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ABSTRACT

Context. The global circulation regime of the coolest class of brown dwarfs, known as the Y dwarfs, remains largely unexplored.
Aims. We aim to investigate the interplay between convection, rotation, and cloud thermal feedback through a selected sample of Y
dwarf atmospheric models. We explore a range of effective temperatures 400 K < 7. < 600 K and rotation rates P, = 2.5-20 h. In
this temperature range, salt and sulfide condensates are expected to form. We include KCl, Na,S, and MnS clouds in our simulations
to study their effect on the atmosphere. Our goal is to identify circulation regimes and emergent trends across this space, providing
insights into the dynamical processes governing Y dwarf atmospheres.

Methods. We ran a suite of twelve general circulation models (GCMs) across the outlined parameter grid. For this purpose, we
developed additional physics modules for the THOR GCM to model brown dwarf atmospheres. The THOR dynamical core was
coupled to modules for interior thermal perturbations near the radiative—convective boundary, a mixing-length convection scheme,
a gray two-stream radiative transfer module using Rosseland-mean opacities, and simple cloud tracers with thermal feedback and
scattering.

Results. Across all simulations, the circulation resides in a radiative-forcing-dominated regime with weak winds, minimal horizontal
temperature contrasts, and no persistent jets. Convection controls vertical mixing and sets the extent of the salt and sulfide cloud
layers that form below the photosphere. Thermal structures equilibrate quickly and cloud radiative feedback remains insignificant, with
limited variability.

Conclusions. 'Y dwarf atmospheres in this parameter range, within the gray radiative transfer framework adopted in this work, remain
controlled by thermal radiation from the interior, with small variability primarily set by rotation and clouds playing a secondary role.
As our single-band approach does not capture spectral windows that could probe deeper into the cloud-rich layers, our constraints on

cloud radiative feedback are likely conservative, and we outline possible causes and pathways toward more active regimes.
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1. Introduction

Brown dwarfs are substellar objects that cannot sustain stable
fusion and steadily cool over time (Burrows et al. 1997; Baraffe
et al. 2003; Saumon & Marley 2008). Y dwarfs represent the
coolest end of the brown dwarf sequence, with currently known
effective temperatures of 250 K < T < 500 K (Leggett et al.
2021) and rapid rotation periods of a few hours (Tannock et al.
2021), occupying a physical regime that overlaps with the atmo-
spheric conditions of giant planets (Showman et al. 2020). More
than ten years after Wide-field Infrared Survey Explorer (WISE)
discovered the first Y dwarfs (Cushing et al. 2011; Kirkpatrick
et al. 2011; Luhman 2014), the James Webb Space Telescope
(JWST) has both expanded that sample and is poised to detect
and characterize young sub-Jovian companions. Consequently,
an expanding sample of these cool brown dwarfs has become a
primary focus of recent studies (e.g., Leggett & Tremblin 2023;
Beiler et al. 2024; Lew et al. 2024). Their atmospheric condi-
tions make them valuable laboratories for testing dynamical and
cloud physics, which could deliver insights into colder planetary
atmospheres.

* Corresponding author: jan.akin@unibe.ch

The spectra of Y dwarfs indicate the presence of water
(Burrows et al. 2003; Morley et al. 2014b), sulfide, and salt
clouds (Morley et al. 2012, 2014a), and point to vigorous
vertical mixing (Robinson & Marley 2014), signaling that
their atmospheres depart from simple equilibrium expecta-
tions (Lacy & Burrows 2023). Using the Ackerman & Marley
(2001) model, Morley et al. (2012) suggested that, compared
to the silicate clouds of L dwarfs, cooler brown dwarf atmo-
spheres are expected to contain different condensates (such as
Cr, Na,S, MnS, and KCI) and ran a suite of models taking these
species into account, finding that cloudy models explain the
spectra of these objects better than cloud-free models. Morley
et al. (2014a) highlight that, although photometric variability has
been a focus of L/T transition studies, late-T to early Y dwarfs
(Tegr = 375 K) also display a degree of variability (Cushing et al.
2016). They suggest that this variability could be a result of
patchy cloud cover or the global circulation creating an irregular
temperature structure, and try to mimic these effects by combin-
ing multiple 1D models. They conclude that both of these effects
induce variability in different spectral ranges.

Analytical studies have provided a first guide to the rele-
vant dynamics for these substellar atmospheres and a growing
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body of theory links brown dwarf variability to interacting ther-
mal, dynamical, cloud, and chemical processes. Showman &
Kaspi (2013) presented a simple analytical framework, estimat-
ing the horizontal temperature variations, together with zonal-
and vertical wind magnitudes, connecting them to a dimen-
sionless efficiency parameter 7, quantifying how much of the
present heat flux is used to drive the circulation in these atmo-
spheres. Using a two-layer shallow-water model that is forced
from the interior by randomly varying perturbations, Zhang &
Showman (2014) demonstrated that brown dwarf atmospheres
can settle into either of two broad circulation regimes: large-
scale zonal jets or fields of local vortices. Their outcomes
depended on the balance between convective forcing and radia-
tive damping. Hammond et al. (2023) used a similar one-layer
shallow-water model and by exploring a large parameter space
covering possible brown dwarf configurations, identified four
dynamical regimes. Both works conclude that, given the radia-
tive forcing expected of Y dwarfs, they should lie in a regime
dominated by zonal jets.

In addition to these analytical works, recent years saw multi-
ple works that ran 3D general circulation models (GCMs) of field
brown dwarf atmospheres. The first such work by Showman &
Kaspi (2013) ran an idealized brown dwarf case with the MIT-
gem (Adcroft et al. 2004) and found brown dwarf atmospheres
to be rotation-dominated. By comparing a fast and a slow rota-
tor case, along with analytical considerations, they concluded
that, on large scales, the flow should align in columns parallel
to the rotation axis and have latitudinal variations resulting in
pole-to-equator temperature differences. Showman et al. (2019)
performed idealized GCM simulations, forcing the atmosphere
through a physically motivated parametric model of interior ther-
mal perturbations, and they found that their models produced
zonally-banded structures ubiquitously, along with oscillations
in the predicted structures that they tie to the observed variability.

Tan & Showman (2021a) explored the effects of cloud ther-
mal feedback and its potential to drive atmospheric circulation
in brown dwarfs using a model assuming a Cartesian geome-
try. They showed that cloud and rotation coupling can produce
significant temperature contrasts, strong winds, and persistent,
time-variable structures under suitable conditions. By coupling
the MITgem to a cloud model, Tan & Showman (2021b) con-
ducted a high-resolution study of a multitude of brown dwarf
scenarios of varying rotation rates. They confirmed that cloud
radiative feedback can be the main driver of dynamical activ-
ity in brown dwarf atmospheres and explored possible reasons
behind the observed light curve variability (Cushing et al. 2016;
Artigau 2018). They concluded that variability may arise both
from wave activity triggered by cloud feedback and from changes
in cloud coverage with viewing geometry. Tan (2022) extended
the model to explore jet formation and tracer transport in brown
dwarf and isolated giant planet atmospheres. The study found
that thermal forcing can generate strong zonal jets, vertical shear,
and long-term oscillations in equatorial winds, depending on the
strength of radiative and frictional damping. It also showed that
these circulations can mix cloud particles and chemical tracers
vertically, with the extent of mixing varying by particle size and
chemical properties.

In a series of works, Lee et al. (2023) and Lee et al. (2024),
using ExoFMS (Lin 2004; Lee et al. 2020), presented GCM
simulations of brown dwarf scenarios coupling their radiative
transfer, chemistry and clouds with increasingly more sophis-
ticated treatments of these physical processes. They found that
these processes feed back onto each other in a complex fash-
ion and are crucial in explaining the observed dynamical and
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thermal structure, along with the variability of a given brown
dwarf atmosphere.

In a related work, Lee & Ohno (2025) developed a two-
moment cloud microphysics module, coupled it to the ExoFMS
GCM and applied it to an isolated Y dwarf case. They found
that the parameter regime they tested produced weak dynamical
activity and emphasized the need for a wider sweep of parame-
ter space, an issue we address with the current work. This work
extends GCM studies of cold brown dwarf atmospheres with a
targeted survey of Y dwarf parameter space using a unified phys-
ical treatment. We span rotation rates and effective temperatures
characteristic of early Y dwarfs and exclude the cold tail where
H>O clouds form, while variations in R,, log g, metallicity, and
disequilibrium chemistry are left for future studies.

The structure of the paper is organized as follows. In
Section 2.1, we introduce diagnostic quantities that have been
used in previous theoretical works on brown dwarfs and give an
analytical order-of-magnitude estimate of the dynamical regime
we expect Y dwarfs to fall into. Section 2.2 gives an account
of our chosen sample of models, along with our reasoning for
the presented modeling choices. Sections 2.3-2.4.6 detail our
GCM setup along with the additional physics modules that were
developed for this study. Section 3 goes over our main results,
detailing identified trends in our sample of 12 Y dwarf cases,
their corresponding flow regimes and the influence of mineral
clouds in their atmospheres. Subsequently, in Section 4, we dis-
cuss how our results fit into the existing literature, offer insights
from the first large-scale GCM study on Y dwarfs, and lastly,
highlight possible improvements for future studies.

2. Methodology
2.1. Characteristic flow quantities

To ground our global circulation modeling in first-principles
expectations and as a prelude to the numerical simulations,
we derive order-of-magnitude estimates for the thermal and
dynamical regimes utilizing prior shallow water theoretical work
done on brown dwarf atmospheres. The analytical framework of
Hammond et al. (2023) uses a dimensionless two-parameter
space to describe the circulation regimes of a brown dwarf atmo-
sphere. The first characteristic quantity is the thermal Rossby
number

0

Rop = —2—,
o (208,)’

ey

where @ is the equilibrium geopotential. This can be con-
nected to the standard Rossby number (Holton 1992; Showman
& Guillot 2002), defined as

Ro=— )

through thermal wind balance ®y = 2QUR, (Mitchell & Vallis
2010). Here, U [m s~'] is the characteristic wind speed, L [m]
the characteristic length scale, and f = 2Qsin 6 [s~!] the Corio-
lis parameter at latitude @ for a planet rotating at rate Q [rad s~'].
While, for the purposes of this section, we can estimate Ror
via an idealized thermal wind calculation, within the GCM we
calculate the geopotential as (Zhang & Showman 2014)

RS
Oy =y —T, 3)
Cp
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where R; [JK! kg‘l] is the specific gas constant,
¢y [J K™ kg™!] the specific heat at constant pressure, T [K] the
temperature and y a measure of adiabacity given by

[y [l
ez

Both definitions of the Rossby number gauge the relative
importance of inertial to Coriolis forces, where small (Ro < 1)
values imply rotation-dominated dynamics. The second coordi-
nate is the dimensionless radiative timescale

Trad = 2Q7 4, &)

which incorporates the physical radiative relaxation time
(Showman & Guillot 2002)

Cp

(6)

Trad ~ — 3>
g osgT?

where p [Pa] is pressure, g [m s72] surface gravity and
osg [W m~2 K*] the Stefan—Boltzmann constant. Although dif-
ferent physical conditions can lead to the same pair of parameter
values (Ror, fraq), Hammond et al. (2023) state that every point
in this plane corresponds to a unique qualitative circulation state,
providing a useful description of the underlying dynamical state
of the atmosphere.

Unfortunately, to estimate the Rossby number and dimen-
sionless radiative timescale requires specifying the values of
quantities that are the outcomes of GCM simulations. We thus
use analytical scaling relations to make educated guesses for the
values of these quantities. To estimate the horizontal wind veloc-
ity U we adopt the wave-driven scaling relation of Showman
& Kaspi (2013). By combining geostrophic thermal-wind bal-
ance with a simple radiative-damping closure, they derived an
expression of the characteristic horizontal wind speed U in a
fast-rotating, nonirradiated atmosphere as

e, 7 { AZHN
U=~ 2t s (7)
where H [m] is the pressure scale height, defined as
kT
g =kl ®)
mg
and N [s™'] is the Brunt-Viisili frequency
g(dT g
N=|lz—+—=) 9
T ( dz Cp) ®

¢ [m~"] the characteristic wavenumber, A7 [H] the vertical thick-
ness of the overturning cell in scale heights, and 7 the fraction of
the interior heat flux that goes into driving atmospheric waves,
called the dimensionless wave driving efficiency.

Although the Y dwarf parameter range spans 250 K < T <
500 K, we assume 400 K < T.g < 600 K for our calculations
presented in this section, matching our modeled cases detailed
in Section 2.2. The radius is taken to be equal to the radius of
Jupiter R, = Ry, since the radii of brown dwarfs are not expected
to change significantly past their initial evolution and typically
fall very close within one Jupiter radius (Burrows et al. 1997,
Leggett et al. 2017). For the surface gravity, we choose a rep-
resentative value of logg = 4.5 and later discuss the qualitative

impact of changing this parameter. Rotation periods in the range
Piot = 2.5-20 h encompass most of the current observations
(Leggett et al. 2017; Tannock et al. 2021) and imply angular
velocities Q = 9 x 107°-7 x 10~* rad s~!. We evaluate the Corio-
lis parameter at a representative mid-latitude 8 = 45°. Assuming
an approximate solar—composition mixture, with volume mixing
ratios (VMRS) yn, = 0.84 and y e = 0.16, yields a mean molec-
ular weight y = 2.33, provides the thermodynamic background,
with a specific gas constant Ry = IJkTB = 3569 JK'kg! and
specific heat at constant pressure ¢, = % =12039 JK ' kg™,
where m, is the atomic mass unit and k.,q is the adiabatic
gradient.

Following Showman & Kaspi (2013) and aiming for sim-
plicity, we assume an isothermal atmosphere. This allows us to
calculate NH = Ry \/g . For wave driving, we adopt the char-
acteristic horizontal wavenumber of the same work ¢ = 3 X
1077 m~!, which corresponds to a characteristic length scale of
~10* km, matching observational values (Simon-Miller et al.
2006) for Jupiter. A quick comparison to the Rossby deformation
radius, as it is defined in Showman & Kaspi (2013)

[ AN
D = b
f

yields a similar average value of ~5 x 10° km when calculated
over all the ranges of values given above. The vertical extent
of the overturning cell is assumed to range between AZ = 1-3
(Showman & Kaspi 2013), meaning that the circulation spans
one to three scale heights. Following the same study, we define
the wave-driving efficiency as the fraction of the interior heat
flux that goes into accelerating the mean flow

(10)

AAup
n= s
ForLrg

)

where A is the eddy acceleration, Au a characteristic wind speed
and Fop g the emitted flux. Using observationally inferred A, Au,
P, Forr for Earth and Jupiter, Showman & Kaspi (2013) infer
n ~ 1073 for both cases and suggest a range of n ~ 1074-1072
for brown dwarf studies. In our calculations, we explore values
over = 107 to 107!, a range that encompasses very weak to
vigorous wave forcing.

We consider two photospheric pressure values p =
[0.1,1] bar in the radiative timescale expression. Combining
these values with the rotation periods above gives a dimension-
less radiative time 7,4 that lies between 5 and 103, The resulting
pair (Ror, Traq) therefore situates Y—dwarf atmospheres in the
circulation regime characterized by radiative forcing with no jets
expected to form (Hammond et al. 2023). The full range of pos-
sible values is illustrated in Figure 1, with the extent of the axes
corresponding to the ones presented in Hammond et al. (2023)
to enable a direct comparison.

Adjusting each parameter causes a corresponding shift in the
position on the plot. Lower effective gravities of log(g) = 3.54
shift the entire plot to the right and higher effective gravities
shift it to the left. Although surface gravity affects both the pre-
dicted thermal Rossby numbers and radiative timescales, in our
idealized framework, its effect is more dominant on the radia-
tive timescales. Selecting a deeper photosphere, for example,
p = 1 bar (also illustrated with fainter points in Figure 1), has
the same effect of shifting the points to the right and different
wave-driving efficiencies shift the plot upward or downward, as
expected.
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Fig. 1. Summary of our calculations, presented in Section 2.1. High-
lighted are the cases with gravity log g = 4.5, a wave-driving efficiency
of = 107 and a vertical scale of AZ = 2 at the approximate pho-
tosphere level pphotosphere = 0.1 bar. Other possible combinations are
overplotted in fainter colors to illustrate the complete space spanned
by the range of values considered in this study. Dotted lines mark the
edges of minimum and maximum values. The red star corresponds to
(Teg = 400 K; Pyor = 10 h; logg = 4.46) and is from a recent GCM
study, included as a reference point.

2.2. Design of simulation cases

To capture the center of the temperature distribution of the early
Y dwarf regime, while avoiding the parameter space where H,O
clouds would form, we adopt 400 K < T < 600 K, where the
warm end (T = 600 K) overlaps with the late-T regime. We
chose our representative Y dwarf scenarios to have a radius of
Rjyp, together with an effective surface gravity of logg = 4.5.
Although observed Y dwarf radii vary about 25%, they are
mostly around one Jupiter radius (Burrows et al. 1997; Leggett
et al. 2017). For the surface gravity, while retrieval (e.g., Zalesky
et al. 2019) and modeling (e.g., Lacy & Burrows 2023) studies
suggest a range of 3.5 < log(g) < 5, we select a single represen-
tative value of log g = 4.5 . As discussed in Section 2.1, changing
g mainly produces a horizontal shift in 7,54 on Figure 1, whereas
the shallow-water regimes identified by Hammond et al. (2023)
vary most strongly in the vertical (Rot) direction. We, therefore,
keep the surface gravity fixed and concentrate our computational
efforts on exploring a wider range of effective temperatures,
rotation rates and cloud species. To decide which cloud species
to include in our simulations, we look at previous studies
(Morley et al. 2012; Gao & Benneke 2018) and remark that for
the temperature range we find ourselves in, the main relevant
cloud species are KCl, MnS and Na,S. Figure 2 illustrates the
condensation curves for these species overplotted with our ini-
tial T—p profiles. Finally, we assume solar metallicity for all of
our runs. Current observations put most Y dwarfs close to solar
metallicities (Leggett et al. 2017) and since most of these objects
are observed nearby our Solar neighborhood, this provides a rea-
sonable assumption. Our constructed suite of run cases that are
briefly summarized in Table 1.

We start our GCM runs from rest with a gray analytical 7—p
profile (Milne 1921; Eddington 1926) derived for a self-luminous
object in the gray opacity limit

4
4= & 5 T 7w

4 |3
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Initial T—p profiles

T
"\ —— T = 400K, ky = 2.50 x 107 m? kg~

107° g The = 500K, 1 = 250 x 1075 m? kg™!
—— Ty = 600K, sy = 2.50 x 107 m? kg ™!

— —
o o
|

—
|
o

Pressure p [bar]

Approximate Photosphere

1500 2000
Temperature 7" [K]

2500

Fig. 2. Various T—p profiles overplotted to illustrate the initial con-
ditions from which the simulations were spun up. The solid lines
correspond to the Ky = 2.5 x 107 m? kg~! curves with the lighter
shades of each color illustration curves corresponding to the same inter-
nal temperature T}, with varying long-wave opacities of «j, = [2.5 X
107,2.5%x107*,2.5x 10721 m? kg~'. Also overplotted are condensation
curves for the cloud condensate species KCl, MnS, Na,S. The shaded
horizontal region (p = 0.1 — 1 bar) corresponds to the approximate
photosphere.

Table 1. Planetary and atmospheric parameters defining our suite of
simulations.

Symbol Descriptor Unit Value
Tet Effective temperature  (K) 400, 500, 600
P Rotation period (h) 20, 10, 5, 2.5
R, Radius (Rjup) 1.0
logg Gravity ) 4.5
Ry Specific gas constant ~ (J K~ kg™!) 3569
Cp Specific heat capacity (J K~!' kg™ 12039
log,, ((M/H]) Metallicity ) 0.0
Cloud Cloud species =) KCl, MnS, Na,S
tun Run time (Earth days) 1000

with T describing the temperature structure with optical depth,
Ty the bottom boundary internal temperature of the atmosphere,
and Ty the long-wave optical depth. The optical depth term
T1w(p) controls the location of the photosphere and is solely used
to construct the initial 7—p profile. Following the radiative equi-
librium solutions calculated in previous studies for brown dwarf
atmospheres (e.g., Burrows et al. 2006), we aim for an adiabatic
interior, an isothermal upper atmosphere and a profile with the
approximate photosphere (p ~ 0.1-1 bar) corresponding to the
effective temperature for each case. Therefore, we choose a long-
wave gray opacity of ki, = 2.5 X 107 m? kg~! to generate our
initial T—p profile using the relation (Deitrick et al. 2020)

2

Tiw = 70 +— -1] 7 0
Pref ﬁw Pref

where fi,, is the strength of the uniformly mixed absorbers set
t0 0.5, 79 = kw22 the reference optical depth, p the reference
pressure of the bottom boundary set to 100 bar for our current set
of simulations. It should be noted that the quadratic dependence
Tiw o p* makes this solution convectively unstable at initializa-
tion. To remove this initial instability without altering the target
profile, we apply a brief initialization (10 computational steps of

13)
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100 s) with dry convective adjustment and then continue with
our mixing-length theory (see Section 2.4.3) routine. The T—p
profile after this step is essentially unchanged and the simulation
proceeds stably. Figure 2 illustrates various examples for initial
T—p profiles, and we can see that the ki, = 2.5 x 1073 m? kg~!
case fits the characteristics we were aiming for.

In our tests, we also initialized simulations using an isother-
mal temperature profile, 7 (p) = Tiy, letting the dynamics
dictate the evolution of the T—p profile. This approach ulti-
mately converged to the same steady-state 7—p structure as with
the gray profile given by Eq. (12). However, the latter profile
notably accelerates convergence to the steady state, as it closely
approximates the final equilibrium solution. This approach also
circumvents possible numerical issues where starting from an
isothermal profile can generate a confined cloud condensate layer
at the bottom of the atmosphere that results in a physically
unrealistic scenario.

Recent studies by Tan & Showman (2021b), Lee et al. (2023)
and Lee et al. (2024) suggest that these atmospheres reach a
statistical steady state after a couple of hundred days. Our sim-
ulations confirm this fact and we choose a uniform simulation
time of 1000 Earth days for all of our presented results, aim-
ing for a reasonable yet computationally feasible value. The last
critical consideration for the general structure of runs is the
average horizontal resolution. Since Y dwarfs are rapid rotators
(Leggett et al. 2017; Tannock et al. 2021), we require a high
enough resolution to capture the length scale of the dominant
dynamical features. To estimate the needed length scale, we take
the minimum possible Rossby deformation radius Lp for our
setup, calculated for a range of plausible parameters (as they are
presented in Section 2.1). The minimum, achieved only for the
fastest rotators (P = 2.5 h), is Lp =~ 6.5 X 10° m, correspond-
ing to a refinement level gy ~ 7 as described in Mendonca
et al. (2016); Deitrick et al. (2022). At the opposite end, the
slowest rotators (P = 20 h) have a larger minimum Lp =
5.271 x 10 m, which would only require gieve] & 4. To conserva-
tively resolve small-scale structure and to ease cross-comparison,
while also aiming to remain computationally feasible, we adopt
glevel = 7 for all but the slowest cases. For the P, = 20 h runs,
We Use glevel = 0, Which still comfortably resolves the deforma-
tion scale at those rotation rates. These considerations land us
at a chosen average angular resolution of 8 ~ 1° for the slowest
rotators and A ~ 0.5° for the rest of the runs and are comparable
to the high-resolution simulations performed by Tan & Showman
(2021a) and Tan (2022).

2.3. The dynamical core

In our study, we use the THOR' dynamical core (Mendonga
et al. 2016; Mendongca et al. 2018a,b; Deitrick et al. 2020, 2022;
Noti et al. 2023) to simulate the atmospheric circulation of
Y dwarf atmospheres. THOR is an open-source, fully three-
dimensional dynamical core that uses a horizontally explicit,
vertically implicit (Tomita et al. 2002; Wicker & Skamarock
2002) time integrator on an icosahedral grid (Tomita et al.
2001) to solve the non-hydrostatic deep Euler equations. This
split-time integration scheme allows THOR to maintain numer-
ical stability with vertically propagating waves in its solutions
while still taking a reasonable time step, which would other-
wise be constrained by the Courant—Friedrichs—Lewy condi-
tion. Our selected grid structure avoids the usual limitations of
latitude—longitude grids (Staniforth & Thuburn 2012), which

! https://github.com/exoclime/THOR

Table 2. Secondary parameters governing clouds, convection, and
numerics?.

Symbol Descriptor Unit Value
Cloud physics

Tdeep Deep vapor replenishment timescale (s) 10°
Xovdeep Deep vapor VMR &) [1.17, 2.63, 8.20] x 1077
loa Particle-size-distribution std. -) 2.0
Fm Median particle size (m) 106
Te Cloud condensation timescale (s) 120
Thermal perturbations

Apurn Burn-in iterations -) 100
Lstorm Storm timescale (s) 10°
Tamp Perturbation amplitude (Ks™) [2.15, 6.80, 17.4] x 107+
Prcb Perturbation boundary level (bar) 10
ny Forcing wavenumber -) 40
Time-stepping

Atayn Dynamical time step (s) 100
Aty Mixing-length time step (s) 0.5
Numerical hyperparameters

Glevel Grid-refinement level -) 6,7 i
Ulevel Number of vertical levels -) 50
Dhypn 6™-order horiz. hyperdiffusion =) 0.001
Dhyp.v 6"-order vert. hyperdiffusion =) 0.001
Diy 4™_order divergence damping =) 0.01
kg Sponge-layer strength (horizontal/vertical)  (s7!) 1073/107*
Nsp Bottom of sponge layer (z/zop) =) 0.8
Mats Latitude bins in sponge layer -) 20

experience singularities and resolution difficulties at the poles.
Such problems arise in all nonuniform grid structures charac-
terized by fixed points and substantial variations in cell sizes or
resolution crowding. The icosahedral grid proposed by Tomita
et al. (2001) and Tomita & Satoh (2004) provides a quasi-
uniform horizontal grid layout. In the vertical direction, the
THOR model employs an altitude grid and is implemented in
two possible configurations. The first configuration, described
in Mendonga et al. (2016) and Deitrick et al. (2020), uses a uni-
formly spaced altitude grid. The bottom-layer altitude is obtained
from the ideal gas law, and the user defines the top of the
atmosphere as a free parameter. An alternative introduced in
Noti et al. (2023) provides more detailed control over the verti-
cal spacing, enabling a nonuniform vertical structure. Although
the default THOR model primarily solves the non-hydrostatic
deep Euler equations, as outlined in Deitrick et al. (2020),
Deitrick et al. (2022), and Noti et al. (2023), it also provides
the option to implement various simplifications to the govern-
ing equations. These alternatives include quasi-hydrostatic deep
or hydrostatic shallow formulations, each with its own assump-
tions. In this work, we use the non-hydrostatic deep equations
with a uniformly spaced vertical grid structure.

To dissipate energy that accumulates at the grid scale,
every run employs two explicit schemes, horizontal and verti-
cal hyperdiffusion, and a divergence-damping operator, together
with a Rayleigh sponge near the model top. The hyperdiffusion
terms remove small-scale enstrophy, the divergence operator acts
directly on the flow’s divergence field, and the sponge relaxes all
wind components toward their zonal means above a prescribed
height, thereby absorbing waves that would otherwise reflect
off the top of the atmosphere. No basal drag is applied at the
lower boundary. The numerical orders, coefficients, and sponge
parameters match those used in our works using the THOR GCM
(e.g., Akin et al. 2025) and are listed in Table 2.

2 Values marked with (x) are the deep vapor reservoir VMRs for KClI,
MnS, and Na,S, respectively. Values marked with (T) are temperature
pertubation amplitudes for Tj, = 400, 500, 600 K, respectively. The
grid-refinement level gjeve; (F) is 6 for the P,y = 20 h models and 7 for
the P, = 10, 5, 2.5 h models.
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2.4. Additional physics modules for brown dwarfs

As introduced in Mendonga et al. (2016) and Deitrick et al.
(2020), the THOR GCM was built from the ground up for exo-
planetary atmospheres and has, at the time of writing, been
mainly applied to model hot Jupiters (e.g., Mendonga et al.
2018a; Deitrick et al. 2022; Noti et al. 2023; Akin et al.
2025). Brown dwarfs, meanwhile, occupy an intermediate region
between giant planets and low-mass stars. Although there are
significant similarities between brown dwarfs and giant planets,
such as similar surface gravities, molecular compositions, and
cloud chemistry (Showman et al. 2020), there are also distinct
differences that require the development of additional physics
modules to accurately model their atmospheres.

The main differences between the circulation regimes of
brown dwarfs and hot Jupiters arise from the fact that hot
Jupiter atmospheres are externally forced by their host star.
Together with tidal locking and a lack of significant internal
heating, the dynamics of these atmospheres can be character-
ized by a pronounced horizontal (day—night) heating gradient
and the interplay of this gradient with planetary rotation. In field
brown dwarfs, the situation is inverted. These objects lack any
external forcing and slowly radiate away the residual heat from
their formation, and in more massive cases, the negligible out-
put of halted nuclear fusion. Their atmospheres are therefore
driven primarily by the interior. The resulting thermal forcing
is vertical, extending from the deep convective interior up to
the observable photosphere, and, when combined with the typ-
ically rapid rotation of field brown dwarfs, sets up a circulation
in which convective transport and vertical mixing play a cen-
tral part. Accordingly, we implement a routine that introduces
thermal perturbations at the approximate radiative-convective
(RCB) boundary and we replace the present convective adjust-
ment scheme (Deitrick et al. 2020) with a mixing-length-theory
formulation that treats sub-grid convection more realistically.
Many widely used exoplanetary GCMs implement a convective
adjustment scheme (e.g., Heng et al. 2011; Leconte et al. 2013;
Deitrick et al. 2020) that mixes the entropy in a convectively
unstable zone, approximating convection as an instantaneous
process compared to the dynamics. While Lee et al. (2023)
model a simplified brown dwarf case using convective adjust-
ment, they also subsequently advocate for the improvements
offered by their mixing-length theory implementation in their
follow-up work (Lee et al. 2024). Fully convection-resolving
global models (e.g., Lefevre et al. 2022) remain prohibitively
expensive for the parameter space explored here.

Throughout this study, we confine ourselves to field brown
dwarfs and therefore neglect any external instellation. This
choice has a direct bearing on the radiative transfer strategy.
THOR presently contains three schemes: the original two-stream
double-gray module (Mendonga et al. 2016; Mendonga et al.
2018b; Deitrick et al. 2020); a two-stream, picket-fence non-gray
module modeled on the work of Lee et al. (2021) and described
by Noti et al. (2023); and a multiwavelength “improved
two-stream” method (dubbed THOR+HELIOS in Deitrick
et al. 2022), that couples the THOR dynamical core to the
HELIOS radiative transfer solver and provides a rigorous treat-
ment of scattering by medium-sized and large aerosols (Heng
& Kitzmann 2017; Heng et al. 2018; Malik et al. 2017, 2019).
For the cloud-forming, nonirradiated objects considered here,
the existing options are not ideal for our goals. The picket-
fence module devotes bands to stellar shortwave and offers
little benefit without instellation, while the multiwavelength
THOR-+HELIOS coupling is too costly for long integrations with
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time-varying, cell-wise cloud properties. We require an efficient
radiative transfer scheme for the planetary emission that supplies
a locally evaluated opacity in every grid cell so that evolving
cloud opacities can be coupled to the thermal structure calcu-
lated by the solver. We therefore adopt a single thermal band
with locally evaluated Rosseland-mean gas and cloud opacities,
mirroring the approach of many previous brown dwarf studies
(e.g., Tan & Showman 2021b; Tan 2022; Lee et al. 2023).

In summary, we have developed four complementary addi-
tions to THOR: an interior thermal perturbation model, a
mixing-length sub-grid convection scheme, a gray radiative
transfer module using a Rosseland-mean gray opacity scheme,
and a simplified cloud tracer module that includes thermal
feedback and scattering due to clouds. Our implementation
follows the approaches set out by Showman et al. (2019), Tan &
Showman (2021a), Tan (2022) and Lee et al. (2023), and adapts
them for the THOR GCM, as detailed in the following subsec-
tions. A quick overview of our parameters for these additional
physics modules can be found in Table 2.

2.4.1. Radiative transfer

We extend THOR with a computationally efficient, gray radia-
tive transfer module tailored to field brown dwarfs, adding the
ability to couple cloud-opacity feedback while eliminating costly
stellar-insolation calculations that are irrelevant for our nonirra-
diated targets. To achieve this, we prune the original picket-fence
scheme (Noti et al. 2023), retaining a single IR band for the
planetary emission. This makes the scheme well-tested and effi-
cient while satisfying our requirements for a temperature- and
pressure-dependent local opacity structure that can couple to the
cloud module we detail in Section 2.4.4.

Our method follows a classic two-stream, short-
characteristics formalism with linear interpolants (Olson &
Kunasz 1987) to solve the radiative transfer equation. At
every timestep, the local gas opacity is interpolated from the
Freedman et al. (2014) grid, which provides analytical fits to the
Rosseland-mean opacity g, defined as

1 fmaB )_l(foolaB )
= x dy = == dv|.
KR(T,p) ( o aT o k, OT

The Rosseland mean weighs the frequency-dependent opac-
ity «, by the temperature gradient of the Planck function B,
and as a harmonic mean it emphasizes the contributions from
the least opaque (smallest opacity) windows. It therefore repro-
duces the correct flux in the optically thick layers, exactly where
brown dwarf interiors inject their heat. Replacing the constant,
that is, the gray opacity of the double-gray method and using
a single mean opacity rather than tens of thousands of wave-
length bins used for multiwavelength methods, we both preserve
the essential T—p dependence and achieve this at a reasonable
computational cost. It should be noted that while the Rosseland
mean delivers an accurate depiction of the diffusive and optically
thick limit, in the optically thin parts of the upper atmosphere,
the Planck mean should be preferred (Marley & Robinson 2015).
In our single-band gray scheme, we do not switch means; fol-
lowing prior work by Tan & Showman (2021b), Komacek et al.
(2022) and Lee et al. (2023), we impose a gray lower limit of
Kr.min = 1073 m? kg~!.

We expect the gas-phase thermal scattering to be negligible
(Lee et al. 2023), but cloud particles can contribute appreciably.
For this reason, we implement a further modification (detailed in
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Section 2.4.6) to account for the scattering induced by the pres-
ence of clouds in our models and only activate it when clouds
are present.

2.4.2. Thermal forcing of the atmosphere

In our curated sample, with no instellation present, the dynami-
cal response of the atmosphere is triggered through variations in
the internal thermal flux coupling to the brown dwarfs’ rotation.
Conceptually, the physical scenario we aim to model corre-
sponds to convective plumes that rise and sink at the RCB.
Several authors (e.g., Zhang & Showman 2014) have modeled
this mechanism and Showman et al. (2019) have outlined their
approach that works through stochastic thermal perturbations
introduced at the RCB, which we follow in our current work.

Briefly summarized, thermal perturbations are characterized
through functional forms S (4, ¢, p, f) that are separated into the
vertical S (p) and horizontal Sy, (¢, p, t) terms, where A is lon-
gitude, ¢ is latitude, p is pressure, and ¢ is time. The vertical
structure is designed to decay over two scale heights in order to
keep the perturbations localized near the RCB. In our study, this
level is set to a constant p,, = 10 bar, matching other recent
modeling efforts (Lee et al. 2024).

Physically, the above-mentioned buoyant plumes are present
at a much smaller scale than our grid scale (Freytag et al.
2010) and are introduced at the smallest resolved scale in our
GCM setup. This implementation implicitly assumes that the
smaller-scale plumes reorganize themselves into a continuous
larger-scale structure corresponding to our grid scale (Showman
et al. 2019). Finally, using their physically motivated description,
we estimate the amplitude of the thermal perturbations as

Az Teff

H Tra \i7

where Az is the maximum amplitude of the displacement, H
the pressure scale height, T.¢ the effective temperature, 7,54 the
radiative timescale and n; the forcing wavenumber. This com-
pletes the physical picture as we have chosen the relevant length
scale and the amplitude of the perturbations we would like to
introduce. The horizontal structure, then, is represented as a
Markov process, that is, a sequence of stochastic events that
depend on the previous state

Tamp ~ (15)

S, ¢, p,t+6t)=rS (4, ¢,p,0)+ V1 =1r2F (4, ¢,1), (16)
which has its roots in turbulence studies (Scott & Polvani 2007,
Showman et al. 2019). This parametrization provides the sim-
plest stochastic representation, in the absence of a detailed
physical model, consistent with the idea that convective events
at the RCB persist for a short duration before being replaced by
new plumes.

To give a conceptual explanation, Eq. (16) updates the hori-
zontal forcing pattern by combrmng two contributions. The first
term, rS (4, ¢, p,t) withr = 1 — , retains part of the previous
pattern, such that #gom sets the tlmescale over which the forcing
loses memory of its past. Since 6f << form, We have 0 < r < 1,
so the pattern evolves gradually from one step to the next. The
second term introduces new variability through F(4, ¢, ) con-
structed as a sum of spherical harmonics with amplitude set by
Tamp and a characteristic horizontal length scale set by the forc-

ing wavenumber n¢. The prefactor V1 — r2 scales the strength of
this stochastic contribution so that the forcing neither decays nor

grows without bound over many updates. Given a sufficient num-
ber of iterations, this yields a continually refreshed pattern with
the prescribed horizontal scale, intended to represent the aggre-
gate effect of unresolved convective plumes on the resolved flow.
Our chosen parameters match the Lee et al. (2024) study and are
summarized in Table 2.

2.4.3. Mixing length theory

To model the convective interior of brown dwarfs, we introduce a
mixing-length scheme after Marley & Robinson (2015), Joyce &
Tayar (2023) and Lee et al. (2024). Mixing length theory (MLT)
(Prandtl 1925; Bohm-Vitense 1958) provides us with a paramet-
ric approach for representing the convective mixing that happens
on a sub-grid scale.

Physically, the modeled scenario can be described as a parcel
of fluid, rising buoyantly in the vertical direction due to its excess
temperature, in regions where the atmosphere is unstable to con-
vection. The stability of a region of the atmosphere is assessed
through the Schwarzschild (Schwarzschild 1906) criterion

I'> T, a7

where I' = —fl—T is called the lapse rate and ',q = < is the adi-

abatic lapse rate, in other words, the rate that the temperature
would decrease with altitude without exchanging heat with its
surroundings. The core assumption of mixing-length theory is
that a displaced parcel exchanges heat with its surroundings after
traveling a characteristic distance L, called the mixing length.
The mixing length is approximated as a multiple of the scale
height H as L = aH, where « is an order-unity constant. We
adopt @ = 1, following Lee et al. (2024), while noting that
the methodology of choosing of this parameter is still actively
debated (Smith 1998; Joyce & Tayar 2023). For a detailed discus-
sion of how adjusting this free parameter influences the results,
we refer the reader to Robinson & Marley (2014).

MLT is inherently a one-dimensional approximation, where
the mixing is assumed to occur only in the vertical direction. The
mixing between the rising fluid parcel and its new surroundings
results in a convective flux

1
~pe,wL (T =),

Feony = )

(18)
where p is bulk density of the atmosphere, ¢, the specific

heat capacity under constant pressure and w the vertical mixing
velocity (Marley & Robinson 2015)

g 1/2

w=L|Sr-Tw)| . (19)
T

Eq. (18) is sometimes Written in terms of the convective

eddy diffusivity, approximated as, K,, = wL (Marley & Robinson

2015). The convective heat flux Fqy,y is used to update the local

temperature tendencies in every computational cell according to

ar
at conv

using a sub-timestepping approach. We adopt an MLT timestep
of Anyr = 0.5 s. Once the cumulative MLT updates reach the
main dynamical timestep, the resulting temperature correction is
passed to the dynamical solver as an update to the heating rate

Qhea[ .

_1 6Fconv
pcP 0z

(20)
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As described above, this approach yields convective heat
fluxes and, in turn, a local and time-varying thermal eddy
diffusivity coefficient

29 12

Ke=D|S0-Tw)| 1)
evaluated in each layer that meets the instability criterion. This
usage of K, is local and time-dependent and differs from
the globally averaged eddy diffusivity coefficients sometimes
adopted in theoretical or modeling studies (e.g., Steinrueck et al.
2021; Tan 2022). Our approach yields a self-consistent mixing
profile that can distinguish vertically separated convective cells.
While not as accurate as convective-resolving models (such as
Lefévre et al. 2022), the scheme captures the key features of
interior mixing that we can couple to our cloud tracer scheme
detailed in Section 2.4.4. At the same time, the MLT routine can
only capture mixing where the convective heat flux is nonzero
(Feonv > 0), while the vertical velocity above a convective zone
decays rather than dropping to zero. This “overshoot” effect has
been noted by multiple studies relevant for brown dwarf atmo-
spheres (Freytag et al. 2010; Lefevre et al. 2022; Lee et al.
2024). We therefore extrapolate the velocity above the top (i.e.,
to pressures lower than pyp) of each convective zone with the
prescription of Woitke et al. (2020)

Inwoy = Inwp — B - max (o, In pop — In p) , (22)
where 8 is a free parameter that relates to Freytag et al. (2010)
and adopted as 8 = 2.2, following the work of Lee et al. (2024)
in our study, and w,, represents the vertical velocity at the top
of a given convective cell, as determined using Equation (19).
This overshoot prescription feeds directly into convective K,
structure via K 1o = Kz + K. oy Where K, oy = woyL, giving
a smooth decline of K, in the stably stratified region above each
convective boundary. The overshoot term K, .y is applied solely
as a correction for tracer mixing (detailed in Section 2.4.4) and
does not affect the MLT temperature tendencies (through QOpear),
since Foyy = 0 in a stable region.

2.4.4. Modeling of cloud tracers

To probe the effect of clouds on the thermal structure and the
ensuing feedback, we implement a simple tracer-based equi-
librium cloud scheme. Our implementation closely follows the
works of Tan & Showman (2019), Tan & Showman (2021a),
Komacek et al. (2022) and Lee et al. (2024). The model evolves
the following equations:

qu _ min(QS — 4, t]c) qv — 45
—=(1-y) -
dt Te T,
v 1 C’) 5 v
—m+——(1<mp q), 23)
Tdeep p 0z 0z
Dq, _ 4o — (s min(gs — qu, qc)
— =s— (1) —=
dt Te T,
10 10 0
— =~ (g Vi) + == (Kzzp i), 24)
p 0z p 0z 0z

where g, is the vapor mass-mixing ratio (MMR), g, the conden-
sate MMR, ¢, the equilibrium saturation ratio, 7, the conden-
sation timescale, ggeep the deep reservoir MMR, 7geep the deep
mixing timescale and s the saturation coefficient. Conceptually,
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this is an equilibrium condensation model with a prescribed
relaxation timescale applied to the tracers, while advection of
tracers follows the bulk flow of the atmosphere passively. For
the relaxation timescale, we follow Tan & Showman (2019), who
prescribe Tgeep = 10% s and demonstrate that varying Tgeep by
orders of magnitude has little effect. The condensation timescale
7. follows Lee et al. (2024) (see Table 2), who adopt 7. = 120 s.
This is also consistent with Leféevre et al. (2022), who use a
smaller value (., = 10 s) and find that varying 7. from 1 s to
100 s produces only small changes in the cloud layer depth.
For the stability criterion, we adopt the convention of Lee et al.
(2024), defining it in terms of the supersaturation ratio S, given
by
s =%
Xs

(25)

where y;, the equilibrium VMR, is computed as y, =
min ( Pvap(T)/ P, 1), with py,p(T) the saturation vapor pressure as

a function of temperature. The saturation coefficient s is then
defined as

1, if § >1
s =10, if S <1.

dgy _ dgc _ T -
= =0, ifS=1

(26)

This ensures that phase changes only occur when the system
is either supersaturated (condensation) or subsaturated (evapora-
tion), and that no mass exchange occurs in equilibrium (S = 1).
Inside the GCM, this set of equations is represented through a
standard continuity equation with a source term in the following
form:

)
DLV - (ovg) = S,

i 27

where p is the bulk density of the background atmosphere, g
represents the MMR of either the condensable vapor or the con-
densate of a given cloud species, v the wind field, and S the
source and sink terms for each equation.

The left-hand side of Equation (27) has the same structural
form as the entropy equation evolved by the THOR dynamical
core and is solved using the same finite-volume scheme intro-
duced in Mendonga et al. (2016) and Deitrick et al. (2020). A
more detailed derivation of how Equations (23) and (24) relate
to Equation (27) is given in Appendix A. The source terms, rep-
resented by the term S on the right-hand side, are integrated
separately with a sub-timestepping approach. Specifically, the
treatment of source terms is split into three components. The
first part, the mass exchange between vapor and condensate
phases, along with vapor replenishment from the deep reservoir
is integrated using a third-order adaptive Bogacki—Shampine
Runge—Kutta scheme (Bogacki & Shampine 1989). Similarly,
the vertical mixing terms calculated with the K, values derived
from the MLT routine are integrated using an adaptive Bogacki—
Shampine routine. We use the third-order Bogacki—Shampine
method for both cases because lower-order integrators were not
stable at reasonable time step sizes. Additionally, its embedded
second-order solution gives a cheap error estimate for adap-
tive time stepping, which avoids a conservative fixed time step
that would bottleneck performance and saves the time other-
wise spent searching for suitable step values. The treatment of
the gravitational settling of condensate particles requires a more
detailed approach and is discussed in the following subsection.
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The physical scenario we model assumes that there is a
deep (p > 100 bar) vapor reservoir that has a solar elemental
composition. For each condensate, we set ggep (see Table 2)
using the solar number density ratios (n (El) /n (H)) of Asplund
et al. (2021), taking the value for the molecule’s least abundant
constituent, which serves as the bottleneck in forming the con-
densate. Our assumption is guided by the fact that most Y dwarfs
are observed in the Solar neighborhood, and have metallicities
close to solar Leggett et al. (2017). We adopt a solar-abundance
deep reservoir when no stronger observational or first-principles
constraints are available, following the conventions of Gao &
Benneke (2018), Komacek et al. (2022) and Lee et al. (2024). At
the beginning of our simulations, we set the condensate MMRs
to a very small value, g. = 1073, while the corresponding vapor
MMRs follow their saturation curves but never exceed their
respective ggeep. In other words, we assume the deep reservoir
has already come into equilibrium with the overlying atmosphere
before cloud formation begins.

2.4.5. Gravitational settling of clouds

Equations (23) and (24) provide a simplified framework that
permits mass exchange between vapor and condensate. In equi-
librium, the system maintains a delicate balance between the
upward mixing from the deep vapor reservoir and the gravita-
tional settling of cloud condensates. The resulting large-scale
cloud structure then depends on the efficiency of vertical mixing,
both advective and convective, throughout the atmosphere.
Because we do not use an explicit microphysical model,
assumptions about the cloud particle size distribution must be
made to estimate settling velocities. In the absence of a first-
principles theory, we follow convention and adopt a prescribed
log-normal size distribution (Ackerman & Marley 2001)

d_n _ No exp (— In (r/rmed)2 ) (28)
dr r \/ﬁ ln a—g 2 ln 0’3

defined by a median particle radius rpeq and a fixed geometric
standard deviation o, to parameterize the bulk settling behavior
of condensates. This can be integrated to yield the total number
density

Ny = ﬂ exp (—2 In? a’) , 29)
med 2

- drp.r’

where p. is the density of the condensate particle and € = p./figas
is the molecular weight ratio between the condensate and the
background gas. In this framework, the effective cloud particle
radius can be expressed as (Lee et al. 2024)

7
re = rmedexp(i 11120'). (30)

This corresponds to the Ackerman & Marley (2001) expression
(Eq. (13) in their work) with fi,;, = 1 and @ = 1. Having defined
the size distribution of cloud condensates, we estimate the set-
tling velocity through (Ohno & Okuzumi 2018; Lee & Ohno
2025)

-5/4
, (31

Vi

2/5
_ g2 |, (0459rpep)”
9n 54n

where g is surface gravity, n the dynamic viscosity, p. the density
of the condensate and p the bulk density of the background atmo-
sphere. This expression is an extension of the standard expres-
sion for terminal velocity (Rossow 1978), derived assuming a
Stokes flow, for a particle falling in a viscous flow. The empir-
ical factor 3, called the Cunningham slip factor (Cunningham
1910; Davies 1945)

B=1+Kn (1.257 +0.4 e*l'l/K"), (32)
accounts for deviations from continuum behavior in the flow and
is a function (Li & Wang 2003) of the Knudsen number

Kn=—,
re

(33)

where A is the mean free path of the fluid, calculated as
(Jacobson 2005)

_2n | mu

el 34
p N 8RT 34

and 7 is the dynamical viscosity according to Rosner (2000)

0.16
kgT
_ 5 \/ﬂﬂmukBT (lein) (35)
=16 ndn, 122

where m,, is the atomic mass unit, dy, the molecular diameter
of H;, and € 1, the Lennard-Jones potential of H,. Lee & Ohno
(2025) adopt the same expression, while they consider contribu-
tions Hy, H and He. In this study, we limit ourselves to H, for the
sake of simplicity. Numerically, we calculate the vertical trans-
port using a second-order explicit MacCormack (MacCormack
2001) integrator with a Koren (Koren & van der Maarel 1993)
flux limiter.

2.4.6. Thermal feedback and scattering due to clouds

So far, we have described how cloud tracers are distributed
throughout the atmosphere, generally following the bulk motion
of the background gas, while accounting for mass exchange
due to evaporation and condensation, mixing from convective
motions, and gravitational settling of condensates. As mentioned
in Section 1, previous studies (Morley et al. 2012) indicate that
for Y dwarf atmospheres, clouds are expected to drive dynamical
activity. This necessitates that we allow the cloud distribution to
thermally feedback on the background atmosphere.

Physically, to capture the radiative impact of clouds, we
must specify the optical depth and scattering properties of each
cloud species. The optical depth is computed from specifying
the extinction opacity of clouds ke (m” kg™'). The scattering
properties of the cloud particles are described by the single scat-
tering albedo, w [-], which quantifies the fraction of incident
radiation that is scattered, rather than absorbed by cloud parti-
cles, and the asymmetry factor, g [-], which characterizes the
directional bias of scattering, that is, the ratio of forward to
backward scattering. These quantities, however, are wavelength-
dependent and require knowledge of the size distributions of
cloud particles. To integrate them into our radiative transfer
scheme, which uses a single thermal band for brown dwarf emis-
sion, we follow the procedure described in Lee et al. (2024),
adopting the size distributions and parameters detailed in Sec-
tion 2.4.5. We use the LX-MIE (Kitzmann & Heng 2018) code
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to pre-calculate the wavelength-dependent cloud properties and,
assuming a lognormal size distribution, integrate over size to
obtain the normalized attenuation coefficient @ (m~2), the single-
scattering albedo w (-) and the asymmetry factor g (—). We then
form Rosseland-mean values by weighting with dB,/0T on a
temperature grid and tabulate the resulting normalized atten-
uation coefficient ar(T), single-scattering albedo wg(7"), and
asymmetry factor gr(7T), which we interpolate to local back-
ground gas temperature at runtime. This allows us to calculate,
on the fly, the Rosseland mean cloud opacity of a single cloud
species as

arNy
KR cloud = 5

Jol

where the number density, Ny (m™) is given by Eq. (29). We
approximate the contribution of our cloud species’ thermal con-
tribution by adding it to the background gas opacity, interpolated
from the tabulated Freedman et al. (2014) opacities (as described
in Sect. 2.4.1)

(36)

Ncloud
KR tot = KR,gas + KR cloud,i- 37

1

It should be noted that, although used in several other studies
(Tan & Showman 2021b; Komacek et al. 2022; Lee et al. 2023),
this is an approximation of total opacity. We apply a further cor-
rection to account for scattering introduced by the cloud particles
present at a given layer of the atmosphere, through the absorption
approximation of Lee (2024). The idea behind this approxima-
tion is to account for scattering through a modification of the
transmission function during our radiative transfer calculations.
The total single scattering albedo wr or and the total asymmetry
factor gg o are calculated as,

cloud

n,
WR,gaskR gas T Z,- WR cloud,iKR cloud,i

WR tot = > (38)
KR tot
Heloud
IR, gasWR gaskR gas T Z,‘ IR cloud,iWR cloud,iKR cloud,i
JR ot = . (39
WR totKR,tot

For each layer, we first apply the 6-M+ scaling of Lin
et al. (2018), to remove the strong forward-scattering peak and
keep the two-stream calculation accurate. The resulting modified
single-scattering albedo and optical depth are denoted as O‘)E,tol

and 7*. The modified co-albedo is then

e = \/(1 - LL)E,[OJ (1 - gR»tOlw]‘:,tol)’

which multiplies the layer optical depth to give the absorp-
tion optical depth 7, = €*r*. Our radiative transfer solver (see
Section 2.4.1) then evaluates the transmission function

T (u) = exp[~7a/u] . (41)

for every Gaussian angle u. Lee (2024) conclude that this method
provides a good approximation of the scattering behavior while
coming at negligible computational cost.

With these modifications in place, initially, we turn cloud
tracers on passively, allowing them to evolve without contribut-
ing to the thermal budget. After 250 Earth days, sufficient time
for the dynamics to redistribute the tracers and for condensates
to settle into statistically steady cloud layers, we switch on their
thermal feedback. Starting this feedback later avoids spurious
heating at the lower boundary. The reasoning behind this is that
the initial state is saturated yet condensation has not yet occurred,
tracer concentrations are initially greatest near the surface, and
immediate coupling would artificially amplify their effect there.
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(40)

3. Results
3.1. Atmospheric structure of the Y dwarf sample

Having constructed a broad suite of Y dwarf simulation cases,
we now examine the steady-state behavior of each run after
reaching statistical equilibrium. Figure 3 presents the full
sequence of simulations, with each panel showing the effective
radiating temperature T roq for a given combination of effective
temperature 7. and rotation period P.y. The effective radiating
temperature is obtained from the outgoing longwave radiation
(OLR) flux via Foir = O’SBT:ff, oq» Providing a temperature-
equivalent measure of the gray outgoing flux emerging from
the photosphere. Across cases of the same effective temperature,
it varies only slightly, typically by less than 1%. While equa-
torial features are prominent in all simulations, their detailed
morphology differs. For T,z = 400 K, faster rotators exhibit
slightly enhanced equatorial flux, with patchy structures appear-
ing at higher latitudes in all cases. For the slower rotating P, =
10 h, 20 h cases at T.g = 400 K, 500 K, an oscillatory equato-
rial pattern emerges, with small-scale, high-latitude variability.
The T = 600 K cases appear more uniform from the equator
to mid-latitudes, while the polar regions show increased patchi-
ness. As expected, higher resolution and faster rotation generally
lead to finer-scale atmospheric features, although the most sig-
nificant jump is from the P, = 20 h to the faster rotators, which
display similar characteristic length scales in the structures that
end up forming. Although Figure 3 may suggest that many Tt =
500 K, 600 K cases are uniform away from the equator, this
impression arises because equatorial variability is much stronger
than at higher latitudes, as the Teg = 500 K ; Py, = 2.5 h case
indicates, high-latitude vortices are present in all runs but are
too weak to stand out against the equatorial signal. Both the
Te.x = 400 K and 500 K cases develop oscillatory equatorial
patterns, with the 500 K runs showing the largest contrast and
strongest winds, whereas at T = 600 K the equatorial variabil-
ity weakens and the flow is dominated by broad zonal bands,
with variability shifted toward the polar regions.

Overall, the effective radiating temperature maps in Figure 3
are close to horizontally uniform, with only very small peak-to-
peak contrasts, while still exhibiting coherent banded and tilted
structures indicative of three-dimensional circulation. The small
horizontal variations in these maps are consistent with a weak
dynamical regime, which we discuss further in Section 3.4.

Figure 4 illustrates the evolution of the temperature—pressure
(T—-p) profiles across the entire set of simulations. As discussed
in Section 2.2, the final 7—p profiles remain remarkably close
to the initial conditions shown in Figure 2. A weak inversion
forms early in the simulation (not shown), but the atmosphere
settles into a structure featuring an adiabatic interior and a nearly
isothermal upper atmosphere extending to pressures as low as
p ~ 107 bar. The profiles shown are global averages, but indi-
vidual columns reveal negligible horizontal temperature varia-
tion, consistent with the absence of any imposed longitudinal or
latitudinal asymmetry in thermal forcing.

3.2. Vertical mixing

We expect vertical mixing to be one of the main drivers of
dynamics in Y dwarf atmospheres. In Figure 4, we overplot the
T—p structure with the globally averaged eddy diffusivities K.,
calculated according to Eq. (21) by the MLT routine, giving a
measure of the convective mixing that is going on in the atmo-
sphere, and the “advective” mixing that is calculated from the

GCM'’s own vertical velocity w value as H (z) v{(w? (2)).
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Fig. 3. Effective radiating temperature maps of individual runs at #,,, = 1000 d. The shown results are time-averaged over the last 10 days of the
given run time. Run cases vary in effective temperature from 7z = 400 K to T.x = 600 K from top to bottom and correspond to a rotation period

of Pyoy = 2.5-20 h from left to right.

One of the first trends that can be pointed out is the fact that
convective mixing seems to be consistent across every sample in
a given effective temperature 7., independent of rotation period
Pt of a given case. This can be seen by observing each row
separately. This matches the design in which each atmosphere
is forced from below, as outlined in Section 2.4.2. The thermal
forcing is governed by the amplitude of the imposed thermal
perturbations, Ty, which is fixed by the effective temperature
(see Section 2.4.2) and does not vary with rotation period.

Further trends stand out across our sample, namely all of the
Tt = 400 K cases present a uniform, deep, convective column

of K., = 10° m? s~! extending from the base of the atmosphere to
the p = 1 bar level, tapering off linearly due to convective over-
shoots, arriving at the minimum level K, nin = 10 m? s~! around
p ~ 0.1 bar. For the T = 500 K and T = 600 K cases, the
convective mixing structure appears to be split into two regions,
one extending from the base of the pressure domain to about
p = 40 bar, followed by another disjoint convective zone that
sits between 1 bar < p < 10 bar for T = 500 Kand 1 bar < p <
3 bar for T = 600 K. In a similar study, Lefevre et al. (2022)
used a convection-resolving model and found that their K, esti-
mates peak at ~10° m? s~! within convective zones but drop by
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Fig. 4. Vertical mixing profiles of all simulations. The 7T—p profile is overplotted with the convective mixing K, and the advective mixing contri-
bution H (z) v/{(w? (2)),. The pressure extents of convective regions are shown as gray horizontal bands in each panel.

several orders of magnitude above them. They caution that these
very small post-convective values are not appropriate for GCMs
given the lack of wind shear. Our overshoot parameter (8 = 2.2)
follows this suggestion and produces a more gradual decline of
K., so the profiles shown here should be read as an upper limit
on mixing.

While the individual structure of the advective vertical veloc-
ity changes across our sample, all of them fall in a range of
107110 m? s7!, indicating a regime characterized by weak
advective mixing. This is in line with our expectations from these
substellar atmospheres, where convective mixing is expected to
dominate. In all of our examples, the RCB falls within the p =
1-5 bar level and sits below the pressure level of the photosphere,
which is at about pphotosphere = 0.7 bar for all the presented runs.

3.3. Cloud properties

Figure 5 shows, for each case, the thermal band photosphere,
the globally averaged VMRs of vapor and condensate for every
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cloud species together with the equilibrium saturation VMR y.
The T—p profile is superimposed to allow direct comparison with
the vertical-mixing plots in Figure 4. Different rows correspond
to the models with Tt = 400, 500, and 600 K and a fixed rota-
tion period of Py, = 20 h. Although different rotation periods,
for the same effective temperature, result in varying horizontal
structures within a given layer, the globally averaged vertical pro-
file of clouds and their associated number density distributions
remain nearly identical. That is why a single rotation period,
P.ot = 20 h in Figure 5, suffices to outline the main behavior.
In every panel, the vapor VMR curve, shown in red, follows the
saturation curve in green up to the deep-reservoir value listed as
Xdeep 1n Table 2, showing that the simulated atmospheres stay
saturated with vapor throughout. The condensate VMR curve,
plotted in blue, marks the altitudes where cloud condensates
settle, forming a cloud layer. As discussed in Section 2.4.5,
the vertical cloud profile results from a balance among convec-
tive mixing, gravitational settling, and the supply from the deep
reservoir. The deep reservoir sets an upper limit, yet whether that
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Fig. 5. Globally averaged vertical profiles of cloud condensate (blue) and vapor (red) VMRS, together with the saturation vapor VMR (green), for
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area marks the photosphere for the single-band thermal emission.
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Fig. 6. Vertical profiles of diabatic heating rates for the run cases with T = [400,500,600] K and P, = 20 h at #,,, = 1000 d. Overlaid are
convective zones and cloud condensate layers, intended to give an overview of the physical processes that contribute to the radiative balance of the
atmospheres under study. The smaller panels on the right-hand side shows the extent of each overplotted layer.

limit is reached depends mainly on the strength of vertical mix-
ing, which, in our simulations, is dominated by convection. This
link becomes clear when one compares the mixing intensities
in Figure 4 with the shapes of the condensate curves in Fig-
ure 5. Gravitational settling confines the cloud layer vertically,
and thermal coupling has a similar regulating effect, though by
a different route. When cloud thermal coupling is active, part of
the internally deposited heat is absorbed and scattered within the
cloudy regions, giving a slight warming that evaporates a small
fraction of the local condensate and lowers its VMR accordingly.

For T.s = 400 K, KCI and Na,S clouds appear near p =
10 bar and extend upward to about p = 0.3 bar, to the level
of the brown dwarf’s photosphere. MnS clouds occupy a sim-
ilar pressure but extend deeper and have significantly weaker
abundances. At this effective temperature, the saturation curve
lies below the deep-reservoir mixing ratio even at the lower
boundary, so the vapor mixed upward becomes supersaturated
immediately. Condensate, therefore, collects at the base of the
atmosphere, where our model removes it, and its mixing ratio can
rise only as far as convective transport can redistribute it. For the
T.¢ = 500 K and 600 K models, the behavior of clouds is qual-
itatively similar, though the extent of the cloud layers becomes
narrower as the effective temperature increases. While the cloud
layers show some overlap with the photosphere level, their opti-
cal depths peak around the base of the illustrated condensate
curve and remain well below unity (7cjoug << 1) across the whole
atmosphere.

Figure 6 shows the globally averaged vertical profiles of dia-
batic heating rate produced by the dynamical core. In each panel,
we plot the volumetric heating rate Qpea (W m™) along with the
cloud layers where condensate mixing ratios peak, as indicated
in Figure 5, and the convective zones identified by a positive
convective heat flux F.o,y > 0 from the MLT routine. Convec-
tive overshoot enhances the mixing of cloud particles but does
not contribute directly to Qpear. The Onear Values shown here are
the source terms that enter the model’s energy equation and are
therefore expressed per unit volume. They can be converted to
a temperature tendency through dT/dt = Qhea/(pC)p), resulting
in peak magnitudes comparable to the thermal perturbations
imposed at p = 10 bar. In the statistically steady state, QOheat
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departs from zero primarily in the deep layers where internal
forcing and convection act, while above the thermal-band photo-
sphere (p =~ 0.7 bar) it remains close to zero in the global mean.
Although cloud layers extend above the convective zones, they
remain optically thin in our gray thermal band and do not coin-
cide with comparable enhancements in Qe in these profiles. It
should be noted that the cloud layers that are shown in Figure 6,
do not all correspond to the same VMR, they simply indicate
where cloud condensates settle.

3.4. Flow regime

Figure 7 shows the thermal Rossby number Ror plotted against
the nondimensional radiative timescale 7,4, following the con-
ventions of Hammond et al. (2023). The axis ranges match that
study, and the gray line marks the boundary separating two of
their flow regimes, the upper one with small vortices and an
equatorial jet, the lower dominated by radiative forcing and lack-
ing jets (see their Figure 8). Each symbol apart from the red star
represents one of the GCM simulations from this study, with
Rot and 7,4 calculated from our model outputs using the def-
initions in Section 2.1 (see Egs. (3) and (5)). We also include an
additional GCM run with T = 600 K, P,y = 20h, logg = 3.5,
designed to test whether reduced gravity enhances variability.
This case is plotted in a lighter green to distinguish it from the
standard T = 600 K; Py, = 20 h run and its variability impli-
cations are discussed in Section 4.3. All of our simulated cases
lie below the plotted regime line, inside the radiative-forcing-
dominated regime, and the plotted values also reveal an even
more rotation-dominated regime than the theoretical estimates
in Figure 1 had implied.

All points belonging to the same effective temperature (same
color) fall on a straight line with a negative slope. This is a simple
result of the normalizations adopted in Section 2.1 (also seen in
Figure 1), as the rotation period increases (i.e., the angular veloc-
ity Q decreases), the thermal Rossby number Rot o< Q72 grows,
whereas the dimensionless radiative timescale 7,,q o Q shrinks.
This implies, for a constant temperature 7, Roy %r‘a%j and our
results reproduce this scaling. Conceptually, small Rot and large
Traa signal a flow that is strongly constrained by Coriolis forces
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Fig. 7. Thermal Rossby number Ror plotted against the non-dimensional radiative timescale 7,4 for the complete sample of planets discussed in
this study. The plotted quantities are calculated according to the definitions given in Sect. 2.1 and at the approximate photosphere corresponding
to p = 0.7 bar. Chosen examples are highlighted together with their OLR profiles overplotted in the figure. The dashed lines correspond to a
boundary between circulation regimes identified by Hammond et al. (2023). The red star is included as a reference point, the same as in Figure 1,
corresponding to a run case of (T = 400 K; P, = 10 h; logg = 4.46) from a recent GCM study.

and has ample time (in units of a rotation) to redistribute heat
before radiation can act. The point corresponding to the Lee &
Ohno (2025) study falls within our sample, albeit at a different
point than our (Teg = 400 K; Py, = 10 h) case. We would like
to note that the chosen pressure level corresponding to the pho-
tosphere affects the radiative timescale expression significantly,
although not the thermal Rossby number. A higher photosphere
(lower pressure) would push all of the plotted points to the left
and account for the difference, since most of the discrepancy is
on the x-axis.

Finally, we would like to connect these results to the ones
presented in Figure 1. In the absence of the vertical profiles
calculated by our GCM, we generated the values in Figure 1
using a thermal wind approximation, estimating the thermal
Rossby number through thermal wind velocities. In that sce-
nario, the angle of the slope is a function of the magnitude
of horizontal winds in the atmosphere, acting as a proxy for
dynamical activity. In contrast, the GCM analysis evaluates the
geopotential directly (Eq. (3)) and reports Rot. If we were to
plot, instead, the standard Rossby number from the GCM winds
(U ~ 1-10 m s™1), the points would lie at Ro ~ 1077107 and
the corresponding slopes of points sharing the same effective
temperature would be smaller.

4. Discussion
4.1. Dynamical activity

Across our suite of Y dwarf simulations, the results place all
cases firmly in the radiative-forcing-dominated regime of the
Hammond et al. (2023) study. While this is consistent with
the weak dynamical signatures seen in the effective radiat-
ing temperature maps and with the near-uniform horizontal

temperatures in the 7—p profiles, compared to our theoretical
estimations in Section 2.1, we end up producing less dynamical
activity in the modeled atmospheres. Within each T sequence,
decreasing Py produces more pronounced structures but does
not organize flow into coherent jets. Flux variations, while very
small, seem to be concentrated around the polar regions with a
more uniform equatorial region. Over the course of our simu-
lations, a quasi-oscillatory equatorial pattern develops (visible
in the Teg = 400 K, 500 K; P, = 10 h, 20 h cases), persists
for a few hundred Earth days, and then transitions into a uni-
form zonal band structure. The associated flux variations, likely
reflecting the imposed internal thermal perturbations, remain
negligible. The general lack of strong circulation in our results
can be attributed to the weak wave activity. All models exhibit
characteristics of mid-to-high-latitude Rossby waves, produced
by rapid rotation interacting with the latitudinal gradient of
the Coriolis force. The primary indicator of the presence of
Rossby waves is the hemispherically antisymmetric tilts, visible
in variations of the photospheric temperature (Figure 3), seeded
by our internal thermal perturbations. These tilted features can
be observed in higher latitudes, indicating westward traveling
waves, matching the characteristics of Rossby waves. In prin-
ciple, the interaction of Rossby waves with the mean flow could
excite and maintain zonal jets, as suggested by Tan & Showman
(2021a), but the lack of such features suggests that the strength of
the excited waves compared to radiative processes is not efficient
enough to drive such activity.

4.2. Cloud radiative feedback

Our vertical mixing analysis indicates that convection dominates
transport over the weak advective contribution throughout the
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photosphere and below. This dominance is reflected in the cloud
distributions (Figure 5), condensate layers form where the sat-
uration curve and deep reservoirs permit, but their amplitudes
and vertical extents are shaped primarily by convective mixing
and gravitational settling. If the convective diffusion terms (in
Equations (23) and (24)), whose strength is determined by the
K. values from our mixing-length scheme, is omitted and the
dynamical core alone advects cloud tracers upward, the conden-
sate VMR peaks at roughly the same pressures (Figure C.2) but
attains values several orders of magnitude lower than those plot-
ted in Figure 5 and is more vertically confined. This implies that,
despite clouds not having a strong effect on our presented results,
their coupling to convective mixing is crucial for the result-
ing dynamical structure, if clouds are expected to contribute
significantly.

Our results show that clouds are replenished efficiently but
do not seed larger-scale dynamical structures. Thermal coupling
within cloudy layers slightly warms the local environment, yet
these effects remain secondary in the global energy balance.
Previous studies (Tan & Showman 2021b; Lee et al. 2024) had
indicated that cloud heating could drive a self-sustaining evap-
orate—cool-recondense cycle and act as a source of dynamical
activity. In our models, this effect is too weak to significantly
influence the circulation. Notably, Tan & Showman (2021b)
explicitly state that their simulation setup was intended to study
a cloud-driven dynamical scenario rather than to represent a
realistic parameter set.

We note that our results are obtained with a gray radiative
transfer scheme, an approach that is widely used in brown dwarf
and exoplanet GCMs (e.g., Tan & Showman 2021b; Malsky et al.
2024; Kennedy et al. 2025). This method does not explicitly
resolve spectral windows that sample deep, cloud-bearing layers
and may therefore underestimate cloud radiative effects in those
bands. Given the low condensate abundances and cloud optical
depths in our simulations, we expect this bias to be modest for the
parameter space explored here. This implies that our inference
of weak cloud feedback should be viewed as conservative rather
than invalidated by the gray approximation. Moreover, building
on Lee et al. (2024) with a more realistic cloud model, Lee &
Ohno (2025) apply the framework to a Y dwarf and obtain the
same dynamical regime as our models, as noted in our results.
Taken together, our results do not contradict previous studies;
rather, they extend that framework to Y dwarf conditions.

In all models, our convective regions coincide with the pres-
sure ranges where the base of the cloud layers forms (Figure 6)
and where we impose thermal perturbations. This likely explains
the insignificant cloud thermal feedback, as convective heat
fluxes dominate the energy transport in these layers. A further
possibility is that cloud number densities remain too low to yield
a significant contribution to the Rosseland-mean opacity. This
interpretation is consistent with Figure 6, where cloud layers
extend above the convective zones but the diabatic heating rates
show no corresponding increase.

4.3. Variability

Together, these results suggest clear directions for a more
dynamically active test case. Following the scalings in our
methodology, the most promising configuration would com-
bine a slow rotation rate with the hotter end of our sample,
and lower surface gravity (such as logg = 3.5). Such a setup
should result in longer radiative timescales, while the choice
of higher effective temperatures more strongly seeds variability,
thereby allowing dynamical activity to organize into larger-scale
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structures and enhance variability. In Figure 7, we explore such
a case and observe that it shifts in the intended direction in the
(Ro1—T12q) space. While this indicates a more dynamically active
regime (further discussed in the Appendix), we still remain
in the radiative-forcing-dominated regime. Overall, this exten-
sion, while not exhaustive, supports the trend indicated by our
main GCM runs: within the physical processes considered here,
Y-dwarf variability naturally lies in this regime.

Another direction to enhance variability is to explore alter-
native cloud-particle size distributions, which could strengthen
cloud-radiation coupling. Finally, incorporating disequilibrium
chemistry, in future works, will be important to assess whether
compositional feedbacks alter the thermal structure and the
variability observed here.

5. Conclusions

We have presented a curated sample of twelve GCM runs
spanning the Y dwarf regime (400 K < T < 600 K), to map
the dynamical behavior of these atmospheres across a first,
parameter-space-wide study. The model setup is observationally
motivated and couples a parametrized convection scheme
with a simple saturation-adjustment cloud model, enabling
a self-consistent assessment of how convective mixing and
cloud formation interact to shape the flow, an effect studied in
previous studies (e.g., Tan & Showman 2021b) on brown dwarf
variability.

Our results can be summarized as follows: Salt and sulfide
species (KCI, Na,S, MnS) form patchy (Appendix C) and opti-
cally thin cloud layers close to the photosphere, but their radia-
tive feedback, and thus, effect on the T—p profile is minimal.
Across the grid, the circulation remains in the radiative-forcing-
dominated regime (Hammond et al. 2023), with small-scale,
off-equatorial features that do not organize into jets. The T—p
profiles and thermal emission equilibrate within a few hun-
dred days, and top-of-atmosphere temperature variations remain
small, with the observed temporal evolution primarily reflecting
the imposed thermal perturbations rather than strong feedbacks
among included processes. In the presence of the sluggish
dynamical activity that we observe, variability is primarily
controlled by rotational modulation from long-lived vortices.
Overall, these findings align with the theoretical predictions of
Hammond et al. (2023), in that no large-scale dynamical fea-
tures are present in this circulation regime, with the atmospheres
primarily controlled by radiative processes.

Our conclusions are also in line with the recent results of
Lee & Ohno (2025), despite the inclusion of more cloud species
and a wider parameter range coverage, supporting the view that
models of Y dwarf atmospheres produce little dynamical activ-
ity in general. In particular, cloud-radiative effects in this regime
appear insufficient to substantially alter the large-scale dynam-
ical state or to induce new dynamical features. At the same
time, our single-band, gray radiative transfer with Rosseland-
mean opacities does not account for spectral windows that could
probe deep, cloud-rich layers and may therefore underestimate
cloud radiative feedback in those bands. In our simulations,
however, the condensate mixing ratios keep the clouds optically
thin near the photosphere, so their radiative influence remains
small. Our conclusions should thus be interpreted as applying
to atmospheres with relatively low cloud optical depths and do
not preclude stronger feedback in cases with a larger deep vapor
IeServoir.

These results suggest that the dominant mechanisms behind
Y dwarf variability remain uncertain. Although our predicted
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inhomogeneities are slight, the sensitivity of JWST means that
contrasts of a few Kelvin can affect the spectra and should
be detectable. A more sophisticated modeling approach, with
higher resolution dynamics, improved cloud microphysics and
radiative coupling, and disequilibrium chemistry, will help clar-
ify the picture, but progress depends on future JWST observa-
tions analogous to recent variability studies (e.g., Biller et al.
2024; Chen et al. 2025) of L-T dwarfs.
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Appendix A: Adaptation of the tracer equations

Our 2-species tracer-based relaxation model can be generally
written as

Dq X~
D =S, (A1)

where 2 o = az + v - V is the material derivative, g is the MMR

of the vapor or the condensate, v the wind field and S are the
related source terms. We would like to rewrite these equations as
a standard continuity equation with a source term:

%9, 5. (ovg) = S

- (A.2)

In this form, we can pass the tracer MMRs directly to the
dynamical core (as explained in Section 2.4.4), since the entropy
equation solved by the dynamical core has the same form and
is readily discretized on the icosahedral grid. The source terms
can then be integrated in the physics modules and passed to the
dynamical solver as correction terms, for it to advect tracer con-
centrations accordingly. The tracer equations for the vapor and
the condensate species are given by:

Dgq, _ min (g5 — gy, gc) (qv—qs) Qv — Gdecp
—=(1-y) - - ,
dt T, Te Tdeep
(A.3)
D c v Ys i s T YusYce
Dae _ (@u=49) _j_ g minlgs = duge) (A4)
dt Te Te
Expanding the material derivative terms, we can write,
9 (pgc)
2 (0a0 = 708 4y Vg0, (A5)
_ 9(pgc
= 20 L Y o) - pg TV, (A6)
9(pq.) D
= 2 pa0= "1 15 (g + 4.2, (A7)
Dgq. 6(9%)
— = V- (oq. A8
or - o TV Paev), (A.8)
whereby we have used the vector calculus identity
V-(¢pv) =¢(V- V) + V-V, (A.9)
and the mass continuity equation
0,
6—‘; +V-(ov) = (A.10)

We can rewrite the expanded material derivative in the same
form as the above-mentioned tracer equations A.3 & A4 ,
yielding,

0 v i — Yvs Yc v Ys
(P‘Z)+V‘(pqu):p[(1_s)mln(61s Gv 9c) _ 4o~ ds
ot T, Te
_ qv — qdeep]
Tdeep ’
0 c v Ys i s~ Yvs Ye
(pq)+v_(pvqc):p[sq 95 _ o _ oM ~ 4v: 4c)
ot T, .
(A.11)
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Fig. B.1: Vertical profiles of diabatic heating rates for the run case Tex =
600K ; Pt =20h;logg = 3.5 at ty, = 500 d. Overlaid are convective
zones and cloud condensate layers. The smaller panels on the right-hand
side shows the extent of each overplotted layer.

Appendix B: Higher variability case results

Here we present a quick summary of the “higher variability” case
from the Discussion Section. The only change in the setup of the
model is a lower gravity of logg = 3.5. As discussed in the main
text, this increases the radiative timescale and allows dynamical
structures to form. In this case an equatorial jet emerges with
u ~ 30 m s~!, and the temperature field shows a broad, nearly
uniform, and generally warmer (about 0.5 K) equatorial region
with similarly broad, uniform bands at higher latitudes. This sup-
ports the trend in Section 3 from small high-latitude vortices to
larger zonal band structure focused near the equator.

The convective mixing and the extent of the cloud layers are
narrower, as shown in Figure B.1. Together with the more zon-
ally uniform temperature field, this suggests that the increased
variability is driven by atmospheric wave activity rather than
cloud feedback, which would produce more complex, small scale
variations.

Appendix C: Cloud distributions

In the parameter space we explore in this study, cloud radia-
tive feedback remains ineffective in driving the atmosphere. For
completeness, we report the horizontal cloud distributions at the
level where the cloud condensates settle. Figure C.1 displays the
VMRs of condensable cloud vapors and condensates at a pres-
sure of p ~ 1 bar for our run case Tt = 600 K ; P, = 20 h. The
top row, showing the vapor VMRs, closely follows the under-
lying temperature field, with amplitudes differing by orders of
magnitude due to differences in condensation curves. The cloud
condensates also track the temperature structure but show slight
variations. Both KCI and Na,S clouds display granular struc-
tures with higher overall VMRs than MnS, which shows a more
continuous structure. This may reflect the higher VMRs and thus
number densities of KCl and Na,S, which strengthen local evap-
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Fig. C.1: Example cloud distribution plot for T = 600K ; P = 20 h from a snapshot at a runtime of #,,, = 500 d at p ~ 1 bar.
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Fig. C.2: Globally averaged vertical profiles of vapor (red) and condensate (blue) VMRs, together with the saturation vapor VMR (green), for KCI,
Na,S, and MnS (left to right) in the T = 600 K and P, = 20 h case at #,,, = 1000 d averaged over the final 10 days. Solid curves show the fiducial
model including convective mixing; dashed curves show an advection-only variant with convective diffusion omitted.

oration, cooling, and recondensation cycles. VMR variations
remain below 1%, consistent with the overall ineffectiveness of
cloud thermal feedback in these simulations. While we present
a single case here, the described behavior captures the overall
trends in our simulated sample: cloud structures largely mirror
the underlying temperature field, with the degree of granularity
set by the condensate VMRs at the cloud bases. These results
largely indicate a lack of strong feedback mechanisms. The
cloud patchiness is dictated by temperature variations due to the
long-lived vortices present in the atmosphere.

Lastly, we use the same run case as an illustrative example
to highlight the differences between pure advection, in which
the convective diffusion terms in Eqs 23 & 24 are omitted and
tracers are transported only by advection in the dynamical core

and our fiducial cases presented in the main body of the paper
including convective mixing of the tracers. Figure C.2 shows a
comparison between these two cases and, other than the omis-
sion of the overlaid 7—p profile, is identical to Figure 5 As stated
in Section 4, the condensate layers peak at similar pressures,
but their peak VMR values decrease by orders of magnitude
when convective mixing is removed, demonstrating that convec-
tive mixing dominates the replenishment of condensates for the
parameter space explored here.
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