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ABSTRACT

We present a new two-dimensional, bin-scheme microphysical model of cloud formation in the atmo-
spheres of hot Jupiters that includes the effects of longitudinal gas and cloud transport. We predict
cloud particle size distributions as a function of planetary longitude and atmospheric height for a grid
of hot Jupiters with equilibrium temperatures ranging from 1000-2100 K. The predicted 2D cloud
distributions vary significantly from models that do not consider horizontal cloud transport and we
discuss the microphysical and transport timescales that give rise to the differences in 2D versus 1D
models. We find that the horizontal advection of cloud particles increases the cloud formation effi-
ciency for nearly all cloud species and homogenizes cloud distributions across the planets in our model
grid. In 2D models, certain cloud species are able to be transported and survive on the daysides of
hot Jupiters in cases where 1D models would not predict the existence of clouds. We demonstrate
that the depletion of condensible gas species varies as a function of longitude and atmospheric height
across the planet, which impacts the resultant gas-phase chemistry. Finally, we discuss various model
sensitivities including the sensitivity of cloud properties to microphysical parameters, which we find
to be substantially less than the sensitivity to the atmospheric thermal structure and horizontal and

vertical transport of condensible material.
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1. INTRODUCTION

Clouds are common in the atmospheres of exoplanets,
where they are often the dominant source of atmospheric
opacity such that they regulate the planetary climate
and significantly impact observations and inferred plan-
etary properties (e.g., Pruppacher & Klett 1978; Rossow
1978). When clouds are observable they both obfuscate
signatures of atmospheric properties such as the abun-
dance of gaseous species (e.g., Sing et al. 2013; Kreidberg
et al. 2014) while simultaneously having the potential to
serve as important tracers of atmospheric physics such as
mixing and transport. Recent observations have demon-
strated that even planets that were previously thought
to be cloud-free (Wakeford et al. 2017) have atmospheres
that are shaped by the detailed properties of clouds (Fe-
instein et al. 2022). Furthermore, even when clouds
are present but not readily observable, they still regu-
late planetary climate through regulating radiative and
chemical processes, and they alter the observed abun-
dances of gas-phase species via gas-cloud interactions.

It is therefore necessary to understand clouds when we
are interpreting planetary atmospheres.

Clouds are highly sensitive to background atmospheric
conditions such as the temperature structure and the dy-
namical circulation (e.g., Powell et al. 2018). The study
of how cloud properties are impacted by atmospheric
conditions is cloud microphysics. Cloud microphysi-
cal studies have been conducted for a broad range of
exoplanet, substellar, and planetary atmospheres (e.g.,
Barth & Toon 2003; Helling et al. 2004; Gao et al.
2014; Helling et al. 2008; Mang et al. 2022; Gao et al.
2018; Powell et al. 2018; Lee et al. 2015a; Ohno &
Okuzumi 2018; Helling et al. 2008). However, the most
well-studied exoplanetary atmospheres to-date are hot
Jupiters, which are gas-giant planets in short period or-
bits that are typically tidally-locked.

Tidally-locked hot Jupiters have permanent daysides
and extreme insolation gradients across the planet. The
insolation gradients drive super-rotating equatorial jets
that operate to reduce the day-night temperature con-
trast but do so less efficiently at hotter temperatures
where heat re-radiation becomes more efficient (e.g.,
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Komacek & Showman 2016). These planets are thus
inherently 3D objects with significant differences in
cloud properties across the planetary globe. Further-
more, atmospheric inhomogeneity, in which spatially
non-uniform clouds play a significant role, has been
shown to substantially modulate the interior cooling and
planetary evolution of hot Jupiters (Zhang et al. 2023).

Hot Jupiter atmospheres are complex 3D structures
with conditions that vary significantly across the planet
and with large-scale atmospheric flows that transport
material throughout the atmosphere. However, many
previous cloud studies have thus far been spatially one-
dimensional (1D). These previous studies have either fo-
cused on globally averaged atmospheric conditions when
modeling a large grid of hot Jupiter atmospheres (e.g.,
Sing et al. 2013; Gao et al. 2020), or on simulating the
vertical cloud properties for individual regions such as
the east/west limbs or each longitude/latitude grid on
the planetary surface (e.g., Powell et al. 2018, 2019;
Helling et al. 2022; Gao & Powell 2021; Helling et al.
2019). The latter approach enables an approximation of
the atmospheric spatial diversity on a given hot Jupiter,
however, it neglects the interaction between clouds and
the large scale atmospheric flows such as the super-
rotating equatorial jet.

Several works have directly coupled simple cloud
schemes with large-scale general circulation models
(GCMs) to capture the full 3D nature of cloud forma-
tion. Due to computational limitations, GCMs that in-
clude the impact of clouds for large grids of models re-
quire simplifying cloud assumptions that neglect micro-
physical processes (e.g., Parmentier et al. 2016; Roman
& Rauscher 2019; Komacek et al. 2022). Similarly, a
full coupling of microphysical models to GCMs across a
large grid of models and over a period long enough to
allow the models to reach a steady state(such that cloud
and atmospheric properties are not dominated by initial
conditions) is computationally challenging. Thus, it has
only been done so far for individual hot Jupiters (Lee
et al. 2016; Lines et al. 2018; Lee 2023).

In this work, we adopt a flexible, computationally-
inexpensive approach to simulate the interaction be-
tween cloud formation and both vertical and horizon-
tal atmospheric dynamics along the equatorial regions
of hot Jupiters. We use an input atmospheric structure
from a grid of GCM models and evolve our bin-scheme
cloud microphysical model as clouds are transported
across the atmosphere on the super-rotating equatorial
jet. In Section 2 we describe the new 2D-ExoCARMA
cloud microphysical model. In Section 3 we present
the cloud properties for our nominal model grid of hot
Jupiters with equilibrium temperatures ranging from

1000 - 2100 K. In Section 4 we detail the importance
of considering horizontal advection in studies of cloud
formation on hot Jupiters by comparing our 2D models
to 1D models for the same grid of hot Jupiter atmo-
spheres. We present the longitudinally and vertically
varying depletion of condensible gases in Section 5. We
discuss our results in Section 6 and present our conclu-
sions in Section 7.

2. THE 2D-EXOCARMA MODEL

In this work, we adapt the 1D CARMA model used
in Powell et al. (2019) and Gao et al. (2020) to simulate
the clouds on Hot Jupiters in both vertical and longi-
tudinal dimensions: 2D-ExoCARMA. 2D-ExoCARMA
computes vertical and size distributions of aerosol par-
ticles along the planetary equator as a function of plan-
etary longitude.

2.1. Base Microphysical Cloud Model

The formation and evolution of clouds is governed by
microphysical processes that depend sensitively on plan-
etary properties, such as a planet’s thermal structure,
chemical composition, gravity, and the horizontal and
vertical mixing (e.g., Lee et al. 2015b,a; Gao et al. 2017;
Gao & Benneke 2018; Helling et al. 2016; Powell et al.
2018, 2019). We model the formation and evolution of
condensible clouds in the atmospheres of hot Jupiters
using an adapted version of the nonequilibrium Com-
munity Aerosol and Radiation Model for Atmospheres
(CARMA; Turco et al. 1979; Toon et al. 1988) version
3.0 (Bardeen et al. 2008, 2010). CARMA was originally
developed to study cloud formation on Earth and has
since been applied to a diverse array of solar system and
extrasolar objects where it has been used to successfully
explain a diverse array of observational phenomena (e.g.,
Michelangeli et al. 1993; Colaprete et al. 1999; Gao et al.
2014; Barth & Toon 2003, 2004, 2006; Gao et al. 2017,
2020). CARMA has previously been adapted to the
study of exoplanets and substellar objects (Powell et al.
2018, 2019; Gao & Benneke 2018; Gao et al. 2018; Gao
& Powell 2021; Mang et al. 2022) as well as for the study
of protoplanetary disks (Powell et al. 2022). CARMA
now includes the formation of several cloud species that
are relevant in different environments, including: H>O,
CO, sulfuric acid, polysulfur species, NasS, KCl, ZnS,
MHS, TiOQ, Fe, CI‘7 AlgOg, 1\/[gSlO?,7 and Mg28104 A
more complete history of CARMA is described in several
previous works (e.g., Gao et al. 2018).

Except for the inclusion of horizontal advection (see
Section 2.2), the cloud formation in this work uses the
same microphysical setup as that described in Powell
et al. (2019); Gao et al. (2020); Gao & Powell (2021).



We consider the homogeneous nucleation of clouds com-
prised of KCI, TiO, Fe, and Cr. Several cloud species
are also able to heterogeneously nucleate on TiO4 cloud
condensation nuclei (CCN). The species that can hetero-
geneously nucleate on TiOy are NasS, MnS, MgsSiOy,
Fe, Cr, and Al;O3. Finally, we allow ZnS clouds to het-
erogeneously nucleate on KC1 CCN. As in previous work,
we only consider mixed cloud compositions of species
that heterogeneously nucleate on TiOs and KC1. Other-
wise, the various condensing species do not interact with
each other via condensation or coagulation. For coagu-
lation, this assumption is likely reasonable as the bulk
of the cloud particle evolution is dominated in our mod-
eling by nucleation and condensation (e.g., Powell et al.
2018). A detailed exploration of co-nucleation and co-
condensation is outside the scope of this paper and will
be addressed in future work. We note that the species
considered is likely not an exhaustive list of species that
could condense in hot Jupiter atmospheres and other
species, such as SiOy may be particularly important
(Grant et al. 2023). Future work that explores the mi-
crophysical properties and the impact of horizontal ad-
vection on a variety of additional cloud species, though
beyond the scope of this work, would be valuable. Due
to a lack of experimental data, two key microphysical
parameters remain largely unconstrained: the desorp-
tion energy of the condensate molecule on the surface
of the CCN, and the contact angle between the conden-
sate species and the CCN. Following Gao et al. (2020);
Gao & Powell (2021), for our nominal case we assume
a desorption energy of 0.5 eV and a contact angle given
by cosf. = oc /o, where 0. is the contact angle, o¢ is
the surface energy of the CCN, and o, is the condensate
surface energy. For the reasoning behind these choices
and the values for the different species’ surface energies
(as well as the rest of their material properties) see Gao
et al. (2020). We test the sensitivity to these parameters
in Section 6.1.

The model is initialized with a solar composition of
all species of condensate vapor at the bottom bound-
ary of the model with the exception of TiOy and KCI.
For TiO, and KCIl there are other atmospheric species
present in significant abundance that also utilize atmo-
spheric Ti and K, namely TiO and KOH. We thus cal-
culate the mixing ratios for TiOy and KCI using the
thermochemical equilibrium model GGChem (Woitke
et al. 2018). The initial abundance of cloud particles is
zero. The minimum particle radius for the cloud species
that homogeneously nucleate is 10™* pm while all other
species have a minimum particle radius of 1.26 x 10~4
pum (these bin offsets avoid numerical instability when
calculating the cloud particle size distributions). There
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are 80 particle size bins where each bin is a factor of two
larger in particle mass. The gaseous species diffuse up-
wards in the atmosphere until they reach a height in the
atmosphere where they are sufficiently supersaturated
such that clouds can form via nucleation. The cloud for-
mation and evolution processes that are considered are:
nucleation, condensational growth, evaporation, coagu-
lation, settling, mixing, and horizontal advection (see
Section 2.2). The top boundary condition for both the
gas and clouds is zero flux, the bottom boundary con-
dition for the condensible gases is set to their initialized
abundance while the bottom boundary condition for the
cloud particles is set to a zero mixing ratio.

2.2. Adaptations for Two Spatial Dimensions —
Horizontal Advection

We adapt CARMA to multiple dimensions in a sim-
ilar way as the framework pioneered for modeling non-
equilibrium kinetic chemistry in Agindez et al. (2012,
2014) known as pseudo-2D chemical modeling. This ap-
proach is readily applicable to the class of hot Jupiter
exoplanets as the dominant atmospheric flow along the
equator is due to stable equatorial zonal jets, which dom-
inate the observable region of the planetary atmosphere
(e.g., Showman et al. 2010). In this approach, the entire
atmospheric column is advected to simulate the rotation
of the column across the planet at a constant rate con-
trolled by the equatorial zonal wind speed. While the
speed of the equatorial jet is thought to vary with alti-
tude such that a column would not be transported at a
uniform rate, this scenario can be used as a first-order
test of the formation and evolution of clouds in the case
of significant horizontal advection and may provide an
appropriate description of clouds in the observable re-
gions of the atmosphere where advection is particularly
important. Furthermore, the inclusion of horizontal ad-
vection in this form allows for the efficient inclusion of
a physical transport process that has been ignored in
previous 1D microphysical cloud models. Understand-
ing the importance of horizontal advection in determin-
ing cloud properties is one of the primary goals of this
study.

In this 2D microphysical framework, as the CARMA
Column is advected around the planet on the equatorial
zonal jet, the background atmospheric thermal structure
is also varied to account for variations in temperature
with longitude. We consider both vertical and horizon-
tal transport, although the horizontal transport into or
out of the vertical column is neglected. To better char-
acterize the longitudinal variation of atmospheric tem-
perature and wind on a constant pressure plane from
the GCMs (as a hydrostatic atmosphere behaves more
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like an incompressible flow in the pressure coordinate),
we altered the vertical coordinate system from the al-
titude coordinate in the original 1D CARMA model to
the log-pressure coordinate(see e.g., Toon et al. 1988).
The fundamental microphysical equations were adjusted
self-consistently to account for this coordinate transfor-
mation following the conversions described in Toon et al.
(1988).

While this 2D framework does not capture the full
3D dynamical behavior expected for exoplanet atmo-
spheres, we base our model on the output from a 3D
general circulation model so as to capture as much of the
pertinent 3D atmospheric properties as possible. Based
on the 3D studies of the atmospheres of hot Jupiters,
we focus our efforts on the dominant atmospheric flow
pattern that is thought to primarily shape atmospheric
observations: the equatorial jet.

2.3. Simulated Hot Jupiter Atmosphere Structure

The 2D-ExoCARMA model calculates cloud and va-
por distributions as a function of planetary longitude
and atmospheric pressure. The inputs for the at-
mospheric structure necessary for the 2D-ExoCARMA
model are the temperature and wind distributions from
a 3D general circulation model. For this study, we con-
sider the grid of Jupiter sized planets from Parmentier
et al. (2016) calculated using the SPARC/MITgcm. All
of the model planets have a gravity of g = 1000 cm s—2
and orbit a solar type star. These planetary profiles are
calculated using an identical cloud-free GCM model and
only differ due to varying the orbital distances from the
host star such that Teq = 1000 - 2100 K at 100 K incre-
ments for a total of 12 model atmospheres. This regime
of equilibrium temperatures may have atmospheres that
are free of significant haze opacity in the near infrared
(e.g., Gao et al. 2020) such that clouds dominate the
aerosol species present in their atmosphere. This sample
is thus particularly well-suited to study using a version
of 2D-ExoCARMA that only considers the formation
and evolution of condensational clouds.

As input to 2D-ExoCARMA, for each longitude point,
we average the temperature-pressure (T-P) profiles from
SPARC/MITgem within +20° of latitude from the plan-
etary equator. The 2D-ExoCARMA column is advected
over 64 discrete longitudinal grid points that vary in
temperature. The T-P profiles for the 12 hot Jupiters
in this study are shown in Figure 1. The T-P profiles
from the SPARC/MITgcm are modified such that the
planetary radiative-convective boundary (RCB) corre-
sponds to those computed in Thorngren et al. (2019),
as higher planetary internal temperatures are required
to reproduce the observed inflated radius distribution of

hot Jupiters. Below the RCB, we assume that the T-P
profile is described by an adiabatic gradient for molec-
ular hydrogen (from Parmentier et al. 2015, see their
Equation (13)). We note that this choice of deep atmo-
sphere structure likely introduces some inconsistencies
in terms of the atmospheric dynamics as the deep at-
mosphere thermal structure was not directly simulated
in the GCMs and can impact the flow in the upper at-
mosphere (Komacek et al. 2022). This choice of deep
atmosphere structure also limits the formation of atmo-
spheric cold traps as shown in (Powell et al. 2018). The
T-P profiles extend to 1000 bar and we model 59 vertical
atmospheric layers.

We use the same globally averaged K, profiles for
these planets as described in Gao & Powell (2021) (see
also Parmentier et al. 2016; Powell et al. 2019). These
profiles have K,, parameter magnitudes ranging from
~ 2 x 107 — 10 cm? s~! at the bottom of our model
domain to ~ 10° — 10'° cm? s~! at the bottom of our
model domain. In our pseudo-2D approach, we assume
a vertically-constant zonal jet speed. We take the aver-
age (again within +20° of latitude from the planetary
equator) horizontal wind speed from SPARC/MITgcm
calculated at the pressure of the silicate cloud base for a
equatorially-averaged T/P profile. The values used for
each simulated planet are given in Table 1. We note
that in the vertical profiles of the average wind speeds
in our input model the wind velocities decrease mono-
tonically as pressure decreases. For some of our input
models, the wind speeds at pressures lower than 1074
bar are nearly constant, have low magnitudes, and are
sometimes negative (i.e., a different rotation direction).
Thus, it is an approximation to use a constant horizon-
tal advection wind speed across the entire vertical col-
umn of the atmosphere. Given the small vertical wind
speeds and occasional shift in wind direction in the up-
per atmosphere, future work that incorporates vertical
variation in wind speed (i.e., a real 2D approach instead
of pseudo-2D) may show the most significant difference
in cloud properties in these upper atmospheric regions.
As we demonstrate later in this work, the bulk of our
cloud mass is located at higher atmospheric pressures
such that the approximation of a constant horizontal
wind speed with height is likely appropriate, at least to
first order.

3. CLOUD PROPERTIES

Using the 2D-ExoCARMA model described in Section
2 we calculate the distribution and abundance of cloud
particles as a function of planetary longitude and atmo-
spheric pressure. Each simulation is run for 10° seconds
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Figure 1. Temperature profiles across the equator of 12 Hot Jupiters. Dark blue colors represent the pressure/temperature
profiles on the nightside, light-blue is on the western limb, red is on the dayside, yellow is on the eastern limb. The condensation
curves of various cloud species are plotted in dashed or dashed-dotted lines. The condensation curves for TiO2, which serves as
the primary CCN, as well as for Mg2SiO4, which typically dominates the cloud opacity, are in bold.



Table 1. Global Averaged Horizontal
Wind Speeds at the TiO2 Cloud Base

Equilibrium Temperature U [Km/s]

1000 K 1.0
1100 K 1.2
1200 K 1.5
1300 K 1.8
1400 K 1.9
1500 K 2.4
1600 K 2.7
1700 K 2.9
1800 K 3.2
1900 K 3.3
2000 K 3.4
2100 K 3.8

and the results shown here were time-averaged over the
last 7 column rotation periods after the models have
reached a steady-state. We note, however, that there is
variability in the cloud properties as a function of time
due to differences in the gas transport and microphysical
cloud formation timescales. This variability occurs over
a myriad of timescales and the amplitude of the vari-
ability is sensitive to many of the planetary properties
(i-e., mixing, atmospheric composition). A detailed de-
scription of cloud variability will be addressed in future
work.

We first present the distribution of silicate bear-
ing clouds, where each cloud particle is comprised of
MgsSiO4 coated TiOs particles. We initially focus on
this population of clouds because they tend to domi-
nate the cloud opacity (Powell et al. 2019; Gao et al.
2020; Gao & Powell 2021) for the majority of planetary
equilibrium temperatures probed in this study. The dis-
tribution of cloud mass for each planet across the range
of equilibrium temperatures studied is shown in Figure
2.

At planetary temperatures of 1400 K or cooler, the
majority of the cloud mass is located in the lower atmo-
sphere at pressures higher than 1 bar. This is because
cloud formation is particularly efficient at high temper-
atures and pressures when the condensible gas is super-
saturated, as-is the case for these planets. For these
same planets, there exists a region of the atmosphere
where silicates are not sufficiently supersaturated (be-
tween ~10 - 1 bar) for efficient nucleation and growth
to occur and instead clouds undergo evaporation (for a
detailed discussion of cloud formation timescales see Sec-

tion 4). In these atmospheres above 1 bar, enough gas
is mixed to the highly supersaturated regions of the up-
per atmosphere such that a thin cloud deck also forms.
As a result, a cloud-free gap forms at around ~10 bar
to ~1 bar between the lower and upper cloud decks.
These planets are generally covered in a roughly homo-
geneous layer of silicate clouds (see Section 6.3 for more
detail), though we note that the cloud mass in the up-
per atmosphere above 1 bar is moderately more dense
and located deeper in the atmosphere on the western
limb than the eastern limb. We refer to the planets in
our sample with equilibrium temperatures of 1400K or
cooler, with deep atmospheres that are cool enough to
form clouds, as planets in a “hidden” high-cloud-mass
regime. While the majority of the deep cloud mass in
these planets is not observable, the clouds at depth have
the potential to shape the radiative environment of the
deep atmosphere and thus affect the planetary climate
(e.g., Marley et al. 2002).

For planets with equilibrium temperatures of 1500 K
and higher, the cloud mass is located entirely in the
upper atmosphere at pressures lower than 1 bar as the
interior becomes too hot for significant cloud formation
(see Figure 1. For all of the higher temperature planets
in our sample, silicate cloud formation is preferentially
efficient around the west limb (~90°) of the planet. The
overall coverage of the silicate clouds, particularly on the
planetary dayside, decreases with increasing equilibrium
temperature. For planets with equilibrium temperatures
of ~ 1500-1600K, silicates clouds extend across the en-
tirety of the planetary atmosphere, including the hotter
dayside. At temperatures of ~1700K and higher, the
dayside is progressively more clear of silicate clouds and
the east limb also decreases in total cloud cover. Despite
significant increases in planetary equilibrium tempera-
ture, the silicate cloud bases remains at a roughly con-
stant pressure level on the west limb and night side. The
east limb cloud base, however, increases in height from
~ 107! bar to ~ 1073 bar. We refer to the planets in
our sample with equilibrium temperatures of 1500 K and
higher as planets in an inhomogeneous cloud-dominated
upper atmosphere regime. The majority of the cloud
mass in these atmospheres is readily observable and the
cloud opacity is likely to significantly impact inferences
of observational properties (e.g., Gao et al. 2020; Powell
et al. 2019). Furthermore, in this regime, the cloud cov-
erage changes significantly with planetary location such
that the planet is not necessarily cloud-dominated, or
equally cloud-dominated, at all locations.

While the silicate clouds often dominate the cloud
opacity, the properties of the remaining cloud species
that we consider are important to consider because they
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can also shape the atmospheric opacity as well as de-
termine the gas-phase composition. The distribution of
other cloud species are shown in Figure 3. Although
we consider the possibility that 9 different cloud species
may form, we find that only 6 cloud species can nucleate
and condense given the atmospheric conditions consid-
ered. The species that readily form are: KCI, TiO,, Fe,
Cr, Mg5SiOy4, and Al;O3. The species that do not form
clouds are: ZnS, NayS, and MnS. The planets in our
sample are too warm to abundantly form ZnS, which is
a species that may form more readily on cooler planets
(e.g., Gao et al. 2018). While both NayS and MnS are
supersaturated on many locations in our model atmo-
spheres (see Figure 1), these species do not form abun-
dantly due to their high surface energies, which serve as
a significant barrier to nucleation. For more of a dis-
cussion of the lack of MnS and NasS cloud formation
see Gao et al. (2020). We find that each cloud species
is uniquely distributed in the atmospheres of the plan-
ets in our sample and each species demonstrates unique
behaviors and features.

For the coolest planets in our sample, with equilib-
rium temperatures ranging from 1000 - 1200 K, all 6
cloud species form in our simulated domain. KCI clouds
only form near the cooler western limb of these plan-
ets above ~ 1072 bar in the atmosphere where KCI is
marginally supersaturated (see also Figures 20 and 26).
For these planets, KCl is the only abundant condensi-
ble cloud species in the uppermost atmospheric regions.
The fact that KCI clouds are able to form in particular
regions of these planetary atmospheres is an interesting
consequence of modeling planets as multi-dimensional
objects. Previous work that modeled planets using a
globally averaged thermal profile found that the bulk
of KCI cloud formation occurs on planets with equi-
librium temperatures less than 950 K where it is ob-
servationally obscured by the abundant production of
photochemical hazes (Gao et al. 2020). In contrast, in
the 2D-ExoCARMA modeling presented here, we find
that KCI clouds can form in relatively cool regions on
planets with equilibrium temperatures higher than 950
K. These planets also have similar behavior in terms of
cloud coverage for TiOs, Cr, Fe, and Al;O3 (see also
Figures 18, 17, 19, 23, 22, and 25) cloud species. For
these species, most of the cloud mass is present in the
lower atmosphere, with the exception of Teq = 1200 K
where the bulk of the Cr cloud mass has moved to the
upper atmosphere above 1 bar. These cloud species also
extend throughout the atmosphere from high pressures
of ~ 102 bar to less than ~ 1072 bar or even less than
10~* bar in the case of TiOs.
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Figure 4. Even for planets with a near homogeneous cov-
ering of clouds, the cloud particle size distributions vary as
a function of planetary location. Here we show the num-
ber density of cloud particles as a function of atmospheric
height on the east and west limbs of a model hot jupiter with
Teq = 1000 K. Each color indicates a different cloud species:
gray indicates KCI, purple indicates Mg2SiO4, green indi-
cates Al2Ogs, blue indicates TiOsz, orange indicates Cr, and
red indicates Fe.

For planets with equilibrium temperatures of 1300 K
and higher the cloud mass of all species increasingly
moves into the upper atmosphere and the deep atmo-
sphere becomes progressively more clear. The excep-
tion to this case are KCI clouds, which are not present
anywhere on the planet at equilibrium temperatures of
1300K or greater. After planets reach equilibrium tem-
peratures of ~ 1600 K the atmospheric cloud cover be-
comes inhomogeneous as particular cloud species are no
longer stable at all planetary longitudes. At planetary
equilibrium temperatures higher than 1700K, Cr clouds
are no longer able to form at any location in the plan-
etary atmosphere despite being supersaturated at spe-
cific locations throughout all modeled atmospheres (see
Figure 1 and discussion in Section 4.2). The majority
of the various cloud species are no longer stable on the
dayside/east limb at equilibrium temperatures of 1800
K or higher. Once the planetary equilibrium tempera-
ture reaches 2100 K there are no longer any cloud species
present on the planetary dayside or the hotter eastern
limb. For all planets, the cooler western limb is a pre-
ferred location for efficient cloud formation for all cloud
species.

3.1. Cloud Particle Size Distributions

In the previous section, we discussed trends and prop-
erties evidenced in the mass distribution of cloud parti-
cles as a function of atmospheric height and longitude.
However, our bin-scheme microphysical cloud model fur-
ther calculates the cloud particle size distribution as a
function of height for each of the 64 planetary longitudes
sampled for each of the 12 model hot Jupiters. To illus-
trate the differences in cloud particle size distribution as
a function of planetary location, we examine the number
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sphere. This figure depicts the same as Figure 5 but for a
model hot jupiter with Teq = 2100 K.

density as a function of atmospheric pressure and par-
ticle radius on the east and west limbs for the coolest
(Figure 4) and hottest (Figure 5) planets in our sample.

For the coolest planet in our sample (Teq = 1000 K)
the cloud particle size distribution on the east and west
limbs show several similarities as well as a clear differ-
ence as shown in Figure 4. The clearest difference be-
tween the two limbs is the presence of very small (radius
~ 10~* micron) high altitude KCI cloud particles that
preferentially form in the upper atmosphere where KC1
is the most supersaturated. The other cloud species have
fairly similar cloud particle size distributions on both the
east and west limbs although the species form in some-
what higher abundance in the upper atmosphere on the
western limb. This effect is particularly noticeable for
titanium and silicate clouds, which are higher in abun-
dance at larger particle sizes in the upper atmosphere
on the western limb of the planet.

For the hottest planet in our sample (Teq = 2100 K)
the cloud particle size distributions on the east and west
limbs are significantly different for each of the cloud
species as shown in Figure 5. Thus, even when hori-
zontal advection is considered, hotter hot Jupiters with
equilibrium temperatures greater than ~1700K have in-
homogeneous clouds on the east/west limbs as predicted
in Powell et al. (2019). On the warmer east limb, clouds
form at significantly higher altitudes in the atmosphere
and are not able to grow to sizes larger than ~ 1 pum.
Interestingly, for some of the species that form via het-
erogeneous nucleation, particularly MgsSiO4 and Al;Os,
cloud particles are not stable at the smallest sizes (less
than 1072 um) as particles of these sizes would quickly
evaporate. These species are instead only able to nucle-
ate onto the TiO, seed particles once they have reached
larger sizes. For more discussion of the size effect op-
erating here see Powell et al. (2022). The lower super-
saturations on the eastern limb also preferentially limit

the formation of species that heterogeneously nucleate
to the uppermost atmospheric regions where their su-
persaturations are the most extreme. This requirement
is less extreme for species that can homogeneously nu-
cleate, such as TiO, and Fe, which are able to form in
low abundances deeper in the atmosphere.

In contrast to the cloud-sparse eastern limb, the west-
ern limb of the hottest planet in our sample is covered
in a substantial layer of clouds throughout the upper at-
mosphere. The clouds on the west limb span from the
smallest particle sizes we consider to very large particles
~100 pm in size. We also find that clouds extend in low
abundances to below each species’ specific cloud base
due to the finite time it takes for clouds to evaporate
below this point. Thus, despite the addition of longi-
tudinal cloud particle transport, the warmer planets in
our sample have significantly different cloud particle size
distributions, which exacerbates the already inhomoge-
neous nature of these atmospheres (e.g., Powell et al.
2019).

4. THE INTERPLAY BETWEEN HORIZONTAL
ADVECTION AND CLOUD FORMATION

Clouds are strongly dependent on nearly all atmo-
spheric and planetary properties, which vary signifi-
cantly with atmospheric location in the case of highly
irradiated planets like hot Jupiters. We now investigate
the specific impact that horizontal mixing, which trans-
ports clouds to regions of the atmosphere with different
properties (see Section 2.3), has in shaping the cloud
distributions discussed in Section 6.3.

In order to demonstrate the impact that horizontal
mixing has on cloud formation and the resultant cloud
properties, we compare the 2D-ExoCARMA results with
the traditional 1D cases without horizontal mixing. To
do that, we model each of the hot jupiters in our sam-
ple using 1D CARMA. We thus model each of the 64
longitudinal grid points individually without consider-
ing horizontal advection. While we have simulated all
of the 12 hot Jupiters in our modeling grid (not shown),
here we focus on two illustrative cases to demonstrate
the significant effect of horizontal mixing in cloud for-
mation processes and the resultant cloud particle distri-
butions across the atmosphere. We again note that we
are presenting time-averaged solutions after the models
have reached a steady state with the caveat that small
changes that occur due to microphysical variability may
occasionally minimally exacerbate or minimize the dif-
ferences presented here.

4.1. The Impacts of Horizontal Transport for “Cool”
Hot Jupiters



11

106 107°

1076
10-5 1100 K 105

1074 1078

—107%
= Hlflﬂ

2 1072

£ 107! 10-2 %

Pressure [ba

10"

101
10! 10!

10% 10710 10%
~100 0 100 —100

Longitude [degree]

0

Longitude [degree]

1100 K 10-5 1100 K

1078
10°%

10-10

—10 i
10 g 10°12

10-12 = 1071

10716

[g— o 8] Aysuaq ssepy

10~

10! 1071

10710 10° 102
100 —100 0 100

Longitude [degree]

1079 107°

1075
10-5 1100 K 1075

1074 1078

eI FOISTAN

—107%
= Hlflﬂ

2102

S 107! 1072

Pressure [ba

w
10 e 100
10 7

10% 1016 102
—100 0 100 —100

Longitude [degree]

0

Longitude [degree]

1100 K 10-5 1100 K

10-%

10-% 10-4

1071(7
—3
10710 v ;
i 10-12

@ 1072
7 —14
1070 10

Pressure [bar]

10-12

100 10710

[t 5] Apsuaqq ssely FOISTSIN

[0 8] Aysua ssepy FOISERIN

10~

10! 1071

10710 10? 102
100 —100 0 100

Longitude [degree]

Figure 6. The mass density of cloud particles as a function of planetary longitude and atmospheric pressures varies significantly
when horizontal advection is considered (2D-ExoCARMA, left panels) as compared to when horizontal advection is not included
(1D CARMA, middle and right panels). Here we show the mass density of all cloud particles (top) where the colors for each
cloud species are the same as those in Figure 4 and the mass density of silicate clouds in particular (bottom panels). The middle
column shows the 1D CARMA cloud distributions with the same colorbar as the 2D models. Note that the 1D models have
substantially less cloud mass. The right column shows the 1D models with colorbars that extend to lower cloud mass densities

to highlight the cloud distributions in the upper atmosphere.

We first examine a cool atmosphere case with an equi-
librium temperature of 1100K. We show the resultant
cloud mass distributions as a function of planetary lon-
gitude and height in the case with and without hori-
zontal advection in Figure 6 for all cloud species and
for silicate clouds in particular as silicate clouds likely
dominate the cloud opacity for planets in this range of
equilibrium temperatures. We find that there are sig-
nificant differences in the distribution of cloud mass in
the case of 2D-ExoCARMA versus 1D CARMA. For
this planet, these differences are most notable in the
upper atmosphere. In the 1D CARMA case, most of
the cloud species are confined to the lower atmosphere,
below ~10~! bar. However, in the 2D case, more species
are more readily lofted into the upper atmosphere. This
is particularly evident for Fe and Cr clouds, which are
only present in the lower atmosphere in the 1D CARMA
case but extend throughout the upper atmosphere in the
2D-ExoCARMA case. Cloud formation in the upper at-
mosphere is also significantly more efficient in the 2D-
ExoCARMA case (note the difference in Figure 6) such
that clouds are present at significantly higher masses.

To understand the differences in the 1D and 2D-
ExoCARMA cases, we calculate the cloud formation
and condensible gas transport timescales as compared
to the horizontal advection timescale. We first note, for

the 1100 K case, that the transport timescales of con-
densible gases as well as cloud particles have timescales
that are often comparable to the horizontal advection
timescale. This can be seen in Figure 7 where the ver-
tical diffusion timescale of both gas and cloud parti-
cles is longer than the horizontal advection timescale
and the settling timescale of cloud particles is signif-
icantly longer than the advection timescale for small
particles and shorter than the avection timescales for
very large particles. We calculate the vertical diffusion
timescale as g = H? /K., the settling timescale as
Tsetl = H/vgaq, and the horizontal advection timescale
as Taay = D/64/U for the time that it takes to cross one
of the 64 grid cells, H is the atmospheric scale height,
vgan 1S the particle fall velocity, D is the planetary di-
ameter (each planet in the sample has a Jupiter radius),
and U is the horizontal wind speed.

In the case of cooler hot jupiter atmospheres, because
the vertical diffusion timescale is significantly longer
than the horizontal advection timescale, there is not a
steady diffusion of gas to the upper atmosphere as the
vertical column is advected around the planet such that
the gas will reach a steady state profile in each vertical
column. Instead, the vertical gas distribution evolves as
the gas is advected horizontally around the planet. For
this picture of diffusion timescale to change, we would
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Figure 7. The vertical diffusion timescale of both gas and
particles (top) is substantially larger than the horizontal ad-
vection timescale here for the case of Teq = 1100 K. The
settling timescale of particles (bottom) varies significantly
with particle size and atmospheric pressure such that large
particles settle faster than they can be advected horizontally
(horizontal advection timescale indicated by the black line)
while small particles settle slowly and can experience signif-
icant horizontal advection.

need to consider K, ,’s that are several orders of magni-
tude larger than those considered at these temperatures.
Because the particle settling timescale is longer than the
horizontal advection timescale for small cloud particles,
these particles can be continuously transported across
the planet before they settle. However, large cloud par-
ticles will settle out of the atmosphere before they can
be transported horizontally, effectively setting an upper
size limit on the cloud particle size distribution.

In the case of silicate clouds, we find that the cloud
distribution in the lower atmosphere in the 1D CARMA
and 2D-ExoCARMA cases is roughly the same (Figure
6). Furthermore, in both the 2D and 1D cases, there is
again a cloud-free gap region of the atmosphere where
silicate cloud formation is not efficient due to the isother-
mal region of the atmosphere where the cloud formation
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Figure 8. The microphysical processes of cloud formation
vary as a function of atmospheric location. Here we show the
nucleation, growth, and evaporation timescales for Mg2SiO4
cloud particles in 2D-ExoCARMA for a planet with an equi-
librium temperature of 1100 K. The black line indicates the
horizontal advection timescale.



100 2
s
- 10 g
10~ 5
= 100 %
—10 104 2
= z
£ 0] o :
A 100 =
102 107 3
B 104 £
—100 0 100 Z
Longitude [degree]
1010
_ 108
10~ =
) 10° 2
= 10— 2
210 2 10t %
7 2 =
£ 100 -
A 100 5
102_ 10_2 o
- . . 1 —4
—100 0 100 0
Longitude [degree]
10"
4 10 =
10 Q
= 106 =
=102 104
7 102 2
£ 10" -
oy 100 2
1024 1072 =
10~

—-100 0 100
Longitude [degree]

Figure 9. The same as Figure 8 but for cloud particles
comprised of KCI.

efficiency drops with pressure. The key differences be-
tween the 1D and 2D cases become evident in the upper
atmosphere. While silicate clouds are present at sim-
ilar locations in both cases, their total cloud mass is
reduced in the 1D case as compared to the 2D case.
Furthermore, the silicate cloud mass distribution is ho-
mogenized by horizontal transport in the 2D case such
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that the clouds form a nearly homogeneous layer as a
function of longitude with much less spatial variabil-
ity in the 1D models. These effects can be further
clarified through an examination of the microphysical
timescale of silicate cloud formation as shown in Figure
8. All of the microphysical timescales that we calculate
use the steady-state rates of evaporation, condensation,
and nucleation from the 2D-ExoCARMA model. The
timescales that we consider are the current times that
it takes to nucleate, evaporate, or condense a cloud par-
ticle, averaged over all cloud particle size bins where
nucleation/evaporation/condensation is actively occur-
ring. We find that clouds in the upper atmosphere of
the 1D case preferentially form in regions of the atmo-
sphere where nucleation is most efficient. In the 2D
case, however, clouds can be transported horizontally to
regions where growth is more efficient than nucleation
such that the cloud particles that form in the 2D case
are more likely to survive and grow to larger sizes than
in the 1D case. This causes the 2D case to produce more
cloud mass for a given atmospheric structure.

There are other interesting and non-intuitive impacts
of horizontal advection on cloud formation. We examine
the illustrative case of KCl clouds, which are present in
the 2D-ExoCARMA case while they are notably absent
in the 1D CARMA model. The presence of KCI clouds
in 2D-ExoCARMA is primarily due to the longitudi-
nally dependent variance in the microphysical timescales
of the processes of nucleation, condensational growth,
and evaporation. These cloud microphysical timescales
are shown in Figure 9 based off of the 2D-ExoCARMA
model. We see that in the region of the atmosphere
where clouds are able to nucleate efficiently, they also
evaporate quickly. Thus, in the 1D case, the small cloud
particles that form very quickly evaporate and a stable
cloud layer is not present. However, in the 2D cloud
case, there is a larger region of the atmosphere where
the clouds are able to grow efficiently than where they
are able to nucleate efficiently. Thus, some cloud par-
ticles nucleate and are transported to regions of the at-
mosphere where they can continue to grow. Further-
more, while evaporation happens fairly quickly, some
cloud particles are able to survive even outside of the
region of efficient growth such that the region where
evaporation operates is the largest region of the atmo-
sphere of all three microphysical timescales. Thus the
introduction of horizontal transport and the extended
region of efficient cloud growth allows for the KCI cloud
particles to survive and maintain a stable cloud deck at
certain atmospheric regions for planets with equilibrium
temperatures of 1200 K or less (see figure 20 and 26). We
note that even in the 2D-ExoCARMA case KCI cloud
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Figure 10. Same as Figure 6 with the addition of a comparison of the AloO3 cloud mass (bottom row) and for a planet with

an equilibrium temperature of 1800 K..

particles tend to only grow to relatively small particle
sizes of ~ 1072 ym (see Figure 4).

Another striking difference between the 1D and 2D
cloud cases for the cooler planets is the differing vertical
extents of the clouds in the atmosphere for the cooler
planets in our grid. This can be illustrated by the case
of Fe and Cr clouds, which differ substantially in at-
mospheric location between the 2D and 1D cases (see
Figure 6). This difference arises from a similar mecha-
nism as the KCI formation mechanism. In the 1D case,
Fe and Cr are only able to form a stable cloud layer in
the deep atmosphere. While they are able to nucleate in
the 1D case, they quickly evaporate such that a stable
cloud layer does not form. However, in the 2D case for
cooler atmospheres, Fe and Cr clouds that nucleate are
quickly transported to regions of the atmosphere where
they can grow to sufficiently large sizes that their evap-
oration timescales become long enough such that lofting
and horizontal transport of Fe and Cr cloud particles
can occur. Thus, the abundance of Fe and Cr clouds is
increased in the 2D-ExoCARMA case.

4.2. The Impacts of Horizontal Transport for “Hot”
Hot Jupiters

While there are fewer differences between the 1D and
2D models in the case of hotter atmospheres as shown in
Figure 10 and predicted in Powell et al. (2019), there are
still significant 2D effects that shape the cloud distribu-
tions. In terms of similarities, the clouds in both cases
form in similar abundances such that the total cloud
mass in both cases is roughly identical. Furthermore,
some cloud species like the silicate clouds are present at
similar regions in the atmosphere. As shown in Figure
10, the dayside in both cases is mostly free of silicate
clouds, although the silicate clouds in the 2D case ex-
tend further into the planetary dayside (again note the
difference in colorbar scales between the 1D and 2D cases
shown here). This is because silicate clouds can be hori-
zontally transported to the planetary dayside for a short
time before they evaporate efficiently.

A notable difference is that the location of the clouds
in the atmosphere varies significantly between the two
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Figure 11. The same as Figure 8 but for cloud particles
comprised of Al;O3 and for a planet with an equilibrium
temperature of 1800 K.

cases for certain cloud species. This difference is par-
ticularly striking for AloO3 clouds (though we note that
the same effect occurs for TiOs clouds to a lesser ex-
tent), which are not present on the dayside in the 1D
case. This can be explained by the cloud microphysi-
cal timescales as shown in Figure 11. Aluminum clouds
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Figure 12. The same as Figure 8 but for cloud particles
comprised of Cr and for a planet with an equilibrium tem-
perature of 1800 K.

are not able to nucleate efficiently on the dayside of the
planet and can only do so on the nightside and plane-
tary limbs. Thus, in the 1D case, clouds are only present
in atmospheric regions where they are able to nucleate
and thus cannot exist on the planetary dayside. The
regions of the planet where growth can occur, however,
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Figure 13. The total condensed cloud mass density
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with equilibrium temperatures cooler than 1700 K. Models
where horizontal transport is neglected (1D) are shown in
green. The dashed lines show the total Mg2SiO4 cloud mass
which dominates the total cloud mass density.

extend across the planetary dayside such that clouds
that nucleate and form on the nightside or limbs can be
transported across the planet and survive on the day-
side. While evaporation is more efficient on the dayside
of the planet than the planetary limbs, there still ex-
ist regions of the atmosphere where the evaporation of
aluminum clouds do not occur. Thus, in 2D for certain
atmospheric conditions, clouds can survive the passage
across the planetary dayside.

While in almost all cases we consider the efficiency
of cloud formation in 2D is enhanced compared to 1D,
there is a notable exception to this trend for the case of
Cr clouds in hotter atmospheres. As shown in Figure 10,
Cr clouds are not abundant in the 2D case (though note
that some Cr clouds do form in the 2D case as shown
in Figure 23). The reason for the decreased abundance
of Cr clouds in the 2D case can be understood by the
microphysical timescales of Cr cloud formation as shown
in Figure 12. While Cr clouds can nucleate both homo-
geneously and heterogeneously in our modeling setup,
the dominant formation pathway in the majority of the
model cases presented here is heterogeneous nucleation.
While Cr clouds can heterogeneously nucleate in the re-
gions of the atmosphere where they are abundant in the
1D case, the timescale of heterogeneous nucleation is
relatively long (and is significantly longer than the Cr
nucleation timescale in cooler atmospheres where Cr is
significantly more supersaturated). Thus, in the 2D case
for hotter atmospheres, very few particles are able to
nucleate in the nucleation regions before they are trans-
ported to a region of the planet where evaporation can
occur. Thus, relatively few Cr cloud particles nucleate
and grow in the 2D case. This is in direct contrast for the
other cloud species with substantially shorter nucleation

timescales. For clouds other than Cr and for Cr forma-
tion in cooler atmospheres, nucleation is sufficiently fast
such that particles can nucleate and grow to larger sizes
that are less vulnerable to fast evaporation. Thus, while
2D effects generally enhance cloud formation, 2D effects
can also inhibit formation efficiency depending on the
interplay of the microphysical and advection timescales.

4.3. The Impact of Horizontal Advection as a Function
of Planetary Equilibrium Temperature

We can now examine the impacts of horizontal trans-
port on the broad grid of models. We first examine how
the total cloud mass changes as a function of including
horizontal advection in Figure 13. In all cases, the to-
tal cloud mass is dominated by Mg,SiO4 clouds. We
find that the coolest planets in our sample, with equi-
librium temperatures of 1000 - 1200 K, the total cloud
mass formed in the 1D case is around an order of mag-
nitude less than in the 2D case due to the decreased
formation efficiency of silicate clouds in the cooler plan-
ets in our sample as discussed in Section 4.1. For plan-
ets with equilibrium temperatures of 1300 - 1400 K, the
cloud mass in the 1D case is lower than in the 2D case
by several orders of magnitude. The difference is pri-
marily due to a lower cloud formation efficiency in the
lower atmosphere in the 1D case where silicate clouds
are only marginally supersaturated. The boost in cloud
formation efficiency in the 2D models, however, allows
for substantial silicate cloud formation in the narrow re-
gion of pressures in the lower atmosphere. For planets
with equilibrium temperatures of 1500 - 1600 K, there is
a lowered total cloud mass due to the efficient transport
and survival of silicate clouds in the 2D case across the
dayside of the planet that is not possible in the 1D case
without horizontal advection. Finally, for planets with
equilibrium temperatures of 1700 - 2100 K, the total
condensed cloud mass is roughly equivalent between the
1D and 2D cases although the distribution of the cloud
mass across the planet varies significantly between these
two cases.

The more detailed differences between the 2D and 1D
cases can be seen in a comparison of the cloud mass
distribution of the nominal 2D case in Figures 2 and 3
and the 1D case in Figures 27 and 28. The differences
in distributions between the 2D and 1D cases for plan-
ets with equilibrium temperatures of 1000-1200 K can
be understood by the discussion presented in Section
4.1. Though we note that the increased abundance of Fe
clouds on the west limb of the 1200 K hot Jupiter in the
1D case (see Figure 28) is due to the sufficiently low tem-
peratures around the west limb allowing for the efficient
heterogeneous nucleation of Fe in the upper atmosphere.



Similarly, the differences in the 2D and 1D cloud mass
distributions for planets with equilibrium temperatures
of 1700 - 2100 K can be understood by the discussion
presented in Section 4.2.

For planets with equilibrium temperatures of 1300-
1400 K, several effects contribute to lowering the cloud
formation efficiency. Fe and silicate clouds are not able
to form efficiently in the lower atmosphere in the 1D case
(Figures 27 and 28) because there exists only a narrow
region of the atmosphere (~10 bar) where these clouds
can nucleate. In the 2D case, the cloud particles that
do nucleate in the deep atmosphere are transported and
able to grow and survive across the entire planet. In the
case of Fe clouds, which are relatively resilient to evap-
oration once they reach large particle sizes, these clouds
can even survive below the 10 bar cloud base due to
a relatively slow evaporation timescales. Furthermore,
all cloud formation efficiencies are decreased in the up-
per atmosphere when horizontal transport is neglected.
In the 2D case, clouds that form in the upper atmo-
sphere can be horizontally transported away from their
nucleation regions to regions where growth is efficient
such that the distribution of clouds throughout atmo-
sphere is homogenized. In the 1D case, however, this
can not occur and the resultant cloud distributions are
only abundant in regions where nucleation and growth
are particularly efficient.

With the increase in vertical transport efficiency at
higher planetary equilibrium temperatures, the differ-
ences between 1D and 2D in the total cloud mass density
begin to diminish as the formation of clouds in the up-
per atmosphere becomes more efficient even without the
addition of horizontal transport. However, the lack of
horizontal advection for planets with equilibrium tem-
peratures of 1500-1600 K causes there to be a decreased
abundance of Fe and Cr clouds on the planetary dayside,
which lowers the cloud mass in the 1D case compared
to the 2D case.

Thus, the dominant effect of horizontal transport in
hot Jupiter atmospheres is an increase in cloud forma-
tion efficiency for cloud species with relatively short for-
mation timescales (see the note on Cr cloud formation
in 2D in Section 4.2) a longitudinal homogenization of
cloud properties.

5. CLOUD FORMATION INDUCED
INHOMOGENEOUS TRACE GAS DEPLETION

A natural consequence of the formation of condensi-
ble clouds is the depletion of condensible gases. The
depletion of condensible gases directly impacts which
gas-phase species will be visible in atmospheric spec-
tra and has important consequences for gas-phase at-
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mospheric chemistry (e.g., Visscher et al. 2010). For
example, if a gaseous species is not depleted to the level
predicted by equilibrium chemistry then we may expect
that the resultant gas-phase chemistry will be altered
with time and that there may even be other conden-
sible species that have favorable formation conditions.
With 2D-ExoCARMA we are able to determine the non-
equilibrium depletion of gaseous species as a function of
atmospheric pressure and planetary longitude. Here we
focus on the case of Fe gas depletion as a representative
case and show the depletion of the remaining condensi-
ble gas species in Figures 29 - 32. Here we define gas
depletion as the current partial pressure of the conden-
sible gas divided by the initial partial pressure of that
gas (for Fe the initial condition is a constant solar abun-
dance mixing ratio with pressure, see Section 2 for the
other assumed initial gas compositions).

As shown in Figure 14, at the coolest equilibrium
temperatures, Fe gas is significantly depleted in the up-
per and mid atmosphere across all planetary longitudes.
The depletion of Fe gas remains homogeneous across the
upper atmosphere until ~ 1700 K. Interestingly, while
the distribution of Fe clouds becomes inhomogeneous as
a function of planetary longitude at equilibrium tem-
peratures of 1500 K and higher (see Figures 17 and
22), the level of gas depletion in the atmospheres re-
mains homogeneous as a function of planetary longitude
at hotter equilibrium temperatures until eventually be-
coming inhomogeneous at equilibrium temperatures of
1700 K. For the hottest planets in our grid, Fe gas is
only marginally depleted around the western limb of the
planets. A similar trend holds for the other condensible
species that we consider.

6. DISCUSSION

6.1. Sensitivity to Cloud Microphysical Parameters
and the Importance of Material Properties

To understand the impact of our choice of microphys-
ical parameters that are poorly constrained, such as the
desorption energy of each species and the contact angle
for each species, we run a model with a different reason-
able choice of these parameters. We use the same setup
as our nominal model but choose a desorption energy
of 0.1 eV (instead of 0.5 eV, see Section 2), which is
roughly representative of the minimum desorption en-
ergy, which is seen for small molecules as they desorb
from silicate grains (Seki & Hasegawa 1983; Suhasaria
et al. 2015, 2017). We note that a smaller desorption
energy generally leads to less efficient cloud formation
as it is easier for a molecule to return to the gas phase.
We further calculate a contact angle following Owens
& Wendt (1969) calculated as cos 8, = We /oy — 1
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where Weg , = 24/0,0c. This formulation for the con-
tact angle further leads to less-efficient cloud formation
than our nominal case. This case corresponds to the
minimum-cloud case in Powell et al. (2019).

We find that our choices in the nominal case and this
minimum-cloud case do not result in substantially dif-
ferent cloud formation behavior. As shown in Figure 15,
we see that the general trend in total cloud mass is the
same for both the nominal case and the case with dif-
fering microphysical parameters although the minimum-
clouds case does produce ~70 % fewer clouds in terms
of the total cloud mass. We thus note, that for these rel-
atively unconstrained microphysical parameters, varia-
tions in these values are likely to change the efficiency of
cloud formation without radically changing the general
cloud formation trends.

As such, the uncertainties in cloud microphysical pa-
rameters on the general behavior of cloud formation ap-
pear to be substantially less than the uncertainties that
arise from an uncertain atmospheric thermal structure
or the uncertainties in cloud transport both vertically
and horizontally across the planet.

6.2. Uncertainties in Atmospheric Dynamics

While 3D GCMs tend to predict roughly similar be-
havior across different models, the numerical values of
wind speeds and the efficiency of tracer transport varies
significantly across different models with different as-
sumptions about the atmosphere, planetary properties,
and external environment. We thus consider the level of
horizontal winds and vertical mixing to be a source of
significant uncertainty in this work.

Our estimated K, values are based on the transport
of tracer particles, which may prove to be a more robust
method of tracing the vertical transport of clouds as
compared to calculating mixing based off of wind speeds
alone (e.g., Parmentier et al. 2013). However, the val-
ues that we use for the horizontal advection of cloud
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particles are representative of the equatorially averaged
horizontal wind speed at the silicate cloud base. The
coupling of cloud particles to these winds may prove to
be size-dependent and lower in efficiency than the val-
ues for mixing presented in this work. In particular, we
assume that all particles are perfectly coupled to the at-
mospheric wind speeds. However, previous work that
examines the vertical mixing of tracer particles often
finds that their mixing is reduced as compared to sim-
plified assumptions based on the gas vertical velocities
alone (e.g., Parmentier et al. 2013; Powell et al. 2019).
We thus consider the horizontal wind speeds used here
to be a roughly approximate upper-limit in the efficiency
of cloud particle horizontal transport.

The dominant atmospheric circulation pattern for
the planets in our sample consists of a super-rotating
equatorial jet (Parmentier et al. 2016). This circula-
tion pattern on hot Jupiters and other highly-irradiated
tidally-locked planets is a common outcome across a
broad range of GCMs (e.g., Showman & Guillot 2002;
Rauscher & Menou 2010; Mayne et al. 2014) and in-
dications of this feature have been seen in phase-curve
observations (e.g., Knutson 2007; Knutson et al. 2009;
Zellem et al. 2014). We note, however, that in the case of
significant atmospheric drag (which may be more likely
for the hotter planets in our sample) the atmospheric
flow pattern can shift to a bulk dayside to nightside flow
(Showman et al. 2013). Such a flow structure would al-
ter the pattern of horizontal advection and likely change
the resultant cloud properties.

We note that such a flow pattern is likely for Wasp-
18b based off of the thermal emission spectrum using the
NIRISS instrument on JWST (Coulombe et al. 2023).
Wasp-18b has an equilibrium temperature of ~2000 K,
which is comparable to the hottest planets in our grid.
Further observations such as these will be essential in
informing modeling efforts moving forward and in un-
derstanding the dominant atmospheric flow pattern in
hot Jupiters across a range of equilibrium temperatures.

There are other uncertainties of the wind pattern
on hot Jupiters because the atmospheric circulation
strongly depend on the atmospheric drag, planetary ro-
tation rate, atmopsheric temperature regime, metallic-
ity, etc. Different wind pattern could occur at different
regimes (e.g., see Figure 14 in Zhang 2020). Future the-
oretical work with different wind patterns from GCMs
in across a broad parameter space should be conducted
to systematically investigate the behavior of cloud for-
mation on hot Jupiters.

6.3. The Lack Atmospheric Cold Traps
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The presence or lack of an atmospheric cold-trap could
have a significant impact on whether or not clouds are
observable in an atmosphere. An atmospheric “cold
trap” can occur when when the process of gravitational
settling is more efficient than upward vertical mixing
(see Powell et al. (2018); Parmentier et al. (2013) for a
more detailed description). In this case, cloud particles
will efficiently settle after formation and, depending on
the strength of the cold trap, the cloud particles may
only be abundant near the cloud base. There can also
be a “deep cold trap”, which occurs when there are two
thermodynamically favorable regions in the atmosphere
for cloud formation, either due to an atmospheric ther-
mal inversion or due to an isothermal region of the at-
mosphere where cloud formation becomes inefficient.

In this study, the deep atmospheric temperature is
high because we have focused on inflated hot Jupiters
with hot interiors. In our nominal case, we find that
vertical mixing is efficient such that a cold trap does
not occur and cloud particles are present across many
orders-of-magnitude in pressure space throughout the
atmosphere. Thus, for reasonable assumptions regard-
ing vertical mixing, an atmospheric cold-trap sufficiently
strong to suppress cloud formation in the upper atmo-
sphere is not likely for the planets in our model grid.

6.4. Comparison to Other Cloud Models

A large grid of models using a different microphysical
framework without the horizontal transport of clouds
was produced in Helling et al. (2022) where they find
that cloud coverage transitions from a homogeneously
cloud covered regime, to a regime with an inhomoge-
neously covered planetary dayside, to a cloud-free day-
side regime. We similarly find that the planets in our
grid differentiate into these rough regimes although they
do so at different planetary temperatures. In our mod-
els we find that the planets covered with a homogeneous
layer of clouds extends to hotter planetary equilibrium
temperatures of ~1500K, a patchy dayside cloud cover-
age for planets with equilibrium temperatures less than
2100 K and a nearly cloud-free dayside for planets with
equilibrium temperatures of 2100 K or greater. How-
ever, we note that when we focus on silicate clouds,
which are likely to dominate the atmospheric opacity
for many of the planets in this temperature range (e.g.,
Gao et al. 2020; Powell et al. 2019; Gao & Powell 2021)
we find that there are effectively two regimes in plane-
tary cloud cover: planets with temperatures less than ~
1600 K with a nearly homogeneous coverage of silicate
clouds and planets with temperatures of 1700 K or more
that have nearly cloud-free planetary daysides.

In this work we focus on the interaction between cloud
formation and horizontal transport and choose this hier-
archical modeling approach to facilitate understanding.
We do not focus on the fully-3D interaction between
clouds and atmospheric mixing, as in e.g., Lee et al.
(2016); Lines et al. (2019); Lee (2023), due to compu-
tational constraints, which make a large grid of such
models unfeasible. We also do not yet couple our micro-
physical model to a model of radiative feedback (as in
Roman & Rauscher (2019) for non-microphysical clouds
in 3D).

Upcoming work will focus on the observational impact
of the cloud models presented in this work in detail.
We thus reserve comparisons to the conclusions found
in Gao et al. (2020) and Gao & Powell (2021) for future

work.

7. SUMMARY AND CONCLUSIONS

We present the first two-dimensional bin-scheme mi-
crophysical model of cloud formation on hot Jupiters.
This framework predicts the detailed properties of cloud
particles from first principles with the inclusion of how
these properties are shaped by horizontal advection.
We demonstrate that horizontal advection fundamen-
tally shapes cloud properties and will be essential to
consider when interpreting observations of planetary at-
mospheres.

In this work, we summarize the model updates we use
to consider the horizontal advection of clouds. We con-
sider cloud formation in a representative grid of planets
from 1000 - 2100 K and discuss the cloud properties for
the planets in this sample. We discuss the interplay be-
tween horizontal advection and cloud formation through
comparing our 2D models with 1D models without hor-
izontal advection. We consider how the timescales of
material transport and cloud microphysical processes in-
teract to shape cloud distributions in 2D. We also dis-
cuss how cloud formation depletes the condensible gas
phase species and can do so inhomogeneously across the
planet. We finally discuss sensitivities of our model and
differences between this model and other modeling ap-
proaches. Our main conclusions are summarized below.

1. Cloud properties are strongly sensitive to dynam-
ical transport.

2. For hot Jupiters in our grid with equilibrium tem-
peratures of 1000 - 1400 K, the cloud distributions
are relatively homogeneous across the planetary
atmosphere and the bulk of the cloud mass is lo-
cated in the lower atmosphere. KCI clouds are able
to form near the west limb for the coolest planets
in our sample.



3. For planets with equilibrium temperatures of 1500
K or higher, the cloud mass is located entirely in
the upper atmosphere and cloud cover becomes
increasingly inhomogeneous with increased plane-
tary equilibrium temperature.

4. The cooler planets in our sample have cloud par-
ticle size distributions that are roughly homoge-
neous on the east and west limbs of the planet,
with the exception of a population of KCI clouds
that are only present on the west limb of the
planet.

5. The hotter planets in our sample have very inho-
mogeneous cloud particle size distributions on the
east and west limbs.

6. Horizontal advection shapes the cloud properties
in hot Jupiter atmospheres primarily by increas-
ing the cloud formation efficiency and longitudi-
nally homogenizing the cloud properties across the
planet.

7. The impacts of horizontal advection on the cloud
mass density and the distribution of cloud par-
ticles varies as a function of planetary equilib-
rium temperature with the most noticeable effects
present for the cooler planets in the sample.

8. Cloud formation depletes the condensible gas
species inhomogeneously in the atmosphere as a
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function of height and, for the hotter planets in
our sample, as a function of longitude.

9. Uncertainties in microphysical properties give rise
to uncertainties in cloud properties. However,
these uncertainties shape cloud properties less
than differences in atmospheric thermal structure
or atmospheric mixing.

This work reveals the necessity of gas and cloud trans-
port in shaping cloud properties. Our future works in
this series of papers will calculate how these cloud prop-
erties shape the transmission, emission, and reflection
spectra of this grid of hot Jupiters.
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APPENDIX

A. CLOUD DISTRIBUTIONS FOR INDIVIDUAL CONDENSIBLE SPECIES

Here we present the total cloud mass and number density distributions for each individual cloud species. The
mass density distributions of the different cloud species that form are shown in Figures 16-20. The number density
distributions of the different cloud species that form as a function of longitude and pressure for every planet in our
sample are shown in Figures 21-26.

B. 1D CLOUD DISTRIBUTIONS WITHOUT HORIZONTAL ADVECTION

Here we present the cloud mass distributions for the same models as in our nominal case but without horizontal
transport in the model. The cloud mass distribution of silicate clouds is shown in Figure 27 and the cloud mass
distribution of the remaining cloud species is shown in Figure 28. These 1D cases and their differences from the
nominal 2D case presented in this work are discussed in more detail in Section 4.

C. DEPLETION OF CONDENSIBLE GAS SPECIES

Here we present the depletion of condensible gas species as a function of planetary longitude and atmospheric pressure
for each individual gaseous species. The depletion of various gas constitutents is shown in Figures 29 - 32.



Pressure [bar]

1074

1072

100

1000 K 1100 K

102

1074

1072

100

1200 K 1300 K

10?

1074

1072

—_
[
=]

1400 K 1500 K

—_
(o)
]

FA
9
L

1072

100

102

1074

102

10°

10%

104

1072

100

102

1600 K 1700 K

1800 K 1900 K

2000 K 2100 K

—100 0

Figure 16.

100 —100 0 100
Longitude [degree]

Same as Figure 2 but for TiO2 clouds.
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Figure 17. Same as Figure 2 but for Fe clouds.
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Figure 18. Same as

Figure 2 but for Cr clouds.
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Figure 19. Same as Figure 2 but for Al,O3 clouds.
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Figure 20. Same as Figure 2 but for KCI clouds.
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Figure 21. The number density of TiO2 cloud particles varies significantly as a function of planetary equilibrium temperature.
Here we show the time-averaged number density of TiO2 clouds as a function of planetary longitude and atmospheric pressure.
While 2D-ExoCARMA calculates the full cloud particle size distribution, here we have summed the number density over all
cloud particle sizes.
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Figure 22. The same as Figure 21 but for Fe clouds.
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Figure 23. The same as Figure 21 but for Cr clouds.
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Figure 24. The same as Figure 21 but for Mg>SiO4 clouds.
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Figure 25. The same as Figure 21 but for Al,O3 clouds.
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Figure 26. The same as Figure 21 but for KCI clouds.
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Figure 27. The same as Figure 2 but for the 1D case without horizontal advection.
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Figure 28. The same as Figure 3 but for the 1D case without horizontal advection.
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Figure 29. Same as Figure 14 but for TiO2 gas.
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Figure 31. Same as Figure 14 but for Mg gas.
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