous rotator, its
pper atmosphere is primarily shaped by a symmetric day-night
 v erturning circulation, with clouds preferentially forming at the
ubstellar point or along the terminators. Innes & Pierrehumbert
 2022 ) employed a double-grey radiative scheme to study the dry
tmospheric circulation, finding that K2-18b’s upper atmosphere is
ominated by eastward winds and an equatorial superrotating jet.
arrier & Madhusudhan ( 2025 ) adopted a new convection scheme

o model the convection on K2-18b. Ho we ver, none of these studies
ocused on atmospheric transport or transport-induced chemistry,
eaving these aspects largely unexplored. 

In this study, we present the first 3D investigation of transport-
nduced disequilibrium chemistry in the atmosphere of the temperate

ini-Neptune K2-18b. Since atmospheric dynamics play a crucial
ole in shaping the distribution of chemical species, understanding
hese processes is essential for accurately interpreting the planet’s
tmospheric composition. To address this, we structure our work
nto two consecutive papers. 

Part I (this paper) focuses on characterizing the atmospheric circu-
ation and its influence on three-dimensional transport in simulations
hat include a fully coupled chemical kinetics scheme. To isolate
he role of atmospheric dynamics, we use a passive tracer that is
dvected by atmospheric motions but does not interact with radiation
r chemical reactions. Although we do not analyse the chemical
omposition in this paper, we emphasize that the simulations do
ncorporate full chemical kinetics. 

In Part II, we analyse the resulting chemical structure, derive an
qui v alent K zz profile for further use in 1D models, and compare the
ynthetic transmission spectra with JWST observations reported by
adhusudhan et al. ( 2023 ). 
The outline of this paper is as follows. In Section 2 , we introduce

he GCM used in this study and describe the experimental design.
n Sections 3.1 and 3.2 , we discuss the thermal structure and the
tmospheric circulation on K2-18b, while in Section 3.3 , we describe
nd explain the passive tracer distribution. Finally, conclusions and
iscussion are given in Section 4 . 

 M O D E L  DESCRI PTI ON  A N D  EXPERI MENTAL
E S I G N  

.1 Unified model 

he 3D GCM we employed in this study is the Met Office Unified
odel (UM). UM was originally developed to model Earth’s atmo-

phere, then modified to simulate hydrogen-dominated hot Jupiters
e.g. Mayne et al. 2014 , 2017 ; Amundsen et al. 2016 ; Drummond
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Table 1. Parameters used in this study. 

Parameter K2-18b 

Stellar flux 1367 W m 

−2 

Inner radius ( R p ) 16 430 km 

Orbital period 32.94 d 
Planetary mass 5.15 ×10 25 kg 
Semi-major axis 0.1591 au 
Surface gravity ( g p ) 12.44 m s −2 

Atmospheric composition 180 × solar metallicity 
Specific gas constant ( R) 1023 J kg −1 K 

−1 

Specific heat capacity ( c p ) 3733 J kg −1 K 

−1 

Mean molecular weight 8.46 g mol −1 

Internal temperature 60 K (3.7 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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t al. 2016 , 2018b , 2020 ; Christie et al. 2021 ; Zamyatina et al. 2022 )
nd sub-Neptunes (e.g. Drummond et al. 2018a ; Mayne et al. 2019 ;
hristie et al. 2022 ). The model set-up for a hydrogen-dominated at-
osphere is comprehensively described in Mayne et al. ( 2014 , 2017 ).
The dynamic core of UM solves the non-hydrostatic equations of 
otion using a semi-implicit semi-Lagrangian scheme using finite 

ifference on an Arakawa C grid (Wood et al. 2014 ). The model
mploys a geometric height-based grid for the vertical domain. 
ravity varies with height, following g( r) = g p ( R p /r) 2 , where g p 

nd R p are the surface gravity and planetary radius, and r is the radial
istance. The horizontal resolution used in this study is 2.5 ◦×2 ◦ in
ongitude versus latitude. The pressure level ranges from 200 bar to 

1 P a, with 66 v ertical lev els equally spaced in height. The radiation
s calculated by a two-stream correlated-k radiative transfer model 
OCRATES (Edw ards 1996 ; Edw ards & Slingo 1996 ), with 32
pectral bands co v ering 0.2–322 μm. We include the opacity of H 2 O,
H 4 , NH 3 , CO 2 , and CO, the H 2 –H 2 collision-induced absorption,
 2 –He collision-induced absorption, and the Rayleigh scattering due 

o H 2 and He. 
The model employs three methods to obtain stability: horizontal 

iffusion on the zonal wind, vertical damping at the boundary levels, 
nd a bottom drag (see Appendix A for more information). These 
ethods can ensure the model runs stably for at least ten thousand

ays, with the angular momentum loss within 3 per cent and the total
ass loss within 1.5 per cent (Fig. A1 ). 

.2 K2-18b set-up 

2-18b is a sub-Neptune with a mass of about 8.6 M ⊕, a radius of
bout 2.6 R ⊕, and an orbital period of 32.94 d (Benneke et al. 2019 ).
t receives a similar stellar flux as Earth ( ∼1367 W m 

−2 ) and has an
quilibrium temperature of ∼280 K assuming zero planetary albedo. 
he parameters of this planet are listed in Table 1 . 
Considering the long orbital period of K2-18b, we compare its tidal 

pin-down time-scales with the age of the K2-18 system to assess
hether the planet might be an asynchronous rotator. The tidal spin-
own time-scale of the planet is given by Guillot et al. ( 1996 ): 

t = Q 

( 

R 

3 
p 

GM p 

) 

ω p 

(
M p 

M ∗

)2 (
D 

R p 

)6 

, (1) 

n which Q is the planet’s tidal dissipation rate, G is the gravitational
onstant, R p and M p are the planet’s radius and mass, M ∗ is the
ass of the star, ω p is the planet’s primordial rotation rate, and
 is the semi-major axis. Assuming a tidal dissipation factor for
ub-Neptunes, Q = 10 4 (Louden, Laughlin & Millholland 2023 ), 
nd a primordial rotation rate similar to Jupiter’s, ω p = 1 . 7 × 10 −4 

 

−1 (Guillot et al. 1996 ), τt is estimated to be approximately 1 Gyr.
he age of K2-18 system ( τa ) estimated using the relation in Engle &
uinan ( 2018 ) is approximately 2.37 Gyr, and is estimated to be 2.9–
.1 Gyr based on gyrochronology in Sairam & Madhusudhan ( 2025 ).
Given the comparable magnitude of τt and τa , K2-18b likely 

as not had sufficient time to become fully 1:1 tidally locked. In
ight of this, we investigate both synchronous and asynchronous 
onfigurations. To explore the latter, we model spin-orbit resonances 
SOR) at 2:1, 6:1, and 10:1, corresponding to rotation periods of
6.47, 5.49, and 3.29 d, respectively. The asynchronous scenario of 
2-18b is also considered and modelled in Charnay et al. ( 2021 ).

n this study, both obliquity and eccentricity are assumed to be
ero for simplicity. Nevertheless, Cloutier et al. ( 2017 ) estimated
he eccentricity of K2-18b to be approximately 0.2, while Sarkis 
t al. ( 2018 ) reported it to be less than 0.4. 

Because the spectrum of K2-18 (ef fecti ve temperature of 3457 K)
as not been measured, we instead use the spectrum of GJ 176,
n M2.5 star with an ef fecti ve temperature of 3670 K, measured by
USCLES surv e y (France et al. 2016 ). For all the simulations, we

et the internal temperature to 60 K, corresponding to an internal heat
ource of 3.7 W m 

−2 , following Charnay et al. ( 2021 ). 
Clouds and hazes are not included in this study. Ho we ver, as noted

y Madhusudhan et al. ( 2023 ) and Wogan et al. ( 2024 ), a cloud-
ree and haze-free scenario provides a good agreement to the JWST
bservations of K2-18b reported in Madhusudhan et al. ( 2023 ). This
upports the assumption that neglecting clouds and hazes in this 
tudy should be reasonable. 

Considering the long convergence times of sub-Neptunes’ 3D 

imulations noted by Wang & Wordsworth ( 2020 ) and the substantial
omputational cost of the chemical kinetics scheme, we do the 
imulations in two steps. First, we spin up the model by prescribing
olecular abundances for the chemical species that affect opacity 

referred to as the ‘fixed abundance run’) until the system reaches a
ynamical equilibrium state, discussed below. After the fixed abun- 
ance runs reach dynamical equilibrium, the model is restarted with 
hemical kinetics enabled (‘kinetics run’), which involves chemical 
eactions, advection of chemical species by atmospheric circulation, 
nd the interaction between chemical species and radiation. 

The chemical kinetics scheme employed in this study solves 
 set of ordinary differential equations (ODEs) to describe the 
roduction and loss of chemical species, based on a chemical 
etwork. These ODEs are integrated using the DLSODES solver 
Hindmarsh 1983 ). The chemical network is adapted from Venot 
t al. ( 2019 ), consisting of 30 chemical species and 181 reversible
eactions, excluding photodissociation processes. This scheme has 
een previously applied in studies of hot gaseous planets (Drummond
t al. 2020 ; Zamyatina et al. 2022 , 2024 ). A detailed discussion of
he chemical kinetics scheme and its implications can be found in
rummond et al. ( 2020 ) and Zamyatina et al. ( 2022 , 2024 ), and will
e presented in Part II, where we analyse the chemical structure. In
ddition to chemical species, a passive tracer that is advected by the
ow but not actively affected by chemical reactions or interacts with
adiation is incorporated into the kinetics runs to diagnose the effect
f atmospheric transport. The set-up of the passive tracer will be
iscussed in Section 2.3 . 
The fixed abundance runs are initialized from rest, using a 

emperature–pressure profile from the 1D radiativ e-conv ectiv e equi- 
ibrium model ATMO assuming chemical equilibrium (Tremblin et al. 
015 ; Drummond et al. 2016 ; Tremblin et al. 2016 ). This ATMO
imulation assumes 180 times solar metallicity, a solar C/O ratio 
MNRAS 541, 2897–2916 (2025) 
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Figure 1. The comparison between τchem 

of CO, CO 2 , NH 3 , and CH 4 with 
τmix and τadv . Chemical time-scales are calculated using the Arrhenius-like 
fits provided in Zahnle & Marley ( 2014 ), where they are expressed as: τCO = 

40 P 

−2 exp (25 , 000 /T ) s, τCO 2 = 10 −10 P 

−0 . 5 exp (38 , 000 /T ) s, τNH 3 = 

10 −7 P 

−1 exp (52 , 000 /T ) s, and τCH 4 = 3 × 10 −6 P 

−1 exp (42 , 000 /T ) s. 
Here, T and P are the air temperature and pressure. The chemical time- 
scales reported in Zahnle & Marley ( 2014 ) are based on solar composition 
and variations in metallicity can influence them. For example, Visscher ( 2012 ) 
suggested that τCO scales with the square of metallicity, while τCH 4 is inversely 
proportional to metallicity. Ho we ver, on the temperate mini-Neptune K2-18b, 
the dominant factor that increases τchem 

is the low air temperature, while the 
impact of metallicity remains relatively minor. The chemical time-scale of 
H 2 O is not provided in Zahnle & Marley ( 2014 ), but we expect its trend 
to agree with the four chemical species shown in the plot. τmix and τadv are 
calculated based on the simulation results of the synchronous fixed abundance 
run. 
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0.55), and ef fecti ve heat redistribution, corresponding to a geometry
actor of 0.25. Molecular abundances used in the fixed abundance
uns are derived from ATMO under chemical kinetics, with the
ame metallicity and C/O ratio, assuming a K zz of 10 6 cm 

2 s −1 

nd excluding photochemistry. The above-chosen metallicity and
 zz values are based on the best agreement between the synthetic

ransmission spectrum from this simulation and JWST observations
eported in Madhusudhan et al. ( 2023 ) among the reasonably selected
arameters (Fig. C1 ). For a more detailed discussion of these
arameter choices, please refer to Appendix C , and the results
rom the 1D chemical kinetics ATMO simulations can be seen in
ig. C2 . The mean molecular weight, specific heat capacity, and
pecific gas constant used in the 3D simulations are derived from
he vertical mean value from this 1D chemical kinetics simulation
shown in Table 1 and Figs C3 a and b]. Equilibrium of the fixed
bundance run is identified when the kinetic energy stabilizes, or the
op-of-atmosphere energy imbalance is within 3 W m 

−2 . The fixed
bundance runs are run for 5500 d for the synchronous and 2:1 SOR
imulations, 8000 d for the 6:1 SOR simulation, and 10 000 d for the
0:1 SOR simulation (Fig. B1 ). 
The kinetics runs are initialized with the 3D temperature and

ind speed fields obtained from the preceding fixed abundance runs.
he chemical abundances are initialized with chemical equilibrium
bundances calculated by the initial 3D temperature fields. In the
inetics runs, the metallicity is set to 180 times solar, assuming
he solar C/O ratio, while the other parameters remain the same
s the fixed abundance runs. The kinetics runs are then run for
n additional 5100 d (approximately 155 K2-18b yr), which is
ufficient for molecular abundances in the photosphere to stabilize
o a quasi-steady state (Fig. B2 ). The final 330 d of the kinetics runs
corresponding to 10 K2-18b yr) are averaged at an output frequency
f 10 d for subsequent analysis. 
The fixed abundance run requires approximately 1 day for 900 d of

imulation with 864 CPUs on the Max Planck Society’s Viper High-
erformance Computing system. The kinetics run requires about two

o three times the wall time of the fixed abundance run. 

.3 P assi v e tracer parametrization 

s discussed in Section 1 , the cool temperature in the upper
tmosphere leads to extremely long chemical time-scales in the upper
tmosphere, making the abundance and distribution of chemical
pecies significantly affected by atmospheric transport. We begin by
omparing the chemical time-scale ( τchem 

), the vertical mixing time-
cale ( τmix ), and the horizontal advection time-scale ( τadv ) to gain a
rst-order understanding of which atmospheric layers are dominated
y atmospheric transport. This comparison also informs the setup of
he passive tracer. 

Fig. 1 compares τchem 

of CO, CO 2 , NH 3 , and CH 4 with τmix and
adv in the synchronous fixed-abundance run. τchem 

is calculated using
he Arrhenius-like fits provided in Zahnle & Marley ( 2014 ). τmix 

s estimated as H /w rms , where H is the atmospheric scale height
nd w rms is the horizontal root-mean-square of v ertical v elocity.
adv is given by R p /u rms , where R p is the planetary radius and
 rms is the horizontal root-mean-square of zonal wind speed. At
ressure levels above approximately 10 bar, chemical time-scales
ecome significantly longer than both τmix and τadv , indicating that
tmospheric dynamics dominates in these regions. 

To diagnose the strength of vertical transport, characterize hori-
ontal transport, and estimate equi v alent 1D K zz profiles in regions
ominated by atmospheric dynamics, we incorporate passive tracers
nto the kinetics runs. These passive tracers are advected solely as
NRAS 541, 2897–2916 (2025) 
ass mixing ratios by the flow in the GCM. They do not affect
adiative transfer (opacity) nor participate in chemical reactions. It
s worth noting that tracer transport is computed concurrently with
he chemical species and reactions. We focus on the pressure levels
here atmospheric transport dominates, so no source/sink terms are

pplied to the tracer field: 

dq 

dt 
= 0 . (2) 

ere, q is the tracer mass mixing ratio and dq 

dt 
is the material

eri v ation of the tracer mass mixing ratio. Thus, the tracers’ local
hange o v er time is determined by adv ection. In the spherical
oordinates, this yields: 

∂ q 

∂ t 
= − u 

r cos φ

∂ q 

∂ λ
− v 

r 

∂ q 

∂ φ
− w 

∂ q 

∂ r 
. (3) 

n the abo v e equation, u , v, and w are the zonal, meridional, and
 ertical v elocities, and the coordinates λ, φ, and r are longitude,
atitude, and radial distance. 

The initial tracer profile q init is taken to be a simple function
n which q exponentially decreases from a fixed abundance at the
uench pressure P quench : 

 init = 

{ 

10 −5 ·
(

P 
P quench 

)1 . 5 
P < P quench 

10 −5 P ≥ P quench 

. (4) 

e set P quench = 10 bar as τchem 

becomes significant larger than τmix 

nd τadv at 10 bar. This set-up represents a chemical species with an
xtremely long τchem 

, sourced uniformly from the deep atmosphere.
he investigation of tracers sourced from the deep atmosphere is
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Figure 2. Global mean air temperature vertical profiles (a), global mean air temperature lapse rate profiles (b), and zonal-mean vertical velocity between 0.1 
and 100 bar (c–f). We restrict the vertical velocity plots to this pressure range to better highlight the enhanced vertical motion within the detached conv ectiv e 
zone, located between 1 and 5 bar. In panels (a) and (b), different coloured lines represent results from simulations with different rotation periods. Coloured lines 
in panel (a) o v erlap with each other, indicating that global mean air temperature profiles are consistent between different rotation periods. The dashed black line 
in panel (b) is the adiabatic temperature lapse rate, and its intersection with the local temperature lapse rate indicates the appearance of conv ectiv e zones. The 
thin grey dashed lines indicate the boundary between the radiati ve-convecti ve (RC) zones and the convective (Conv) zone. 
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oti v ated by the importance of CO 2 quenching in explaining the
ransmission spectra reported in Madhusudhan et al. ( 2023 ), as
uggested by Wogan et al. ( 2024 ). The choice of the quench pressure
s supported by the fact that the quenched levels for most of the
ominated species range between 1 and 10 bar in 3D simulations,
s discussed in Part II. The analysis and the estimated equi v alent
D K zz profile are insensitive to the initial tracer mass mixing ratio,
rovided that the initial vertical gradient of the tracer is sufficiently 
teep and the simulations run long enough to achieve a quasi-steady 
tate (Komacek, Showman & Parmentier 2019 ). 

Note that previous studies on vertical mixing in exoplanetary 
tmospheres typically include source and sink terms for tracers 
epresenting chemical species (e.g. Zhang & Showman 2018a , b ; 
omacek et al. 2019 ). This is primarily because those studies focus
n hotter planets, such as hot Jupiters, which e xhibit relativ ely short
hemical time-scales. For instance, the longest τchem 

considered in 
omacek et al. ( 2019 ) and Zhang & Showman ( 2018b ) are 10 6 s
nd 10 11 s, respectively, with the latter value occurring only in the
ppermost atmosphere during their ‘quench experiments’, where 
chem 

increases with altitude. In contrast, the τchem 

we estimate 
sing our temperature profiles exceeds 10 7 s above 10 bar and 
xceeds 10 19 s above 1 bar, indicating significantly slower chemical 
rocesses. Our study thus addresses tracer behaviour with extremely 
ong lifetimes – a regime not explored in previous works. Moreover, 
ecause our simulations include realistic chemical reactions, we are 
ble to directly determine quench levels without requiring additional 
arameter studies (Zhang & Showman 2018b ). 

 RESULTS  

n this section, we present the results and analysis of our 3D chemical
inetics simulations for K2-18b. Sections 3.1 and 3.2 explore the 
hermal structure and atmospheric circulation, respectively, while 
ection 3.3 discusses the 3D distribution of passive tracers used to 

nvestigate atmospheric transport processes. 
.1 Thermal structure 

n this section, we analyse the thermal structure of K2-18b. As shown
n Fig. 2 a, the global mean air temperature vertical profiles of K2-
8b are consistent between different rotation periods. For pressures 
arger than 0.0005 bar, air temperature increases with pressure, while 
n the upper atmosphere, a thermal inversion forms due to the strong
hortwave absorption of CH 4 , whose value mixing ratio is ∼0.1 at
hese layers (will be shown in Part II). 

K2-18b’s thermal structure features two detached conv ectiv e 
ones, situated between radiativ e–conv ectiv e re gions. These con-
 ectiv e zones occur at approximately 1 to 5 bar and in the deep
tmosphere around 190 bar, as highlighted by the thick black line
n Fig. 2 a. These conv ectiv e re gions are characterized by the air
emperature following the dry adiabatic lapse rate (Fig. 2 b), where
log T / dlog p = R/c p = 0 . 274. Here, T and p are air temperature
nd pressure, R is the gas constant, and c p is the specific heat capacity.
s mentioned in Section 2.2 , R and c p are set to constant values based
n the vertical mean from the 1D ATMO chemical kinetics simula-
ion. Ho we ver, in reality, both parameters can vary with altitude
Fig. C3 ). 

The conv ectiv e zones form because radiative processes at these
ayers are insufficient to carry energy out. The peak of the Planck
unction in the detached conv ectiv e zone, between 1 to 5 bar with
emperatures of 650 to 880 K, falls within the 4.5 to 3.3 μm range
etermined by Wien’s Displacement Law ( λmax = 2 . 897 × 10 −3 /T ).
his places the local Planck function directly within the strong 
O 2 absorption band at 4.3 μm (Yurchenko et al. 2020 ) and the

trong CH 4 absorption band at 3.3 μm (Yurchenko et al. 2024 ).
s will be shown in Part II, CO 2 and CH 4 are two dominant

hemical species, with mole fractions of ∼ 10 −3 and ∼0.1 at this
ayer. The strong absorption of CO 2 and CH 4 forms an optically
hick layer, significantly reducing the thermal flux. Simultaneously, 
trong near-infrared absorption by CH 4 and H 2 O limits the amount
f stellar radiation reaching this region. With reduced radiative flux, 
eat transport is primarily driven by convection, further stimulating 
MNRAS 541, 2897–2916 (2025) 
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Figure 3. Air temperature vertical profiles (a–e) and air temperature horizontal distribution at 0.001 bar (f–i) and 0.1 bar (j–m). The results are transforming in 
the heliocentric frame (keeping the substellar point at 0 ◦ longitude and 0 ◦ latitude). In panels (a)–(d), zonal-mean air temperatures at the equator (0 ◦), and the 
polar re gions (av erage o v er 90 ◦S and 90 ◦N) are shown in red and blue lines, black and orange lines show the meridional-mean air temperature at the morning 
and evening terminators, and water condensation curves are shown in grey lines. Panel (e) depicts the temperature contrast between the evening and morning 
terminators (solid) and the temperature contrast between the equator and the poles (dashed). Coloured lines in panel (e) show results from different simulations. 
The black star-shaped markers in panels (f)–(m) indicate the location of the substellar point. The first four columns from left to right are results from simulations 
assuming K2-18b is synchronous or is under 2:1 SOR, 6:1 SOR, and 10:1 SOR. 
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onv ectiv e motions (Marle y & Robinson 2015 ). In deeper layers,
he peak of the Planck function shifts to shorter wavelengths. At the
eepest layer, where the temperature reaches approximately 1300 K,
he Planck function peak mo v es to 2.3 μm, aligning with another
trong CH 4 absorption band (Yurchenko et al. 2024 ), which leads to
he formation of another conv ectiv e layer. 

Notably, the detached conv ectiv e re gion between 1 to 5 bar e xhibits
elativ ely strong v ertical v elocity (Figs 2 c–f) and vertical mixing
discussed in Section 3.3 ). The deep conv ectiv e layer near the
ottom boundary induces instability in the model, necessitating the
mplementation of a bottom sponge layer and bottom drag to maintain
tability, as detailed in Appendix A . 

To preserve the day-to-night thermal contrasts that might be
moothed out by temporal averaging, we present the horizontal
hermal structures in a heliocentric frame, where the substellar point
emains fixed at 0 ◦ longitude and 0 ◦ latitude. This approach is
articularly important for asynchronous rotators, as the observed
ransmission spectrum probes the morning and evening terminators
t the moment of transit. 

In the heliocentric frame, a temperature difference between the
vening and morning terminators (referred to as the limb difference)
merges around 0.02 bar across all simulations, increasing from a few
elvin at 0.02 bar to a maximum of 120 K at the top of the atmosphere

Figs 3 a–e). This limb difference remains largely consistent across
ifferent rotation rates (Fig. 3 e). It is primarily driven by eastward
eat transport from the substellar point, caused by strong westerly
inds in the upper atmosphere (discussed further in Section 3.2 ). A

omparison of Figs 3 f–i shows that the eastward offset of the hotspot
NRAS 541, 2897–2916 (2025) 

r  
ecomes more prominent in the 6:1 SOR and 10:1 SOR simulations,
here faster rotation shortens the planetary day, thus reducing the

ubstellar heating duration and enhancing the efficiency of zonal heat
edistribution. 

As shown in Fig. 3 e, a noticeable meridional temperature contrast
ev elops abo v e 0.5 bar in the synchronous, 2:1 SOR, and 6:1 SOR
imulations, while in the 10:1 SOR simulation, it emerges at a deeper
ev el, abo v e 10 bar. The meridional temperature contrast remains
onsistent in the synchronous and 2:1 SOR simulations but increases
ith rotation rate in the 6:1 SOR and 10:1 SOR simulations. This

rend is more evident in Figs 3 j–m, where the synchronous and 2:1
OR simulations exhibit similar temperature patterns, both showing
n equator-to-pole contrast of approximately ∼60 K. In contrast, the
:1 SOR and 10:1 SOR simulations display a significantly larger
eridional temperature difference, with the contrast increasing from
120 K in the 6:1 SOR simulation to ∼150 K in the 10:1 SOR

imulation. 
This trend can be explained by the dimensionless equatorial

ossby deformation length, given by 

 = 

L eq 

R p 
= 

√ 

NH 

2 R p �
(5) 

n which L eq is the equatorial Rossby deformation radius, N is the

runt–Vaisala frequency ( N = 

√ 

g 

T 

(
g 

c p 
+ 

d T 
d r 

)
), where g is surface

ravity, H is the atmospheric scale height ( RT 
g 

), and � is the rotation
ate (Leconte et al. 2013 ; Showman, Tan & Parmentier 2020 ). As
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Figure 4. The zonal-mean zonal wind for all the simulations. 
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een in Fig. 2 a, the atmosphere is nearly isothermal at 0.001 bar

 | d T /d r| < 0.001 K m 

−1 ), so NH can be simplified to R 

√ 

T 
c p 

. Use

he parameters of K2-18b listed in Table 1 , and using T = 250 K at
.001 bar, L for simulations of synchronous, 2:1 SOR, 6:1 SOR, and
0:1 SOR are 1.91, 1.35, 0.78, and 0.6, respectiv ely. F or simulations
f synchronous and 2:1 SOR, L is larger than 1, indicating that
he whole planet is predominantly in a dynamical ‘tropical regime’ 
Andrews, Leovy & Holton 1987 ; Holton & Hakim 2013 ; Showman
t al. 2013 ). In this state, due to the relatively weak effects of
otation, atmospheric wa ves (e.g. gra vity wa ves) are pre v alent at
ll longitudes, reducing the meridional temperature contrast. When 
he rotation period decreases to 5.49 d for simulation 6:1 SOR, L
ecreases below 1, suggesting that these tropical waves are trapped 
n lower latitudes and the temperature contrast increases. As the 
otation period further decreases, L decreases, and the meridional 
emperature contrast continues to increase. 

The water condensation curves are plotted in Figs 3 a–d. The 
egion enclosed by the intersection of condensation curves and air 
emperature profiles, between 0.01 and 10 −4 bar, indicates that if 
ufficient H 2 O molecules and cloud condensation nuclei are present 
n K2-18b, H 2 O can condense to form water clouds. These clouds
ay be populated at the polar regions and can form at the morning

erminator in all the simulations. Although not included in the model, 
he moist-convection inhibition induced by H 2 O condensation may 
lter the air temperature and reduce vertical mixing between 0.01 
nd 10 −4 bar (Guillot et al. 1996 ; Leconte et al. 2017 , 2024 ). 

.2 Atmospheric circulation 

n this section, we analyse the wind structure in the simulations.
s shown in Fig. 4 , eastward wind dominates the pressure levels

bo v e 0.1 bar with the occurrence of an equatorial superrotating jet
n all the simulations. For simulations assuming synchronous and 
:1 SOR, only the equatorial jet is present. As the rotation period
ecreases, two additional off-equator jets emerge at higher latitudes 
t pressures lower than ∼0.1 and ∼10 bar for 6:1 SOR and 10:1 SOR
imulations, respectively (Figs 4 c and d). The off-equator jet speed 
s stronger in the faster rotating 10:1 SOR simulation. 

Fig. 5 depicts the horizontal distribution of wind patterns at 
.001 bar in the heliocentric frame. The zonal wind is dominated by
he eastward wind (Fig. 5 a–d). The meridional wind is characterized 
y a robust equator-to-pole circulation (Figs 5 e–h) on the day side
nd a reversed circulation on the night side, which should be triggered
y the day-side circulation. The peak speed of the meridional wind
an reach up to 300 m s −1 at 0.001 bar. The v ertical v elocity field
ligns with these circulation patterns (Figs 5 i–l). Upwelling motions 
ominate the low- and mid-latitudes of the day side, and downwelling 
otion dominates high latitudes. The night side exhibits a reversed 

irculation, with upwelling at high latitudes and downwelling at 
ow- and mid-latitudes, which the day-side circulation should trigger 
o maintain mass conservation. These meridional and vertical wind 
atterns persist to 0.01 bar, but with a small wind speed (not shown).
Given that the eastward winds in the upper atmosphere play 

 crucial role in shaping the horizontal distribution of tracers, 
e provide an analysis of the mechanisms driving the equatorial 

uperrotation. The formation of the equatorial superrotating jet and 
igh-latitude jets can be explained by analysing the zonal- and 
emporal-mean zonal momentum equation: 

∂ ([ ρ][ u ]) 

∂ t 
= − 1 

r cos 2 φ

∂ ([ ρv ][ u ] cos 2 φ) 

∂ φ
− 1 

r 3 

∂ ([ ρw ][ u ] r 3 ) 

∂ r 

− 1 

r cos 2 φ

∂ ([ ( ρv) ′ u 

′ cos 2 φ]) 

∂ φ
− 1 

r 3 

∂ ([ ( ρw) ′ u 

′ ] r 3 ) 
∂ r 

− 1 

r cos 2 φ

∂ ( [ ρv ∗u 

∗ cos 2 φ]) 

∂ φ
− 1 

r 3 

∂ ([ ρw 

∗u 

∗] r 3 ) 

∂ r 

+ 2 �sin φ[ ρv ] − 2 �cos φ[ ρw ] + [ ρG λ] 

−∂ ([ ρ ′ u 

′ ]) 
∂ t 

− ∂ ([ ρ∗u 

∗]) 

∂ t 
. (6) 

ere, o v erbars (primes) and brackets (asterisks) denote temporal and
onal averages (de viations), respecti vely. The first six terms on the
ight-hand side represent horizontal and vertical mean flow, transient 
ddy, and stationary eddy. The seventh and eighth terms correspond 
o the Coriolis forces, while the ninth term G λ accounts for the body
orce applied in the zonal direction. The last two terms describe the
emporal change of the perturbations in zonal momentum. Compared 
o the momentum equation in pressure coordinates (Showman & 

olvani 2011 ; equation 28), the equation presented here is formulated
n a non-hydrostatic height coordinate and incorporates an additional 
emporal deviation from the mean flo w. A detailed deri v ation of
quation ( 6 ) is provided in Appendix D . 

Considering the relatively smaller temporal change of [ ρ] com- 
ared to [ u ] in the superrotation formation phase and to align the
bo v e equation to the zonal wind, we divide the equation ( 6 ) by [ ρ],
MNRAS 541, 2897–2916 (2025) 
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Figure 5. Horizontal distribution of zonal wind (a–d), meridional wind (e–h), and vertical wind (i–l) at 0.001 bar in the heliocentric frame. The streamlines 
indicate the direction of the horizontal flow. The results are transforming in the heliocentric frame to show the wind patterns more clearly. The black star-shaped 
markers indicate the location of the substellar point. Rows from the top to the bottom are results from simulations of synchronous, 2:1 SOR, 6:1 SOR, and 10:1 
SOR. 
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nd use this new momentum equation in the following analysis: 

∂ [ u ] 

∂ t 
≈ − 1 

[ ρ] r cos 2 φ

∂ ([ ρv ][ u ] cos 2 φ) 

∂ φ
− 1 

[ ρ] r 3 
∂ ([ ρw ][ u ] r 3 ) 

∂ r 

− 1 

[ ρ] r cos 2 φ

∂ ([ ( ρv) ′ u 

′ cos 2 φ]) 

∂ φ
− 1 

[ ρ] r 3 
∂ ([ ( ρw) ′ u 

′ ] r 3 ) 
∂ r 

− 1 

[ ρ] r cos 2 φ

∂ ( [ ρv ∗u 

∗ cos 2 φ]) 

∂ φ
− 1 

[ ρ] r 3 
∂ ([ ρw 

∗u 

∗] r 3 ) 

∂ r 

+ 

1 

[ ρ] 
{ 2 �sin φ[ ρv ] − 2 �cos φ[ ρw ] + [ ρG λ] 

−∂ ([ ρ ′ u 

′ ]) 
∂ t 

− ∂ ([ ρ∗u 

∗]) 

∂ t 
} . (7) 

igs 6 and 7 show the zonal- and temporal-mean momentum budget
uring the formation stage of the equatorial superrotating jets, using
imulations of synchronous rotation and 10:1 SOR as examples.
he meridional Coriolis term (2 � sin φ[ ρv ] / [ ρ]) is nearly zero at

he equator and therefore does not contribute significantly to the
ormation of equatorial superrotation. The vertical Coriolis term
2 � cos φ[ ρw ] / [ ρ]) and body force ([ ρG λ] / [ ρ]) are small as the
ertical wind is typically two to three orders of magnitude weaker
han the horizontal winds and no drag is applied in the upper

tmosphere. The temporal changes of the perturbation ( 1 
[ ρ] 

∂ ([ ρ′ u ′ ]) 
∂ t 

nd 1 
[ ρ] 

∂ ([ ρ∗u ∗]) 
∂ t 

) are negligible compared to the temporal change
NRAS 541, 2897–2916 (2025) 
f the zonal wind ( ∂ [ u ] 
∂ t 

), as the density perturbations are two
o three orders of magnitude smaller than the mean density. As
 result, we focus on the first six terms of equation ( 7 ) in the
nalysis. 

The superrotating jet forms within the first 100 d for the syn-
hronous simulation (Fig. 6 a). The momentum budget at 0.001 bar,
here the superrotation is the strongest, shows that the superrota-

ion is mainly formed by horizontal stationary eddy convergence
Fig. 6 b). These stationary eddies are from the coupled Kelvin
nd Rossby wav es, e xhibiting a ρv ∗u 

∗ northwest–southeast phase
ilt in the northern hemisphere and southwest-northeast phase tilt
n the southern hemisphere at the west of the substellar point
Fig. 6 c), pumping the momentum to the equator (Showman &
olvani 2011 ). To the east of the substellar point, reverse phase

ilts occur, which partially cancel the acceleration. Ho we ver, this
ancellation is less significant, so o v erall, the horizontal stationary
ddy continues to converge momentum toward the equator (Fig. 6 b).
bo v e ∼0.001 bar, angular momentum is transported from the high

atitudes to the lower latitudes due to the horizontal stationary eddy
Fig. 6 e). The vertical stationary eddy convergence pattern at these
evels is almost opposite to that of the horizontal stationary eddy
onvergence, showing a convergence at high latitudes and divergence
t low latitudes (Fig. 6 h). This suggests that the vertical stationary
ddy is balancing the horizontal stationary eddy and vertically
edistributing the momentum convergence. 
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Figure 6. Mechanism for the formation of the equatorial superrotating jet for the synchronous simulation. (a) The zonal-mean zonal wind at 100 d. (b) 
Zonal-mean zonal wind accelerations at 0.001 bar due to horizontal (solid) and vertical (dashed) transient eddy (blue), stationary eddy (orange), and mean flow 

(purple) in equation ( 7 ). The black line in panel (b) is the sum of these six terms. (c) Horizontal distribution of the stationary eddy velocity at 0.001 bar, where 
u ∗ is depicted as the coloured contour and ρv ∗/ [ ρ] is shown as the contour lines, with an interval of 40 m s −2 and limits of −200 and 200 m s −2 . (d)–(i): 
Contributions to zonal wind acceleration from horizontal transient eddies, horizontal stationary eddies, horizontal mean flow, vertical transient eddies, vertical 
stationary eddies, and vertical mean flow in equation ( 7 ). Contour lines in panels (f) and (i) show the zonal-mean mass streamfunction, with arrows indicating 
the direction of mean circulation and angular momentum transport by the mean flow. The contour lines have an interval of 10 10 kg s −1 , with limits of −5 ×10 10 

and 5 ×10 10 kg s −1 . Results in panels (b)–(i) are derived from simulated data over the first 100 d, with an output interval of 10 d . 
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In the synchronous simulation, horizontal transient eddy also 
ontributes to the formation of the superrotating jet at 0.001 bar, 
hile compared to the horizontal stationary eddy, its strength is 

maller (Figs 6 d and e). The vertical transient eddy is also weaker
han the vertical stationary eddy (Figs 6 g and h). This is because,
or the synchronous simulation with a fixed substellar point, zonal 
eviations are more significant than temporal deviations. 
The mean circulation acts to redistribute momentum in the syn- 

hronous simulation (illustrated by arrows). Abo v e ∼0.01 bar, the 
quator-to-pole horizontal mean flow transports angular momentum 

rom the low latitudes, where horizontal eddies accelerate zonal wind, 
o higher altitudes, where horizontal eddies decelerate zonal wind 
Fig. 6 f). This results in an angular momentum convergence at high
atitudes and divergence at low latitudes by the mean horizontal 
irculation. At the equator, the upward mean flow transports angular 
omentum from the deeper layer where vertical eddies converge 

 ∼0.01 bar) to the upper atmosphere where vertical eddies di-
erge ( < 0.005 bar), accelerating the superrotating jet above 0.01 bar
Fig. 6 i). The downward mean flow near the poles transports angular
omentum downward to ∼0.005 bar, accelerating the wind speed 

here. 
In the simulation of 10:1 SOR, the equatorial superrotating jet, 

nd high-latitude jets become apparent features within the first 100 d 
f the simulation (Fig. 7 a). The momentum budget shows that at
0 −4 bar, superrotation is formed from horizontal transient eddy 
onvergence and vertical mean flow (Fig. 7 b). Above 10 −4 bar, the
orizontal transient eddy transports angular momentum from high 
atitudes to low latitudes, accelerating the equatorial superrotating 
et (Fig. 7 c). Vertical transient eddy acts to cancel the acceleration
f horizontal transient eddy at the equator by transporting angular 
omentum from low latitudes to high latitudes (Fig. 7 f). At 10 −4 

ar, the equator-to-pole horizontal mean circulation takes away zonal 
omentum from the equator and redistributes it to higher latitudes 

Fig. 7 e). This angular momentum loss at the equator is further
ompensated by the vertical transport of zonal momentum from 

he deeper and upper atmosphere to this level (Fig. 7 h), so the
uperrotation can be maintained and accelerated. 

The off-equatorial jets in the 10:1 SOR simulations are the com-
ined result of horizontal mean circulation, vertical mean circulation, 
nd horizontal transient eddy. As mentioned abo v e, at 10 −4 bar, the
orizontal mean flow transports zonal momentum from the equator 
o higher latitudes to accelerate the flows at high latitudes (Fig. 7 e).
he downward mean flow can transport zonal momentum from upper 

evels ( > 0.001 bar) to ∼0.1 bar at high altitudes ( > 70 ◦), accelerating
he wind there to make the high-latitude jets extend to the deeper
ayer (Fig. 7 h). Moreo v er, the horizontal transient eddy convergence
etween ∼0.1 and ∼10 bar at latitudes higher than 70 ◦ further extends
he high-latitude jets to deeper layers (Fig. 7 c). 
MNRAS 541, 2897–2916 (2025) 
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Figure 7. Mechanisms of the formation of the equatorial superrotating jet and high-latitude jets for the 10:1 SOR simulation. (a) Zonal-mean zonal wind at 
100 d. (b) Zonal-mean zonal wind accelerations at 10 −4 bar due to horizontal (solid) and vertical (dashed) transient eddies (blue), stationary eddies (orange), 
and mean flow (purple) in equation ( 7 ). The black line in panel (a) represents the sum of these six terms. (c)–(h): Contributions to zonal wind acceleration 
from horizontal transient eddies, horizontal stationary eddies, horizontal mean flow, vertical transient eddies, vertical stationary eddies, and vertical mean flow 

in equation ( 7 ). Contour lines in panels (e) and (h) depict the zonal-mean mass streamfunction, with arrows indicating the direction of mean circulation and 
angular momentum transport by the mean flow. To enhance visibility of the mass streamfunction in the upper atmosphere, two contour intervals are applied: for 
pressures smaller than 0.006 bar, the interval is 8 × 10 8 kg s −1 with limits of −2 × 10 9 and 2 × 10 9 kg s −1 , while for pressures larger than 0.006 bar, the interval 
is 4 × 10 9 kg s −1 with limits of −2 × 10 10 and 2 × 10 10 kg s −1 . Results in panels (b)–(h) are derived from simulated data o v er the first 100 d, with an output 
interval of 10 d. 
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Different from the synchronous simulation, in the 10:1 SOR
imulation, the transient eddies (Figs 7 c and f) are stronger
han the stationary eddies (Figs 7 d and g), this is because
s the substellar point mo v es along longitude through time,
ocal temporal variations are more significant than the zonal
erturbations. 

.3 P assi v e tracer distribution 

n this section, we present the 3D passive tracer distribution and
nvestigate how it is affected by the atmospheric circulation. As
hown in Fig. 8 , the global mean passive tracer mass mixing ratio
s consistent across simulations with different rotation periods,
ndicating that rotation rate has little impact on the global mean
ertical mixing strength. 

To analyse the strength of vertical mixing, we estimate the
qui v alent 1D K zz profile based on the flux-gradient relationship
f the passive tracer fields in the 3D simulations using equation (23)
n Parmentier, Showman & Lian ( 2013 ): 

 zz = −〈 ρqw〉 
〈 ρ ∂ q 

∂ r 
〉 . (8) 

his approach allows us to derive an equi v alent vertical dif fusi ve mix-
ng rate from an inherently non-dif fusi ve 3D atmosphere (Plumb &
NRAS 541, 2897–2916 (2025) 

l  
ahlman 1987 ). In the context of a 1D model, this vertical dif fusi ve
ixing rate is thought to reproduce the same vertical flux as that

riven by dynamical processes in the 3D simulations. Note that this
ethod can sometimes yield ne gativ e K zz values because the 3D

tmosphere is not perfectly dif fusi ve as the material surfaces of the
 xtremely long-liv ed passiv e tracers are significantly distorted (i.e.
orizontally non-uniformly distributed) (Zhang & Showman 2018a ;
hang & Showman 2018b ). In such cases, we take the absolute
alue of equation ( 8 ). The 1D K zz profiles estimated from the 3D
imulations are averaged over the last 4600 d after the model spin-up
nd are shown in Fig. 8 b. These K zz profiles exhibit some dips and
pikes due to vigorous local variations in the simulations. The K zz 

rofiles generated from different simulations agree with each other
n general, further supporting that the effect of the rotation rate on
lobal mean vertical mixing is small. 
The K zz profiles exhibit two distinct regions. At pressures smaller

han 1 bar, K zz decreases exponentially with pressure, approximately

ollowing the parametrization: K zz = 3 × 10 4 ·
(

1 
P bar 

)0 . 61 
cm 

2 s −1 .

his behaviour arises because strong vertical motions in these
adiativ e–conv ectiv e re gions are primarily driven by the uneven
istribution of received stellar flux. As pressure increases, radiative
orcing weakens, and the atmospheric radiative time-scale increases,
eading to reduced vertical motions (e.g. Iro, B ́ezard & Guillot 2005 ;
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Figure 8. Global mean vertical profiles of passive tracer mass mixing ratio (a) and equi v alent 1D K zz profiles estimated from 3D simulations using the 
flux-gradient relationship (b). Different coloured lines represent the results of simulations with varying rotation periods. The dashed black line in panel (a) 
indicates the initial passive tracer mass mixing ratio used in all simulations, and the thick black line in panel (b) suggests an ‘average’ parametrization of the 
estimated K zz in different simulations. To obtain smoother K zz profiles, the results in panel (b) are av eraged o v er the last 4600 d with an output interval of 10 d, 
after the model spin-up. 
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hang & Showman 2018b ; Komacek et al. 2019 ). At pressures
etween 1 and 5 bar, the presence of a detached conv ectiv e zone
nduces more vigorous v ertical motions, enhances v ertical mixing, 
nd consequently increases K zz ( ∼4 × 10 5 cm 

2 s −1 ). A more detailed
iscussion of the estimated K zz profile will be presented in Part II. 
Rotation rates significantly influence the meridional distribution 

f passive tracers. In the synchronous, 2:1 SOR, and 6:1 SOR
imulations, the zonal-mean local tracer mass mixing ratio shows 
 ∼ 20 per cent deviation from the global mean at each pressure 
evel (Figs 9 a–c). In contrast, the 10:1 SOR simulation exhibits a
arger perturbation of ∼ 40 per cent (Fig. 9 d). 

In the synchronous, 2:1 SOR, and 6:1 SOR simulations, tracers are 
oncentrated at latitudes below 60 ◦ for pressure levels greater than 
.1 bar (Figs 9 a–c). The tracer distribution closely follows the zonal-
ean mass streamfunction: regions of high tracer mass mixing ratio 

oincide with areas of upward motion, while low tracer mass mixing 
atios align with descending branches, demonstrating a positive 
orrelation between tracer mass mixing ratio and vertical velocity 
Holton 1986 ; Zhang & Showman 2018a ; Zhang & Showman 
018b ). This positive correlation arises because, in the upwelling 
egion, tracers with higher mass mixing ratios are transported upward 
rom their deep atmospheric source, whereas in the downwelling 
egion, tracers with lower mass mixing ratios are brought downward 
rom the upper atmosphere. Consequently, the tracer mass mixing 
atio is increased in the upwelling region and reduced in the 
ownwelling region along an isobar. 
In the 10:1 SOR simulation, tracer mass mixing ratio remains 

ositively correlated with vertical velocity at latitudes below 60 ◦

Fig. 9 d). Ho we ver, at higher latitudes ( > 70 ◦), particularly between
.1 and 1 bar, tracer -ab undant regions coincide with the descending
ranches of the circulation, indicating a breakdown of this positive 
orrelation at these pressures. 

The more abundant tracers at higher latitudes ( > 70 ◦) between
.1 and 1 bar in the simulation of 10:1 SOR are caused by the strong
ertical transient eddy in these regions, which transports tracers from 

he deep atmosphere. The mean and eddy interaction equation for the 
onal- and temporal-mean tracer mass mixing ratio in the spherical 
oordinates can be written as: 

∂ ([ ρ] [ q ]) 

∂ t 
= − 1 

r cos φ

{ 

∂ ([ ρv ][ q ] cos φ) 

∂ φ
+ 

∂ ( [ ( ρv) ′ q ′ ] cos φ) 

∂ φ

+ 

∂ ([ ρv ∗q ∗] cos φ) 

∂ φ

}
− 1 

r 2 

{
∂ ([ ρw ][ q ] r 2 ) 

∂ r 

+ 

∂ ([ ( ρw) ′ q ′ ] r 2 ) 
∂ r 

+ 

∂ ([ ρw 

∗q ∗] r 2 ) 

∂ r 

} 

−∂ ([ ρ ′ q ′ ]) 
∂ t 

− ∂ ([ ρ∗q ∗]) 

∂ t 
. (9) 

he first six terms on the right-hand side are the increases in passive
racer mass mixing ratio due to the transport by horizontal (and
ertical) mean flow, transient eddy, and stationary eddy, and the 
ast two terms are the temporal change in temporal and zonal
erturbations of tracer mass mixing ratio. Among them, vertical 
erms should be the most important for tracer vertical transport. The
eri v ation of this equation can be found in Appendix E . As shown in
ig. 10 a, the 10:1 SOR simulation exhibits a strong vertical transient
ddy, which aligns with the large vertical wind temporal anomalies 
t latitudes higher than 70 ◦ at 1 bar. As the strength of the eddy
ecreases with height, ∂ ( ( ρw) ′ q ′ r 2 ) / ∂ r < 0 (Fig. 10 c), this leads to
ore abundant tracers at these regions. Compared with Figs 10 a and

, the transient eddy is stronger than the stationary eddy, because the
emporal perturbation is more significant than the zonal perturbation 
or the asynchronous rotator. 

Fig. 11 shows the horizontal distribution of passive tracer mass 
ixing ratio at 0.001 and 0.01 bar. Latitudinally, at 0.001 bar, tracers

re more abundant between 70 ◦S and 70 ◦N for simulations of
ynchronous, 2:1 SOR, and 6:1 SOR; while for the simulation of
0:1 SOR, tracers are abundant both at poles and between 70 ◦S and
0 ◦N (Figs 11 a–d). At 0.01 bar, in simulations of synchronous, 2:1
OR, and 6:1 SOR, tracers are more abundant between 60 ◦S and
0 ◦N, while for the simulation of 10:1 SOR, it is more abundant at
igh latitudes (Figs 11 e–h). 
MNRAS 541, 2897–2916 (2025) 
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Figure 9. Zonal-mean passive tracer mass mixing ratio (coloured contours) and zonal-mean mass streamfunction (contour lines) for different simulations. 
Coloured contours represent the ratio of local passive tracer mass mixing ratio to the global mean at a gi ven isobar. Arro ws indicate the direction of the 
zonal-mean circulation. To better visualize the mass streamfunction at different pressure levels, we apply three distinct contour ranges. For pressures larger 
than 0.006 bar, the contour interval is 4 × 10 9 kg s −1 , with limits of −2 × 10 10 and 2 × 10 10 kg s −1 for the synchronous, 2:1 SOR, and 6:1 SOR simulations; in 
the 10:1 SOR simulation, the contour interval is 8 × 10 8 kg s −1 , with limits of −4 × 10 9 and 4 × 10 9 kg s −1 . For pressures ranging from 0.003 to 0.06 bar, the 
contour interval is 4 × 10 8 kg s −1 , with limits of −2 × 10 9 and 2 × 10 9 kg s −1 for all simulations. At pressures smaller than 0.003 bar, the contour interval is 
8 × 10 7 kg s −1 , with limits of −4 × 10 8 and 4 × 10 8 kg s −1 for all simulations. 

Figure 10. Coluored contours show the horizontal distribution of vertical transient eddies (a and c) and stationary eddies (b and d) at 1 and 0.5 bar for the 10:1 
SOR simulation. Contour lines in panels (a) and (b) represent vertical wind anomalies relative to the 330-day mean, e v aluated on the final day of the simulation. 
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The more abundant passive tracers between 70 ◦S and 70 ◦N at
.001 bar in all the simulations are caused by the strong upwelling
t low- and mid-latitudes at the day side, triggered by the non-
niform stellar radiation as discussed in Section 3.2 (Figs 5 i–l). The
NRAS 541, 2897–2916 (2025) 
ore abundant passive tracers at low- and mid-latitudes at 0.01 bar
or simulations of synchronous, 2:1 SOR, and 6:1 SOR are also
ecause of the day-side upwelling at these latitudes. In the 10:1 SOR
imulation, passive tracers are more abundant at the poles at 0.001 bar
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Figure 11. The horizontal distribution of passive tracers at 0.001 bar (a–d) and 0.01 bar (e–h). The results are transforming into the heliocentric frame. The 
black star-shaped markers indicate the location of the substellar point. Coloured contours depict the ratio of local passive tracer mass mixing ratio to the global 
mean mass mixing ratio at certain pressure levels. Global mean values are printed abo v e the plots. Columns from left to right are results from simulations of 
synchronous, 2:1 SOR, 6:1 SOR, and 10:1 SOR. 
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nd high latitudes at 0.01 bar due to the upwelling transport of tracers
y transient eddies at these regions, as mentioned above. 
Longitudinally, passive tracers accumulate preferentially near the 

vening terminator at 0.001 bar, with the tracer mass mixing ratio dif-
ering by approximately 20 per cent between the evening and morn-
ng terminators (Figs 11 a–d). This asymmetry arises because tracers 
re first transported upward from the deeper atmosphere by strong 
ayside upwelling and subsequently advected eastward by strong 
onal winds (Figs 5 a–d). Additionally, the strong meridional winds at 
.001 bar (Figs 5 e–h) further redistribute tracers poleward, resulting 
n tracer -ab undant re gions e xtending be yond the upwelling zones. 

At 0.01 bar, tracers are distributed more uniformly in the zonal 
irection compared to their distribution at 0.001 bar (Figs 11 e–
). This is because vertical motions are weaker and exhibit less
onal contrast at this pressure level, while the zonal wind remains 
ufficiently strong to homogenize tracer abundances longitudinally 
figure not shown). The extent of tracer -ab undant regions is also
educed at 0.01 bar, due to the weaker meridional winds relative to
hose at 0.001 bar (figure not shown). 

 C O N C L U S I O N S  A N D  DISCUSSION  

n this study, we characterize the atmospheric circulation on tem- 
erate gas-rich mini-Neptune K2-18b and its impact on atmospheric 
ransport by diagnosing the distribution of a passive tracer. This 
assive tracer is advected by wind flow but does not participate 
n chemical reactions or af fect opacity. Gi ven the comparable age
f the K2-18 system and K2-18b’s tidal spin-down time-scale, we 
nvestigate both synchronous and asynchronous rotation states for 
2-18b, considering SOR of 2:1, 6:1, and 10:1 in the latter. We

ssume K2-18b has 180 times solar metallicity, which is chosen 
ased on the best agreement between the 1D model and the JWST
bservations reported in Madhusudhan et al. ( 2023 ). 
We find that a detached conv ectiv e zone forms at pressures between 

 and 5 bar due to the strong thermal absorption of CH 4 and CO 2 

n all the simulations. This detached conv ectiv e zone can trigger
igorous convection and induce stronger vertical mixing. The upper 
tmosphere of K2-18b is dominated by eastward wind, with an 
quatorial superrotating jet occurring in all the simulations. As the 
otation rate increases, two off-equatorial jets form in simulations 
f 6:1 SOR and 10:1 SOR. These westerly jets make the evening
erminator hotter than the morning terminator in the upper atmo- 
phere. The formation of equatorial jets is due to the transport of
ddy momentum from the high latitudes to the equator and from the
ertical mean circulation, redistributing momentum from the vertical 
ddy momentum convergence region to the divergence regions. The 
ff-equatorial jets form from the combined effects of the mean 
irculation and eddy momentum convergence. 

Rotation periods have minimal effects on the global mean air 
emperature profiles and the o v erall strength of the global mean
ertical mixing. Ho we ver, they significantly affect the latitudinal 
racer distribution. For the synchronous, 2:1 SOR, and 6:1 SOR 

imulations, tracers are more abundant in the upwelling branches at 
ow- and mid-latitudes and exhibit a positive correlation between 
assive tracer mass mixing ratio and vertical velocity. Ho we ver, 
or the 10:1 SOR, passive tracers can be more abundant at high
atitudes, aligning with the downwelling branch of the large-scale 
irculation because the strong vertical eddies at high latitudes can 
ransport them from the deep atmosphere. The latitudinal differences 
n passive tracer mass mixing ratio can be up to ∼ 20 per cent in the
ynchronous, 2:1 SOR, and 6:1 SOR simulations and ∼ 40 per cent 
n the 10:1 SOR simulation at an isobar. 

Longitudinally, we find that passive tracers accumulate more at 
he evening terminator in the upper atmosphere due to the strong
esterly winds transporting them eastward from the substellar point, 
here the upwelling is most intense. This results in a ∼ 20 per cent
ifference in passive tracer mass mixing ratio between the evening 
nd morning terminators at an isobar. Since the passive tracer in our
imulation represents long-lived chemical species, this suggests that 
uch species may preferentially accumulate at the evening terminator, 
otentially introducing a limb asymmetry. In Part II of this study, we
ill explicitly analyse chemical species distribution and compute the 

esulting limb differences in the transmission spectrum. 
The similarity in global-mean temperature profiles and vertical 
ixing strength across simulations with varying rotation periods 

ndicates that rotation has a limited influence on the global-mean 
MNRAS 541, 2897–2916 (2025) 
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 ertical structure. Giv en that widely used 1D models aim to represent
uch global-mean conditions, our results support the continued use
f 1D models for potentially asynchronously rotating planets such
s K2-18b. Ho we ver, once the latitudinal distribution of chemical
pecies is considered, rotation becomes a critical factor. This has
roader implications for temperate sub-Neptunes and Jupiters with
ong orbital periods that may not be in synchronous rotation. For these
lanets, incorporating rotation-driven dynamics may be essential to
ccurately capture atmospheric composition and circulation. 

This study provides a detailed investigation into the role of
tmospheric dynamics; ho we ver, e ven in regions where dynamics
ominate, chemical processes remain influential in shaping the dis-
ribution of atmospheric species. For example, temperature contrasts
t the quench level can lead to non-uniform abundances of chemical
pecies, which in turn impact the horizontal distribution of chemical
pecies in the upper atmosphere. These contrasts may arise from
he uneven absorption of stellar flux or the radiative effects of
hemical species deeper in the atmosphere. Together, these highlight
he importance of fully coupled models that involve atmospheric
ynamics, radiative transfer, and chemistry. In Part II of this study,
e will analyse chemical structures resulting from the simulations,

long with their interaction with radiative processes. 
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PPEN D IX  A :  M E T H O D S  TO  OBTA IN  

TABILITY  A N D  C O N S E RVAT I O N  F O R  U M  

he model employs three methods to obtain stability: longitudinal 
ltering, vertical damping at the lower and upper boundaries, and 
ottom drag. We employ a first-order longitudinal filtering of the 
orizontal wind u h : (
∂ u h 

∂ t 

)
= K eff ∇ 

2 
λu h , (A1) 

here λ is the longitude. The ef fecti ve longitudinal dif fusion coef fi-
ient is 
 eff ∼ K 

r 2 cos 2 φ( 	λ) 2 

	t 2 dyn 

, (A2) 

here φ and r are the latitude and radius, and 	t dyn is the dynamical
ime-scale. The filtering constant K is given by 

 = 

1 

4 

(
1 − e 

− 1 
t K 

)
. (A3) 

n this study, we set t K 

= 4, which is the largest value that ensures
he stability of the model. 

Damping is implicitly applied to the vertical velocity in the 
ppermost and lowest 6 layers (corresponding to pressure lev- 
ls abo v e 10 P a and pressure lev els below ∼140 bar) in the
ertical direction to limit the vertical wind speed and prevent 
he loss of atmospheric mass from the bottom. The damping is
arametrized as 

 

t+ 	t = w 

t − R w 	tw 

t+ 	t , (A4) 

here w 

t and w 

t+ 	t are the vertical velocities at the current and
ext time-step and 	t is the length of the time-step. The damping
oefficient R w is given by 

 w = 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

0 . 1 sin 2 
[

π
2 

(
η−0 . 9 

0 . 1 

)]
, η ≥ 0 . 9 

0 , 0 . 1 < η < 0 . 9 

4 sin 2 
[

π
2 

( 0 . 1 −η

0 . 1 

)]
, η ≤ 0 . 1 

(A5) 

here η = z/z top is the non-dimensional height. Damping at the 
pper boundary is a common setting in previous simulations of 
ydrogen-rich planets using UM (e.g. Mayne et al. 2014 , 2017 ;
hristie et al. 2024 ). In contrast, bottom damping is less commonly
sed but is necessary in our simulations due to the presence of
 conv ectiv e zone at the bottom boundary layer (discussed in
ection 3.1 ). This bottom conv ectiv e zone increases the model’s
usceptibility to instability and leads to significant atmospheric mass 
oss ( ∼ 10 per cent ) in long simulations ( > 2000 d) if the bottom
amping is not applied. 
A Rayleigh drag is employed when the pressure is larger 

han 140 bar to limit the horizontal wind speed in the bottom
oundary: 

 u = − u 

τfric 
, (A6) 

here τfric is the friction time-scale. The friction time-scale is 
arametrized as 

1 

τfric 
= 

1 

τfric , f 
max { 0 , σ − 0 . 7 

0 . 3 
} , (A7) 

here τfric , f = 1 d, and σ = 

p 

p bot 
is the non-dimensional pressure. 

The abo v e methods can ensure the model runs stably for at least
en thousand days, with the angular momentum loss within 3 per cent
nd the total mass loss within 1.5 per cent (Fig. A1 ). 
MNRAS 541, 2897–2916 (2025) 
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Figure A1. The evolution of axial angular momentum (a) and total mass (b) with time in the simulations. Dotted lines indicate the fixed abundance runs, while 
the solid lines indicate the kinetics runs. Different coloured lines are from different simulations. 
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PPENDIX  B:  M O D E L  C O N V E R G E N C E  

o check the convergence of the model, we analyse the evolution
f kinetic energy (Fig. B1 a). In the fixed abundance runs, simula-
ions assuming synchronous and 2:1 SOR converge after ∼3000 d,
nd the kinetic energy remains steady after chemical kinetics is
oupled. The kinetic energy of simulations of 6:1 SOR and 10:1
OR still evolves after running for 8000 and 10 000 d, but then
ecedes after chemical kinetics is coupled. These results imply that
imulations with a faster rotation period require a longer time to
onverge. 
NRAS 541, 2897–2916 (2025) 
The energy budget at the top of the atmosphere (TOA) is presented
n Fig. B1 b. By the end of the fixed abundance runs, the energy
mbalance at TOA is within 3 W m 

−2 . At the end of the kinetics runs,
 net imbalance of 6 W m 

−2 remains. Ho we ver, this imbalance is
elatively small, as it accounts for less than 2 per cent of the incoming
tellar radiation and is comparable to the internal heat source added
t the bottom, 3.7 W m 

−2 . 
The kinetics runs have been run for 5100 d, and this duration is

ong enough for the abundances of chemical species and passive
racer at the photosphere to reach quasi-steady states, as shown in
ig. B2 . 
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Figure B1. The evolution of kinetic energy (a) and the net radiation at the TOA (b) with time in the simulations. Dotted lines indicate the fixed abundance runs, 
while the solid lines indicate the kinetics runs. Different coloured lines are from different simulations. 

Figure B2. Evolution of the global mean mole fraction of chemical species (a–e) and the passive tracer mass mixing ratio (f) at 0.001 bar through time in the 
kinetics runs. Different coloured lines are from different simulations. 
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Table C1. The χ2 value each has 64 deg of freedom. w/ stands for ‘with,’ 
and w/o stands for ‘without’. 

Metallicity ( ×Z �) K zz (cm 

2 s −1 ) Photochemistry χ2 

180 10 6 w/o 1.47 
180 10 8 w/o 1.49 
180 10 6 w/ 1.48 
180 10 8 w/ 1.49 
100 10 6 w/o 1.55 
100 10 8 w/o 1.54 
100 10 6 w/ 1.55 
100 10 8 w/ 1.53 
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PPEN D IX  C :  1 D  SIMULATIONS  USING  ATMO  

o generate an initial temperature profile and constrain the atmo- 
pheric composition for the 3D simulations, we first conduct a series
f 1D simulations using the radiativ e-conv ectiv e equilibrium model 
TMO (Tremblin et al. 2015 ; Drummond et al. 2016 ; Tremblin et al.
016 ). ATMO uses the original chemical network developed by Venot 
t al. ( 2012 ). 

We begin by generating temperature profiles with opacities for 
00 and 180 times solar metallicity ( Z �) under chemical equilibrium
onditions, assuming a solar C/O ratio (0.55), a geometry factor of
.25, and an internal temperature of 60 K. We include the opacity
f CH 4 , H 2 O, CO, CO 2 , NH 3 , Na, K, Li, and Rb, and the collision-
nduced absorption of H 2 –H 2 and H 2 –He in the simulations. The
emperature profiles are then used to perform chemical kinetics and 
hotochemical kinetics simulations. Since the spectrum of K2-18 
as not been measured, we instead use the UV spectrum of GJ 176
or the photochemical calculations as discussed in Section 2.2 . 

In these 1D simulations, we explore two values for the eddy- 
if fusion coef ficient ( K zz ): 10 6 cm 

2 s −1 and 10 8 cm 

2 s −1 . The choice
f metallicity and K zz values is based on prior 1D studies of K2-18b
e.g. Blain et al. 2021 ; B ́ezard et al. 2022 ; Wogan et al. 2024 ). Clouds

nd hazes are excluded from these simulations. a
Next, we compute synthetic transmission spectra from the simu- 
ation results and compare them to JWST observations from Mad- 
usudhan et al. ( 2023 ) to identify the optimal parameters for 3D
imulations. The χ2 values from the 1D simulations are summarized 
n Table C1 . The results show that simulations with 180 Z � and
 zz = 10 6 cm 

2 s −1 , excluding photochemistry, provide the best
greement with the observational data ( χ2 = 1.47). Therefore, we 
se the molecular abundances from this simulation for the 3D fixed
bundance runs and 180 Z � for the 3D chemical kinetics runs. 
MNRAS 541, 2897–2916 (2025) 
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M

Figure C1. Synthetic transmission spectra of K2-18b compared to JWST NIRISS and NIRSpec data in Madhusudhan et al. ( 2023 , fig. 3). Different lines 
show the synthetic spectra calculated from different 1D chemical kinetics simulations. Except for the two best-agreement simulations (blue and orange), the 
transmission spectrum calculated from 100 Z � and 10 6 cm 

2 s −1 K zz simulation (purple) is also provided for comparison. The dominant molecules that contribute 
to the features in different spectral regions are labelled. 

Figure C2. Atmospheric composition profiles computed with ATMO . Except for the two best-agreement simulations with 180 Z � and 10 6 cm 

2 s −1 K zz (a and 
b), the atmospheric composition profiles from 100 Z � and 10 8 cm 

2 s −1 K zz simulations (c and d) are also provided for comparison. The dashed lines are results 
from chemical equilibrium calculations. 
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NRAS 541, 2897–2916 (2025) 
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Figure C3. Vertical profiles of c p , R, and R/c p in the 180 Z � and 10 6 cm 

2 s −1 K zz ATMO chemical kinetics simulation. The dashed black lines are the values 
used in the 3D simulations, 3733 J kg −1 K 

−1 , 1023 J kg −1 K 

−1 , and 0.274, for c p , R, and R/c p , respectively. 
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Additionally, we perform 1D simulations including photochem- 
stry using 100 and 180 Z �, finding that the results are consistent with
hose from the photochemistry-e xclusiv e simulations. Among these, 
he 10 6 cm 

2 s −1 K zz case still provides a good fit ( χ2 = 1.48). The
ynthetic transmission spectra for the two best-agreement models 
180 Z � and 10 6 cm 

2 s −1 K zz with or without photochemistry) are
hown in Fig. C1 , and the atmospheric composition profiles from
oth models are displayed in Fig. C2 . 
Atmospheric compositions under chemical equilibrium are also 

hown as dashed lines in Fig. C2 . 
As mentioned in Section 2.2 , specific gas constant R and specific

eat capacity c p used in the 3D simulations are derived from the best-
greement 1D ATMO simulation. In Fig. C3 , we sho w ho w these two
alues and the dry adiabatic lapse rate ( R/c p ) change with pressure.

PPEN D IX  D :  D E R I VAT I O N  O F  T H E  ZONA L-  
N D  TEM P ORAL-MEAN  Z O NA L  M O M E N T U M  

QUATION  

e derive the zonal- and temporal-mean zonal momentum equa- 
ion from Mayne et al. ( 2017 ; equation C.17): 

∂ ( ρu ) 

∂ t 
= − 1 

r cos φ

∂ ( ρu 

2 ) 

∂ λ
− 1 

r cos 2 φ

∂ ( ρuv cos 2 φ) 

∂ φ
− 1 

r 3 

∂ ( ρuwr

∂ r 

− 1 

r cos φ

∂ p 

∂ λ
+ 2 �ρv sin φ − 2 �ρw cos φ + ρG λ. (D

The equation abo v e is deriv ed by combining the zonal momen-
um equation in spherical coordinates for a non-hydrostatic deep 
tmosphere (Mayne et al. 2014 ): 

D u 

D t 
= 

∂ u 

∂ t 
+ 

u 

r cos φ

∂ u 

∂ λ
+ 

v 

r 

∂ u 

∂ φ
+ w 

∂ u 

∂ r 

= −uw 

r 
+ 

uv 

r 
tan φ + 2 �v sin φ − 2 �w cos φ

− 1 

r cos φ

1 

ρ

∂ p 

∂ λ
+ G λ, (D2) 

ogether with the mass continuity equation: 

∂ ρ

∂ t 
+ ∇ · ( ρu ) = 0 . (D3) 

 detailed deviation can be found in Mayne et al. ( 2017 , Appendix C).
We apply a zonal and temporal average to equation ( D1 ). By
oing this, ∂ 

∂ λ
terms become zero and the wind terms can be de-

omposed into a zonal- and temporal-mean and deri v ations: [ ρu ] =
 ρ][ u ] + [ ρ∗u 

∗] + [ ρ ′ u 

′ ], [ ρuv ] = [ ρv ][ u ] + [ ρv ∗u 

∗] + [ ( ρv) ′ u 

′ ],
nd [ ρwu ] = [ ρw ][ u ] + [ ρw 

∗u 

∗] + [ ( ρw) ′ u 

′ )], where o v erbars
primes) and brackets (asterisks) denote temporal and zonal averages 
de viations), respecti vely. This yields 

∂ ([ ρ][ u ]) 

∂ t 
= − 1 

r cos 2 φ

{
∂ ([ ρv ][ u ] cos 2 φ) 

∂ φ
+ 

∂ ([ ρv ∗u 

∗] cos 2 φ) 

∂ φ

+ 

∂ ([ ( ρv) ′ u 

′ ] cos 2 φ) 

∂ φ

} 

− 1 

r 3 

{
∂ ([ ρw ][ u ] r 3 ) 

∂ r 

+ 

∂ ([ ρw 

∗u 

∗] r 3 ) 

∂ r 
+ 

∂ ([ ( ρw) ′ u 

′ ] r 3 ) 
∂ r 

} 

+ 2 �[ ρv ] sin φ − 2 �[ ρw ] cos φ + [ ρG λ] 

−∂ ([ ρ ′ u 

′ ]) 
∂ t 

− ∂ ([ ρ∗u 

∗]) 

∂ t 
. (D4) 

earranging the abo v e equation yields equation ( 6 ) in Section 3.2 . 

PPENDI X  E:  D E R I VAT I O N  O F  T H E  E D DY  

E A N  I NTERAC TI ON  E QUAT I O N  F O R  

A SSIVE  TRAC ER  MASS  MI XI NG  RATI O  

he tracer mass mixing ratio equation without source/sink term in 
he spherical coordinate is 

∂ q 

∂ t 
= − u 

r cos φ

∂ q 

∂ λ
− v 

r 

∂ q 

∂ φ
− w 

∂ q 

∂ r 
. (E1) 

he mass continuity equation in the spherical coordinate is 

∂ ρ

∂ t 
= − 1 

r cos φ

∂ ( ρu ) 

∂ λ
− 1 

r cos φ

∂ ( ρv cos φ) 

∂ φ
− 1 

r 2 

∂ ( ρwr 2 ) 

∂ r 
. (E2) 
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ultiplying equation ( E1 ) with ρ and adding to equation ( E2 )
ultiplying by q, yields 

∂ q 

∂ t 
+ q 

∂ ρ

∂ t 
= − 1 

r cos φ

{
ρu 

∂ q 

∂ λ
+ q 

∂ ( ρu ) 

∂ λ

}

− 1 

r cos φ

{
ρv cos φ

∂ q 

∂ φ
+ q 

∂ ( ρv cos φ) 

∂ φ

}

− 1 

r 2 

{
w r 2 

∂ q 

∂ r 
+ q 

∂ ( ρw r 2 ) 

∂ r 

}
. (E3) 

sing the product rule, equation ( E3 ) can be written as 

∂ ( ρq) 

∂ t 
= − 1 

r cos φ

∂ ( ρuq) 

∂ λ
− 1 

r cos φ

∂ ( ρvq cos φ) 

∂ φ
− 1 

r 2 

∂ ( ρwqr 2 ) 

∂ r 
. (E4) 

hen we apply a zonal and temporal average to equation ( E4 ). By
oing this, ∂ 

∂ λ
becomes zero, and the tracer terms can be decom-

osed into a zonal- and temporal-mean and deri v ations: [ ρq ] =
 ρ][ q ] + [ ρ∗q ∗] + [ ρ ′ q ′ ], [ ρvq ] = [ ρv ][ q ] + [ ρv ∗q ∗] + [ ( ρv) ′ q ′ ],
NRAS 541, 2897–2916 (2025) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
nd [ ρwq ] = [ ρw ][ q ] + [ ρw 

∗q ∗] + [ ( ρw) ′ q ′ ]. This yields the mean
nd eddy interaction equation for passive tracer mass mixing ratio: 

∂ ([ ρ] [ q ]) 

∂ t 
= − 1 

r cos φ

{ 

∂ ([ ρv ][ q ] cos φ) 

∂ φ
+ 

∂ ( [ ( ρv) ′ q ′ ] cos φ) 

∂ φ

+ 

∂ ([ ρv ∗q ∗] cos φ) 

∂ φ

}
− 1 

r 2 

{
∂ ([ ρw ][ q ] r 2 ) 

∂ t 

+ 

∂ ([ ( ρw) ′ q ′ ] r 2 ) 
∂ r 

+ 

∂ ([ ρw 

∗q ∗] r 2 ) 

∂ r 

} 

−∂ ([ ρ ′ q ′ ]) 
∂ t 

− ∂ ([ ρ∗q ∗]) 

∂ t 
. (E5) 
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