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1 Introduction

The study of exoplanet atmospheres is essential for finding life in our universe. The ability
to determine the chemical makeup of an atmosphere allows us to search them for certain
species (elements and compounds), some of which could be indicators of biological activity
(bio-tracers). Due to the vast distances between our solar system and these planets, and
the fact that most of these atmospheres block light from the surface, we can only observe
exoplanet atmospheres. Therefore, bio-tracers remain the only method for finding life in
our universe.

We observe exoplanet atmospheres using a technique known as the transit method. This
procedure involves monitoring a star for a regular drop in its brightness caused by a planet
passing in front of the star during its orbit. This ‘transit’ is typically observed using mul-
tiple wavelengths to see how the atmosphere interacts with different types of light. The
different species in the atmosphere will absorb different wavelengths of light, leading to a
different light curve (brightness as a function of time) for each wavelength.

Any models used to explain transit observations of exoplanet atmospheres need to account
for cloud formation. The cloud layers block stellar light passing through the atmosphere,
limiting the depth to which the atmosphere is observable. Also, the species that are used
to form solid clouds become depleted from the gas phase, and given that we cannot see into
the clouds, this makes these species appear less abundant than they actually are.

Detailed cloud formation models have been produced for the planets HAT-P-7b [9] and
WASP-43b [10]. Further work includes a comparison study of cloud formation for a host
of exoplanets [11]. However, it is still not understood how cloud formation is affected by
changing global parameters such as planetary effective temperature and host star type.
Understanding how these parameters affect cloud formation will allow us to predict the
cloud properties of upcoming observation targets, and thus allow us to better explain these
observations.

This work uses a grid of 3D GCMs (global circulation models) of Hot Jupiter exoplanets
as input for cloud formation simulations (see section 2.1 for a definition of Hot Jupiters).
Several 1D temperature-pressure profiles were extracted from each GCM and used as input
for the simulations. The cloud properties for each model are compared to identify trends
in cloud formation across the model grid. Note: the results shown here form part
of a larger collaborative project undertaken within the Centre for Exoplanet
Science. The results of the full project will be shown in an upcoming paper by
Helling et al.
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2 Background

2.1 Hot Jupiters

Due to the limited resolution of even the most modern telescopes as well as limited ob-
servation times, observations of atmospheres inherently favour larger planets with shorter
orbital periods, known as Hot Jupiters. The detailed study of such planets will give insight
into complex atmospheric processes that also apply to smaller, earth-like exoplanets.

The proximity of Hot Jupiters to their host star ensures that they are tidally locked, i.e.,
their rotational period is the same as their orbital period. This means that, unlike Earth,
one side of the planet is always facing the star and one side is always facing away from the
star. We say that the planets have a permanent day-side and a permanent night-side.

The four key points on tidally-locked exoplanets, defined by their longitude (φ) and latitude
(θ) co-ordinates, are the sub-stellar point (the point facing directly towards the star with
(φ, θ) = (0◦, 0◦)), the evening terminator, with (φ, θ) = (90◦, 0◦), the morning terminator,
with (φ, θ) = (270◦, 0◦)) and the anti-stellar point (the point facing directly away from the
star with (φ, θ) = (180◦, 0◦)).

2.2 Model Grid

This work investigates how cloud formation is affected by two global parameters: planetary
effective temperature and host stellar type.

The effective temperature is a combination of the planetary equilibrium temperature Teq
and the internal temperature Tint (Tint is taken as 200K for the entire grid [2]).

T 4
eff = T 4

int + T 4
eq (1)

T 4
eq =

fL∗

16πσa2
(2)

where f is the heat re-distribution factor (taken as 2 when the stellar radiation falls on the
day-side only), L∗ is the luminosity of the host star, σ is the Stefan-Boltzmann constant
and a is the semi-major axis of the planet (the orbital distance in the case of Hot Jupiters).
The grid used here (produced by Baeyens et al. [2]) samples 12 effective temperatures in
increments of 200K between 400K and 2600K.

Stars are classified using seven types based upon their effective temperature: O,B,A,F,G,K
and M, with O stars being the hottest stars and M stars being the coolest (the number after
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the stellar class further categorises the luminosity within the class). Bayens et al. use 4 stel-
lar types: F5 (Tstar=6500K), G5 (Tstar=5650K), K5 (Tstar=4250K) and M5 (Tstar=3100K).

If two planets have the same effective temperature, but one orbits a hot star and one orbits
a cold star (relatively speaking), then the planet orbiting the cold star must orbit closer to
that star to preserve the same effective temperature. This means that the planet will have
a shorter orbital period, and given that the planets are tidally locked, they will also have
a shorter rotational period. This implies that the planet rotates faster, which increases the
Coriolis force that it experiences. Given that the Coriolis force opposes the horizontal mix-
ing in the atmosphere, a faster rotation rate means that there is less efficient re-distribution
of heat between the day and the night side. Therefore, planets orbiting cooler host stars
will have a greater day-night side temperature contrast.

2.3 Global Circulation Models

The cloud formation code uses a grid (grid here refers to a set of models with different
values for the global parameters) of GCMs produced by Baeyens et al. as input [2]. Global
circulation models are simulations of exoplanet atmospheres that account for heat transfer
via the host star as well as horizontal and vertical mixing of the gas in the atmosphere due
to global weather patterns.

The GCMs are spherical data-cubes with 3 positional co-ordinates: latitude, longitude and
pressure (pressure is used here as a substitute for atmospheric height, with increasing pres-
sure in deeper parts of the atmosphere). Each co-ordinate contains the temperature of the
gas phase and the velocity vector (vx,vy and vz). All models used in this work have a surface
gravity of 10ms−2 and a radius of 1.35 Jupiter radii.

There is a caveat to bear in mind with regards to the GCMs. The material abundances
(relative abundances of each element) are consistent across all the models (this is also the
case for the cloud formation simulations). However, these properties vary across different
host star types and will thus vary for the planets that form from the by-products of star
formation. Therefore, this work does not account for varying elemental abundances for
planets that form around different host stars.

3 Methodology

3.1 Extracting 1D Profiles

The cloud formation model used 48 pressure-temperature profiles from each GCM, ex-
tracted at equidistant longitudes across the equatorial plane (θ = 0◦). The longitudes
sampled ranged from φ =0◦ to φ =345◦ in 15◦ intervals. These profiles were then used as
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input for a kinetic cloud formation model coupled with a chemical network.

3.2 Modelling Approach

Cloud formation occurs via several stages (see Helling et al. [8] for a visual representation
of this process). Firstly, molecular clusters known as nucleation seeds form from the gas
phase. For a monomer (molecules that combine to form molecular clusters) to form nucle-
ation seeds effectively, it must be thermally stable (i.e., it must not break down due to high
temperatures) and it must be available in a gaseous state. This work considers 4 nucleation
species: TiO2, SiO, KCl and NaCl.

Other materials then accrete onto these seeds via surface chemical reactions to form the
cloud particles. Materials will only accrete onto the seeds if they are also thermally stable,
implying that cloud formation is heavily dependant on the thermodynamic conditions (tem-
perature and pressure) of the local gas phase. The nucleation species will themselves also
participate in bulk growth, meaning that there is competition for the elements involved.
A total of 16 bulk materials participate in bulk growth for this work: TiO2, Mg2SiO4,
MgSiO3, MgO, SiO, SiO2, Fe, FeO, FeS, Fe2O3, FeSiO4, Al2O3, CaTiO3, CaSiO3, NaCl and
KCl. They form via 132 surface reactions.

If the drag force due to the moving atmosphere is strong enough, the cloud particles couple
with the gas phase and move with wind currents. As the cloud particles grow, they decouple
from the wind currents and begin to fall through the atmosphere due to gravity.

The changing thermodynamic conditions mean that some of the accreted materials are no
longer thermally stable, therefore they evaporate from the particles. The cloud particles
continue to fall until the rising temperatures cause them to evaporate entirely. The accu-
mulation of material due to bulk growth depletes the local gas phase of materials, while the
evaporation of the materials from the cloud particles enriches the gas phase.

The approach for modelling these processes is the same as that used in Helling et al. [10],
and a detailed discussion of the numerical details can be found in section 2.4 of Helling and
Woitke [17].

4 Results

Cloud formation properties are shown in this work for a selection of the models in the grid.
For a discussion of the results for the entire grid, refer to the upcoming paper by Helling et
al.

This work considers 3 of the effective temperatures in the grid: 800K, 1600K and 2400K.
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An effective temperature of 2400K describes Ultra-Hot Jupiters such as WASP-103b [5],
WASP-121b [4] and HAT-P-7b [16], while an effective temperature of 1600K describes Hot
Jupiters, such as WASP-43b [7] and HD209458b [15]. While not as common, an effective
temperature of 800K describes ‘Warm Saturns’ such as HAT-P-6b [6].

To determine the various cloud regimes for each model, this work examines 3 properties
related to cloud formation: nucleation rate, mean molecular weight and atmospheric ioni-
sation rate. Figures 1, 2, 3 and 4 show these three properties (in addition to the extracted
pressure-temperature profiles) for each of the 4 stellar types, for each of the 3 effective tem-
peratures described above. The fourth row of each figure has the surface averaged mean
grain size overlayed with a contour line showing the ionisation rate threshold for an iono-
sphere (see section 4.3). The grey mask shows the regions where cloud formation does not
take place.

4.1 Total Nucleation Rate

The nucleation rate is the rate at which nucleation seeds form spontaneously from the gas
phase (measured in [cm−3s−1]). It is used to identify the various cloud regimes (where the
clouds form) throughout the planetary atmosphere. The total nucleation rate is the sum of
the nucleation rate for each of the 4 nucleation species considered in this work.

For the Teff=800K models, the nucleation rate on the night side is fairly high (between
10−1 and 103 [cm−3s−1]) below 10−1 bar across all stellar types (1 bar is roughly equivalent
to the surface pressure on earth). Above 10−1 bar, there is a gradual decrease in the nu-
cleation rate (due to the gas temperature increasing) down to around 10−9 [cm−3s−1] at 10
bar. Above 10 bar, the nucleation ceases as the temperatures become too high for cloud
formation. On the day side, the nucleation rate is lower (between 10−5 and 10−3 [cm−3s−1]),
but non-negligible. There is also a thin layer (located at 10−2 bar) of increased nucleation
extending onto the day-side from the morning terminator up to the sub-stellar point. This
effect is present for all stellar types, but is less extended for the F star model.

For the Teff=1600K models, the nucleation rate is lower across the night side than for the
Teff=800K models (between 10−5 and 10−1 [cm−3s−1]) for all stellar types. Only patches of
the atmosphere below 10−2 bar exceed 10−1 [cm−3s−1]. Nucleation on the day-side is limited
to the thin layer emerging from the morning terminator that also exists for the Teff=800K
models. This layer is narrower for the K and the M star models, and extends across the
day-side completely for the M star model.

For the Teff=2400K models, there is nucleation on the night-side only below 1 bar. The
nucleation rate in this region is high (between 10−1 and 103 [cm−3s−1]), but is slightly lower
for the M star model. The nucleation rate is also higher near the morning terminator than
near the evening terminator for night-side of these models. Nucleation is virtually non-
existent on the day-side for all stellar types. There is limited nucleation near the evening
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Figure 1: 2D equatorial plane slices (θ = 0) for the 1D profiles extracted from the 3D GCMs
showing the main cloud formation properties. The cloud formation properties are as follows: local
gas temperature [K] (first row), total nucleation rate [log10( J∗ / cm−3s−1)] (second row), mean
molecular weight (third row) and surface averaged mean particle size [log10 (〈a〉A/ µm)] overlayed
with the ionisation rate threshold for an ionosphere (fourth row). These properties are shown for
3 planetary effective temperatures: 800K, 1600K and 2400K. All models have g=10ms−2 and orbit
M stars. The outer limit for the pressure is fixed at 103.5 bar for all models.
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Figure 2: 2D equatorial plane slices (θ = 0) for the 1D profiles extracted from the 3D GCMs
showing the main cloud formation properties. The cloud formation properties are as follows: local
gas temperature [K] (first row), total nucleation rate [log10( J∗ / cm−3s−1)] (second row), mean
molecular weight (third row) and surface averaged mean particle size [log10 (〈a〉A/ µm)] overlayed
with the ionisation rate threshold for an ionosphere (fourth row). These properties are shown for
3 planetary effective temperatures: 800K, 1600K and 2400K. All models have g=10ms−2 and orbit
K stars. The outer limit for the pressure is fixed at 103.5 bar for all models.
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Figure 3: 2D equatorial plane slices (θ = 0) for the 1D profiles extracted from the 3D GCMs
showing the main cloud formation properties. The cloud formation properties are as follows: local
gas temperature [K] (first row), total nucleation rate [log10( J∗ / cm−3s−1)] (second row), mean
molecular weight (third row) and surface averaged mean particle size [log10 (〈a〉A/ µm)] overlayed
with the ionisation rate threshold for an ionosphere (fourth row). These properties are shown for
3 planetary effective temperatures: 800K, 1600K and 2400K. All models have g=10ms−2 and orbit
G stars. The outer limit for the pressure is fixed at 103.5 bar for all models.
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Figure 4: 2D equatorial plane slices (θ = 0) for the 1D profiles extracted from the 3D GCMs
showing the main cloud formation properties. The cloud formation properties are as follows: local
gas temperature [K] (first row), total nucleation rate [log10( J∗ / cm−3s−1)] (second row), mean
molecular weight (third row) and surface averaged mean particle size [log10 (〈a〉A/ µm)] overlayed
with the ionisation rate threshold for an ionosphere (fourth row). These properties are shown for
3 planetary effective temperatures: 800K, 1600K and 2400K. All models have g=10ms−2 and orbit
F stars. The outer limit for the pressure is fixed at 103.5 bar for all models.
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terminator on the day-side for the G, F and K star models, but not for the M star model.

4.2 Mean Molecular Weight

The mean molecular weight is defined as the mean mass of a particle in the atmosphere
(given in atomic mass units). This property can be used to calculate the scale height of the
atmosphere:

H =
kBTgas
µgP

(3)

where kB is the Boltzman constant, Tgas is the local gas temperature, µ is the mean molec-
ular weight and gP is the planet’s surface gravity. This is then used to determine size of
the planetary atmosphere as the planet completes a transit of the host star, making the
mean molecular weight an essential property for interpreting transit measurements [1]. Most
GCMs assume a constant mean molecular weight of 2.35 (the value expected for a molecular
hydrogen dominated atmosphere) throughout the atmosphere, however previous work has
shown this not to be the case for Hot Jupiters [11].

Both the Teff=800K and the Teff=1600K models for all stellar types have a mean molecular
weight of 2.35 throughout their atmosphere below 100 bar. Therefore, the assumption of a
constant mean molecular weight for these atmospheres is valid.

For the Teff=2400K models this not the case. On the day-side of the F star model, the
mean molecular weight ranges from 2.10 to 2.25, and on the day-side of the G star model,
the mean molecular weight ranges from 2.00 to 2.25. For both of these models, the lowest
mean molecular weight occurs at a ‘cold spot’ at 10−2 bar. This region is more extended
for the G star model (between φ=15◦ and φ=90◦) than for the F star model (between φ=0◦

and φ=45◦).

The day-side mean molecular weight for the M and the K star models at Teff=2400K is
much lower, dropping below 1.8 across the atmosphere. It is also more uniform across the
day-side and it decreases consistently with pressure (i.e., there are no localised ‘cold spots’).
The mean molecular weight drops below 1.8 below 10−2 bar for the M star, whereas it only
drops below 1.8 at the very edge of the pressure axis (below 10−3 bar) for the K star model.

4.3 Mean Grain Size and Ionisation Rate

The high day-side temperatures on Hot Jupiters can result in the gas phase becoming ther-
mally ionised. Models of HAT-P-7b show an ionosphere that reaches the deeper layers of
the atmosphere on the day-side [13]. If the ionosphere overlaps with the cloud layers on the
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day-side, then this can alter the chemistry within the clouds and potentially even introduce
lightning processes [12].

The degree of ionisation is measured as the ratio of the free electron pressure and the total
pressure

fe =
pe

pe + pg
(4)

where pe is the free electron pressure and pg is the gas pressure. A minimum value of
fe=10−7 is proposed as the threshold for an ionosphere [13]. The size of the cloud particles
(measured here as the surface averaged mean grain size) must also be large enough for the
particles to hold charge (the exact size threshold is undetermined).

The Teff=800K and Teff=1600K models for all stellar types have a sufficiently high ion-
isation rate only in the inner layers of the atmosphere, above 100 bar. There is no cloud
formation above 100 bar for any of these models, therefore it is unlikely that these planets
will have ionised cloud layers.

For the models where Teff=2400K, the ionosphere for the M star model has limited overlap
with the cloud formation at the terminator regions, but the grain sizes are small (below
101.5µm). For the other stellar types, the thin layer of cloud formation on the day-side
reaches the edge of the ionosphere (more so for the K star model). This indicates that there
is the potential for the outer cloud layers to become ionised for these planetary models.

5 Discussion

5.1 Equatorial Superrotation

The cloud formation on the day-side of all the Teff=1600K and Teff=2400K models is
driven primarily by prograde equatorial super-rotation (super-sonic winds in the same di-
rection as the planet’s rotation). Equatorial super-rotation is a common outcome for Hot
Jupiter GCMs [3],[14] and is discussed for this grid in Baeyens et al. [2]. They note that
only the faster rotating models (for this work, the M star model model with Teff=2400K)
do not show a prograde equatorial flow.

The super-rotation drives colder air onto the day-side, resulting in a ‘jet’ of cool gas pro-
truding from the morning terminator. Cloud formation on the day-side is therefore limited
to the jet. This feature is more prominent for the Teff=1600K models and the slower rota-
tors (F and G star models).
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5.2 Model Limitations

The ionisation rate discussed here is only valid for thermal ionisation, i.e., ionisation due
to extreme temperatures. This model does not account for ionisation due to cosmic rays
or stellar irradiation, which could potentially extend the ionosphere deeper into the atmo-
sphere. This effect would depend on whether or not the atmosphere is opaque to such
radiation (i.e., whether or not the radiation can penetrate the atmosphere) in the day-side
cloud layers. A discussion of opacity for these models will be included in future work by
Helling et al.

6 Conclusions

A grid of global circulation models was used as input for a kinetic cloud formation model
couped with a chemical network. This was done to study how cloud formation on Hot
Jupiters is affected by varying the planetary effective temperature and the host star type.
The following trends were identified:

– The colder Hot Jupiters (Teff=800K) experience cloud formation on the day and
night sides, with less cloud formation on the day-side. Hot Jupiters with Teff=1600K,
experience limited cloud formation on the day-side in a thin layer near the evening
terminator caused by equatorial superrotation, which is more extended for F and
G stars. Ultra-Hot Jupiters (Teff=2400K) experience very limited day-side cloud
formation near the evening terminator, and none at all for the M star models.

– Only the Ultra-Hot Jupiters have a mean molecular weight that varies throughout the
atmosphere. There exists a ‘cool spot’ (µ ≈2) of lower mean molecular weight on the
day-side of the F and the G star models, and µ <1.8 in the outer pressure layers for
the K and the M stars.

– Only Ultra-Hot Jupiters have an ionosphere that overlaps with the cloud layers on the
day-side. However, photo-ionisation will need to be incorporated into the modelling
process to explore a potentially deeper ionosphere.

Given that cloud formation on the day-side of Hot and Ultra-Hot Jupiters is made pos-
sible by the transfer of cool air onto the day-side by equatorial super-rotation, a detailed
understanding of this phenomenon is key for the improvement of cloud formation models.
Since the day-sides of the Ultra-Hot Jupiter models have a non-constant mean molecular
weight, future GCMs of such planets should use a dynamic mean molecular weight. Also,
the day-side cloud layers on Ultra-Hot Jupiters will experience thermal ionisation, and the
implications of this (lightning processes etc.) will require further study.
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