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Abstract Using two-dimensional (2D) thermal structure models and pseudo-2D chem-
ical kinetics models, we explore how atmospheric temperatures and composition
change as a function of altitude and longitude within the equatorial regions of close-
in transiting Neptune-class exoplanets at different distances from their host stars.
Our models predict that the day-night stratospheric temperature contrasts increase
with increasing planetary effective temperatures Teff and that the atmospheric com-
position changes significantly with Teff. We find that horizontal transport-induced
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quenching is very effective in our simulated exo-Neptune atmospheres, acting to ho-
mogenize the vertical profiles of species abundances with longitude at stratospheric
pressures where infrared observations are sensitive. Our models have important im-
plications for planetary emission observations as a function of orbital phase with the
Ariel mission. Cooler solar-composition exo-Neptunes with Teff = 500–700 K are
strongly affected by photochemistry and other disequilibrium chemical processes,
but their predicted variations in infrared emission spectra with orbital phase are rela-
tively small, making them less robust phase-curve targets for Ariel observations. Hot
solar-composition exo-Neptunes with Teff ≥ 1300 K exhibit strong variations in in-
frared emission with orbital phase, making them great targets for constraining global
temperatures, energy-balance details, atmospheric dynamics, and the presence of
certain high-temperature atmospheric constituents. However, such high-temperature
exo-Neptunes are arguably less interesting from an atmospheric chemistry stand-
point, with spectral signatures being dominated by a small number of species whose
abundances are expected to be constant with longitude and consistent with thermo-
chemical equilibrium. Solar-composition exo-Neptunes with Teff = 900–1100 K re-
side in an interesting intermediate regime, with infrared phase curve variations be-
ing affected by both temperature and composition variations, albeit at smaller pre-
dicted phase-curve amplitudes than for the hotter planets. This interesting interme-
diate regime shifts to smaller temperatures as atmospheric metallicity is increased,
making cool higher-metallicity Neptune-class planets appropriate targets for Ariel
phase-curve observations.

Keywords Exoplanet atmospheres · Exoplanet atmospheric composition · Atmo-
spheric chemistry · Photochemistry · Thermochemistry

1 Introduction

The European Space Agency’s Atmospheric Remote-sensing Infrared Exoplanet Large-
survey (Ariel) mission, which is due to launch in 2028, is a space-based telescope
survey mission dedicated to acquiring simultaneous narrow-band visible photome-
try and near-infrared spectra of ∼1000 exoplanets that transit their host stars [134].
The mission promises to revolutionize our understanding of planet formation and at-
mospheric processes, due to Ariel’s ability to uniformly sample and systematically
characterize the atmospheres of a statistically large sample of exoplanets. Transit,
eclipse, and phase-curve observations and eclipse mapping of exoplanets can provide
important information on atmospheric temperatures, composition, dynamics, and en-
ergy transport [8,20,22,24,92,93]. The 1.25–7.8 µm spectral range covered by Ariel
encompasses infrared molecular bands of many key atmospheric species, including
H2O, CO, CO2, CH4, NH3, HCN, NO, C2H2, C2H6, PH3, H2S, SiO, TiO, and VO;
in addition, Ariel’s visible-wavelength channels provide complementary information
on aerosol extinction. Ariel will focus on warm and hot planets, to take advantage of
the higher signal-to-noise ratio observations that such planets provide, and to ensure
minimal sequestering of different elements in condensed phases in their atmospheres
compared to solar-system planets, thus allowing a better measure of the bulk elemen-
tal composition of the atmosphere as a whole [134]. Because large H2-rich planets
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are less likely to have lost their primordial atmospheres, the composition and bulk
elemental ratios of giant planets, in particular, provide a unique record of the origins
of planetary systems, supplying clues to how and where the planet formed, whether
migration played a role in its current location, and how its complement of heavy el-
ements were acquired [48,103]. The transiting planets that will be observed by Ariel
are exotic by solar-system standards. They reside close to their stars, experiencing
a regime of strong radiative forcing that cannot be studied in our own solar system.
Ariel will provide information on the current climate, chemistry, physics, and dynam-
ics in the atmospheres of these exotic worlds.

Most of the close-in transiting exoplanets that will be observed by Ariel are ex-
pected to be tidally locked, with one hemisphere constantly facing the star. The per-
manent day-night radiative forcing from this synchronous rotation leads to globally
uneven atmospheric heating, large horizontal temperature gradients, and strong at-
mospheric winds that help redistribute some of the day-side heat to the night side of
the planet [59,126]. For gas-rich “hot Neptunes” and “hot Jupiters”, one consequence
of this strong day-night forcing is a high-velocity (up to several km s−1) superrotat-
ing zonal-wind jet at low latitudes [127,81,129,157] that can displace the day-side
radiative hot spot eastward away from the substellar point [128,65,43,23]. These
winds transport atmospheric constituents as well as heat. A low-latitude parcel of
gas being carried by these zonal winds will experience an effective day-night cycle,
with temperatures and incident stellar ultraviolet flux levels that vary as the parcel
is transported from the day side to the night side and back again. The composition
of the gas can change as a result of this cycle. Emission observations of a close-in
transiting exoplanet over all phases of its orbit around its host star can help sam-
ple these global variations [19,70,115,133,132], furthering our understanding how
atmospheric dynamics, energy transport, and disequilibrium chemistry respond in a
three-dimensional sense to the strong day-night forcing. Such “phase-curve” obser-
vations consume copious amounts of telescope time, however, and upcoming broad-
purpose facilities such as the James Webb Space Telescope (JWST) will be unable to
perform full phase-curve observations for many exoplanets [20]. Being a dedicated
exoplanet characterization mission, Ariel will be better able to accommodate phase-
curve observations, which are expected to account for ∼10% of the science time,
leading to the acquisition of ∼35-50 planetary phase curves over Ariel’s 3.5-year
mission [134,16].

Three-dimensional (3D) global climate models that fully couple chemistry, radia-
tive transport, and dynamics are needed to accurately predict the observable variations
in atmospheric composition and temperature across highly irradiated transiting exo-
planets, with the resulting consequences for phase-curve observations. However, the
inclusion of full chemical kinetics networks in such models is computationally exor-
bitant, and intractable even with today’s fastest super-computers. Transport-induced
quenching — a disequilibrium chemical process that is likely very important for H2-
rich exoplanets and brown dwarfs [120,29,124,88,55,111,149,145] — has been in-
cluded in transiting-planet general circulation models (GCMs) [18,11,27,25,96] via
relaxation methods [139], reduced chemical reaction networks [142], or other approx-
imations. These simplifications partially resolve the problem, but chemical schemes
that include photochemistry have not yet been considered in exoplanet GCMs. Less
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computationally expensive two-dimensional (2D) models can come to the rescue, in
this case.

Agúndez et al. [1,2] describe a novel pseudo-2D model framework that can ac-
count for both photochemistry and vertical/horizontal chemical quenching. Their
pseudo-2D models take advantage of the fact that strong and stable equatorial zonal
jets are predicted to form on H2-rich transiting exoplanets, such that their atmo-
spheres experience effective rotation and thus a diurnal cycle. The zonal jets encom-
pass a broad altitude range over the observable region of the planetary atmosphere,
and although the jet speed is not expected to be uniform with altitude, the assump-
tion that the entire atmospheric column “rotates” at a constant rate controlled by the
zonal winds provides a useful first-order scenario for testing the influence of horizon-
tal chemical quenching and the global survival of photochemically produced species
[1].

The pseudo-2D description then reduces to a series of time-variable one-dimensional
(1D) disequilibrium chemistry calculations that solve for the atmospheric composi-
tion as a function of altitude and longitude as the physical background conditions
change with time/longitude due to variations in the irradiation angle and thermal
structure as the atmospheric column rotates around the planet. Vertical transport is
considered in these models, but horizontal transport of material in and out of the “ro-
tating” column is ignored. As with the 3D GCMs mentioned above that include chem-
ical quenching, the pseudo-2D chemical models demonstrate that horizontal chemical
quenching is very important on close-in extrasolar giant planets, helping to homog-
enize the chemical composition with longitude [1,2,146]. The pseudo-2D descrip-
tion does not perfectly reflect the more complicated and self-consistent 3D behavior
[11,27,25], but the results are much more accurate than assuming thermochemical
equilibrium, especially for cooler planets. Moreover, the warmer low-latitude regions
where the jets are concentrated dominate the observed emission from the disk of the
planet, helping to justify the pseudo-2D approximations for predicting phase-curve
behavior.

To date, pseudo-2D chemical models have been developed for the hot Jupiters HD
189733 b, HD 209458 b, and WASP-43 b [2,1,146]. Here, we expand the pseudo-2D
chemical model framework to smaller, more generalized Neptune-class exoplanets
(“exo-Neptunes”) at a variety of orbital distances from their host stars. Kepler ob-
servations indicate that planets of Neptune’s size and smaller dominate the exoplanet
population in our galaxy [35,119,9], yet we understand little about how such planets
form and evolve [47,147,75,17], or how diverse their atmospheres could be [63,77,
102,108]. As such, exo-Neptunes represent an important class of planets that will be
targeted by Ariel.

To set up our grid of planets, we use the 2D-ATMO steady-state circulation model
described by Tremblin et al. [138] to define the equatorial temperature profiles as a
function of altitude and longitude on exo-Neptunes at nine different distances from
a K5 V star. Then, we use a pseudo-2D chemical kinetics model to track how the
low-latitude composition of these exoplanets varies as a function of altitude and lon-
gitude due to the changing incident stellar flux and temperatures as the atmosphere is
assumed to rotate as a solid body with a rate controlled by the zonal winds. Both pho-
tochemistry and potential vertical and horizontal (zonal) transport-induced quench-
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ing are considered in the chemical model. Armed with these pseudo-2D results, we
assume that the calculated longitude-dependent composition at the equator is repre-
sentative of all latitudes, and we examine the consequences of this global variation
of temperature and composition on the emission spectra of the planets as a function
of orbital phase. We compare our pseudo-2D chemical model results with those de-
rived from thermochemical equilibrium, and we examine the sensitivity of the results
to atmospheric metallicity. Finally, we discuss the implications for Ariel phase-curve
observations.

2 Theoretical models

We consider a grid of Neptune-sized planets, all with gravity g = 1000 cm s−2 and
radius 0.4 times Jupiter’s radius. These planets are placed at various distances from a
K5 V star with effective temperature Teff = 4500 K, log(g) = 4.5 (cgs), and a radius
0.7 times that of the Sun. The planets are assumed to have circular orbits with orbital
radii that correspond to a planetary Teff of 500, 700, 900, 1100, 1300, 1500, 1700,
1900, and 2100 K, where the planetary Teff here corresponds to

√
2 times the equi-

librium temperature Teq the planet would have for an albedo of zero, an emissivity of
1.0 at all wavelengths, global re-radiation of the incident energy from the star, and no
internal heat flux, i.e., Teff = Tstar × (Rstar/a)1/2, where Tstar is the stellar effective tem-
perature, Rstar is the stellar radius, and a is the planetary orbital radius. The different
planetary Teff’s in our above grid correspond to, respectively, a = 0.131896, 0.067294,
0.040709, 0.027251, 0.019511, 0.014655, 0.011410, 0.009134, and 0.007477 AU.

As described below, we use two different theoretical models to predict the thermal
structure and chemical composition of these planets, and a third model to calculate
the resulting emission spectra and consequences for phase-curve observations. The
links and dependencies between the models are shown in Fig. 1.

2.1 2D thermal structure model

The thermal structure as a function of longitude and altitude in the equatorial region
of these planets is derived from 2D-ATMO, as described in Tremblin et al. [138]. In
this 2D steady-state atmospheric circulation model, the wind is driven by longitudinal
pressure gradients, and mass is conserved through the longitudinal mass flow being
balanced by a combination of the vertical and meridional flow. The mass fluxes of
the meridional and vertical components of the wind are assumed to be proportional
to each other by a constant α . If α → ∞, the winds are purely longitudinal and
meridional; if α → 0, the flow is purely longitudinal and vertical. This constant can
be calibrated using a 3D GCM, as illustrated in [138]. No comparable 3D GCMs
were available for our generic Neptune-class planets, so we have simply assumed a
low internal heat flux and large α = 104, such that advection of potential temperature
to the deep atmosphere is negligible. We also have assumed a constant zonal wind
of 4 km s−1 at the substellar point for all these models, although one might expect
the zonal jet on highly irradiated planets to vary with planetary effective temperature
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2D steady-state 
atmospheric circulation 

model (2D-ATMO)

pseudo-2D chemical 
model (KINETICS)

3D radiative-transfer 
model (ATMO)

thermal structure as a 
function of pressure 
and longitude

thermal structure as a function 
of pressure and longitude,

equilibrium composition
as a function of pressure

and longitude

disequilibrium 
composition as a function 
of pressure and longitude

Synthetic phase-curve emission spectra:
disequilibrium vs. equilibrium

Fig. 1 The three main theoretical models used in the study, with the arrows representing the relevant output
and links between them (see section 2).

(e.g., [126]), which can influence zonal temperature variations and the resulting phase
curves. See Tremblin et al. [138] for further information about 2D-ATMO.

For the radiative-transfer calculations used in conjunction with the 2D-ATMO, the
stellar spectrum is adopted from a Kurucz model1 with stellar properties described
above in section 2. The planetary atmosphere is assumed to be in thermochemical
equilibrium, with 277 species considered for the equilibrium calculations; rainout
is included for all condensed species (see [41,42]). Twenty-two constituents are as-
sumed to contribute to atmospheric opacities: H2O, CO, CO2, CH4, NH3, Na, K, Li,
Rb, Cs, TiO, VO, FeH, PH3, H2S, HCN, C2H2, SO2, Fe, H−, and collision-induced
absorption from H2-H2 and H2-He. Our 2D-ATMO calculations consider a grid of
exo-Neptunes with four different metallicities — 1×, 10×, 100×, and 1000× solar
metallicity; the opactiy references, other model details, and full model output is pub-
licly available.2 In conjunction with the disequilibrium models presented in section
2.2, we focus on the 1× solar-metallicity results for this paper (with the solar com-
position taken from [12]), but we also examine the results for 100× solar metallicity
for a few planetary Teff cases. The radiative transfer is solved in plane-parallel geom-
etry and includes isotropic scattering of gases, but no absorption or scattering from
clouds/hazes. The calculations are performed on a grid of 20 longitudes and 51 ra-
dius levels; the radius range is the same for all longitudes, such that the pressure at
the top layer in the model changes with longitude as the atmosphere expands or con-
tracts with underlying temperature changes. Tremblin et al. [138] demonstrate that
10 longitude grid points are sufficient to recover the dayside-nightside temperature
gradient with 2D-ATMO; however, we find that a slightly higher longitudinal resolu-
tion is needed to sample the phase curve correctly. Increasing beyond 20 longitude

1 http://kurucz.harvard.edu/stars.html
2 http://opendata.erc-atmo.eu
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points does not further improve the phase-curve predictions. Additional details of the
radiative-transfer and chemical-equilibrium procedures can be found elsewhere [5,6,
28,41,40,136,135,137].

Throughout this paper, we use the term “troposphere” to refer to the deep convec-
tive region of the atmosphere and the term “stratosphere” to refer to the region above
the radiative-convective boundary, where radiative processes dominate the vertical
transport of energy. Although we do not consider a “thermosphere” in our models, the
stratosphere would end (and the thermosphere would begin) near the homopause level
of the major molecular constituents — at altitudes above that level, atomic species
would dominate and atmospheric temperatures would increase significantly. Moses
et al. [111] demonstrate that the presence of a high-temperature thermosphere does
not affect the stratospheric photochemical-model results for H2-rich exoplanets, thus
justifying our omission of the hot thermosphere.

2.2 Atmospheric chemistry model

Thermochemical equilibrium was assumed for the composition of the planets in sec-
tion 2.1. While that is a reasonable first-order assumption, disequilibrium chemical
processes such as photochemistry and transport-induced quenching can alter the at-
mospheric composition of H2-rich exoplanets [1,2,3,10,28,52,54,61,62,64,71,72,
73,76,83,91,98,99,100,108,109,110,111,121,130,139,140,141,143,144,145,155,
156]. Such disequilibrium processes are important to include when considering global
variations in composition that could affect phase-curve observations [1,25,27,96,
132,146]. We have therefore converted the 1D Caltech/JPL KINETICS model [4,153,
111] to a pseudo-2D chemical model, following the procedures of Agúndez et al. [1],
to track the longitude-altitude variation in composition on our grid of exo-Neptunes.
KINETICS was first used in this pseudo-2D mode in Venot et al. [146].

In pseudo-2D, KINETICS solves the one-dimensional (vertical) continuity equa-
tions as a function of time as the atmospheric column “rotates” around the planet
within the low-latitude zonal wind jet, with the physical background conditions chang-
ing at each longitude due to the temperature-structure and irradiation-angle variations
as a function of longitude. The vertical pressure grid remains constant with longitude
in the model, but the densities and altitude scaling between the grid points vary as
the atmosphere expands or contracts due to the higher or lower temperatures. We
use equation (48) of Showman et al. [126] to estimate the zonal jet speeds on these
planets, which in turn define the pseudo-rotation rates and the timing of the gas res-
idence at each longitude grid point. The rotation rate is assumed to be constant with
altitude. Based on the discussion in Agúndez et al. [1], we start the models with a
fully converged 1D thermo/photochemical model run at the longitude of the hottest
stratospheric temperatures on the planet (ranging from 54◦ eastward of the substellar
longitude for the coolest planet to 0◦ for the hottest planet, but that hot-spot offset lon-
gitude also depends on pressure). The time that the model remains at the temperature-
pressure conditions for any particular longitude is based on the pseudo-rotation rate
and the longitude grid spacing, with the stellar zenith angle and temperature struc-
ture remaining fixed for that amount of time. The species mixing ratio profiles from
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the end of the run at one longitude are then passed as initial conditions for the run
at the next longitude. The calculations continue for multiple planetary years, until
each year produces repeatable results — an overall amount of time that is typically
controlled by how quickly the photochemical species produced in the upper atmo-
sphere are transported to deeper, hotter regions of the atmosphere, where all species
are converted back to equilibrium.

The temperature fields from the 2D-ATMO calculations described in section 2.1
are used to define the background atmospheric structure for the chemical models,
using the same 18◦ longitude grid spacing. However, the vertical grid in the chemi-
cal model is extended to lower pressures (to our top boundary at 10−8 mbar) to reli-
ably capture the effects of high-altitude, ultraviolet-driven photochemistry. This high-
altitude extension is accomplished by assuming a simple (and arbitrary) power law
extrapolation from the top pressures in the 2D-ATMO results. Occasionally, the profiles
also require extension to deeper pressure levels to capture the N2-NH3 quench point,
in which case we assume a straight-line extrapolation in temperature with logP. If
the 2D-ATMO temperatures exceed ∼2900-3000 K in the deep atmosphere, we trun-
cate the profiles at those temperatures to avoid numerical instability in the chemical
calculations. These extrapolated and/or truncated temperature profiles are then run
through a hydrostatic-equilibrium routine to set up a background atmospheric grid
of ∼200 vertical levels for each longitude across each planet, using the same plane-
tary parameters described in section 2.1. The temperatures along this pre-calculated
longitude-altitude grid are then held fixed throughout the chemical calculations; that
is, any composition changes due to the disequilibrium chemistry do not feed back
to affect the temperatures (see [28,54] for evaluations of the reasonableness of this
assumption).

A large complement of 277 atmospheric species composed of 23 different ele-
ments has been considered in the thermochemical-equilibrium modeling used to de-
fine the 2D thermal structure for our planetary grid in section 2.1. However, kinetics
data (i.e., chemical reaction rates, product pathways and branching ratios) for many
of these elements and species are lacking, causing us to restrict our chemical-kinetics
calculations to a smaller number of species/elements. Here, we consider the kinet-
ics of C-, O-, N-, and H-bearing species. We adopt the chemical network of Moses
et al. [108], in which H, H2, He, and 90 other species with up to six carbon atoms,
three oxygen atoms, and two nitrogen atoms interact via ∼1600 kinetic reactions
(∼800 fully reversed reaction pairs). The full reversal of the reaction mechanism al-
lows thermochemical equilibrium to be reproduced when chemical time constants are
shorter than the transport time scales [111]. Photolysis reactions are included, but are
not reversed, as photodissociation is inherently a disequilibrium process. The stellar
ultraviolet flux adopted for the calculations is described in detail in Venot et al. [146].
A solar composition is assumed for the planetary atmospheres in our nominal models
[12], but we also test the sensitivity of the results to higher atmospheric metallicities.
Condensation is not considered in the kinetics models presented here, as none of our
C-, N-, and O-bearing species are expected to condense, but for cases in which the
thermochemical-equilibrium calculations determine that silicates and metal oxides
will condense at depths below the infrared “photosphere” of our planets, we reduce
the oxygen abundance by an appropriate amount (determined by the thermochemical-
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equilibrium calculations with a full complement of species and elements) to account
for the fraction of the oxygen being sequestered in refractory condensates. This frac-
tion varies with metallicity, but is of order 20%. For cases in which the temperatures
derived from 2D-ATMO at all longitudes are found to reside above the condensation
curve for the major magnesium-silicate condensates, the oxygen abundance is not
reduced.

Kzz Mixing Coefficient (cm2 s-1)
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Fig. 2 Kzz diffusion coefficient profiles adopted for our grid of exo-Neptunes exoplanets with different
Teff.

Vertical transport in the model occurs via eddy and molecular diffusion. The
molecular diffusion coefficients are taken from Moses et al. [106]. The eddy dif-
fusion coefficient (Kzz) profiles for the different planets are shown in Fig. 2. In the
deep, convective region of the atmosphere, we adopt a constant, large Kzz value of
1010 cm2 s−1 for all the planets, based on free-convection and mixing-length the-
ories [150]. At high altitudes, we restrict Kzz from exceeding 1011 cm2 s−1, based
on limits observed in 3D models and actual atmospheres [36,117,154]. In the inter-
mediate radiatively-controlled stratospheric region, atmospheric mixing is typically
dominated by atmospheric waves, which results in Kzz varying with the inverse square
root of atmospheric pressure [82]. The magnitude of that mixing, however, depends
on energy from the planet’s interior (which we assume is small compared to the ex-
ternal energy source and is the same for all the planets), as well as the energy received
from the absorption of stellar radiation (which varies with orbital distance and thus
planetary Teff) [36]. Based on 3D GCM tracer transport and the discussions and an-
alytic expressions in Freytag et al. [36], Parmentier et al. [117], Zhang & Showman
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[159], and Komacek et al. [69], we assume that the stratospheric Kzz scales as

Kzz = 5 ×108 [P(bar)]−0.5
(

H1mbar

620 km

)(
Teff

1450 K

)4

, (1)

where Kzz is in units of cm2 s−1, P is the atmospheric pressure (in bar), and H1mbar is
the atmospheric pressure scale height at 1 mbar (in km), taken from the evening ter-
minator of our 2D-ATMO models. This expression follows the GCM-derived vertical
profile of Kzz for HD 209458 b from studies of tracer transport [117], and the scaling
to other planetary Teff provides a reasonable fit to the stratospheric eddy diffusion
coefficients inferred for solar-system planets from 1D photochemical models [107,
154,158] (see Fig. 3). For boundary conditions, we assume zero flux at both the top
and bottom boundary.

Scale height times Teff
4 (Normalized to HD 209458 b)

K
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  a
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r (
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1 )
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Fig. 3 The 1-mbar Kzz diffusion coefficient derived from Eq. (1) (solid black line) is compared with val-
ues derived from 3D-GCM tracer studies of HD 209458 b [117] and HD 189733 b [1], and compared
with values derived from 1D global-average photochemical models of solar-system planets [107,154,158]
(colored points, as labeled). For the solar-system planets, a global-average H1mbar is used to calculate the
scaling factor along the abscissa, and the scaling factors have been normalized such that the value for HD
209458 b is unity.

We also calculate thermochemical-equilibrium solutions as a function of altitude
and longitude for our grid of planets using the same temperature fields, the same
(reduced) set of chemical species and elements used in the pseudo-2D kinetics model,
and the same assumptions about bulk elemental abundances, so that we can directly
compare the results for equilibrium versus disequilibrium chemistry on these planets.
The CEA code from Gordon & McBride [39] is used to calculate thermochemical
equilibrium, in this case.
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2.3 Planetary emission model

Once we obtain the longitude- and altitude-dependent abundance profiles for the at-
mospheric constituents from the chemical models described in section 2.2, we recon-
struct a global composition assuming that the mixing ratios derived for the equatorial
region in our pseudo-2D models are latitude invariant. For this reconstruction we
also add back in chemical-equilibrium abundances for all species such as Na, K, TiO,
H2S, etc. (see section 2.1) that were not considered in the pseudo-2D kinetics model.
Based on 3D GCMs for hot Jupiters that consider simplified chemistry [96,25], the
assumption of latitude invariance appears to be justified for cooler exoplanets with
equilibrium temperatures ∼< 1100 K; however, latitude variations in species’ abun-
dances — particularly between the equatorial jet region and the rest of the planet
— do tend to be significant for hotter planets with equilibrium temperatures ∼> 1300
K. As we show from our model results below, thermochemical equilibrium tends to
dominate the composition and phase-curve behavior of these hotter planets, in any
case, so that pseudo-2D models are not required to accurately predict the spectral be-
havior of such planets. Based on the reconstructed global composition, we then use
ATMO to calculate the disk-averaged planetary emission spectrum at each orbital phase
by summing up the outgoing intensity from each of the 18◦ longitude by 30◦ latitude
geographical regions that are located on the observable hemisphere of the planet at
each position in the planet’s orbit. We perform these calculations for wavelengths
from 0.5-11.8 µm, assuming a constant wavenumber resolution of 100 cm−1. Note
that this wavelength range goes beyond the maximum wavelength explored by Ariel
(7.8 µm), so that we can highlight some interesting phase-curve behavior at longer
wavelengths.

3 Results

3.1 2D thermal structure results

The results from the 2D-ATMO thermal-structure calculations are shown in Fig. 4.
Note that day-side atmospheric temperatures and day-night temperature differences
in our models become larger for planets at smaller orbital distances (i.e., larger plan-
etary Teff). Thermal inversions often occur at day-side longitudes, and become par-
ticularly strong at larger planetary Teff. Such inversions are caused by the absorption
of short-wavelength stellar radiation (especially in the visible) by atmospheric con-
stituents such as TiO, VO, Fe, and alkalis for the warmer planets where these species
have not condensed at depth [56,33,40], by H− for hot planets [7,40], and by the
short radiative time constants at low pressures that cause the atmosphere to respond
relatively rapidly to the strong dayside instellation variations [57]. For all Teff, the
hottest regions of the atmosphere can be found either right at (for the hottest planets)
or downwind (i.e., eastward, for the cooler planets) of the substellar longitude, al-
though the actual longitude of the temperature maxima can change with pressure due
to radiative cooling rates that vary with pressure. The dashed curve in Fig. 4 illustrates
where CO and CH4 would have equal abundance in thermochemical equilibrium for
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a solar composition atmosphere. Note that the temperature profiles at all longitudes
for the Teff = 500 K planet reside completely in the CH4-dominated regime (i.e., CH4
would be the dominant equilibrium carbon constituent throughout the atmosphere),
whereas the temperature profiles for the planets with Teff ≥ 1700 K are located com-
pletely in the CO-dominated regime (i.e., CO would be the dominant equilibrium
carbon constituent everywhere). At intermediate Teff, the temperature profiles cross
the CO-CH4 equal-abundance curve at least once, suggesting that if thermochemical
equilibrium were to prevail, the dominant carbon-bearing component in the atmo-
sphere would switch from CH4 to CO within some region(s) of the atmosphere. For
700 K ≤ Teff ≤ 1100 K, CH4 dominates in some portion of the stratosphere during
the nighttime, while CO dominates during the daytime.
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Fig. 4. (continued).
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Fig. 4 Equatorial temperature-pressure profiles as a function of longitude (colored solid lines, as labeled;
colored dotted lines indicate extrapolations beyond the original 2D-ATMO calculations) for the nine exo-
Neptunes in our grid, assuming a solar composition. The planetary effective temperature Teff is listed at
the top of each image. The substellar point on the day-side hemisphere is at longitude = 0◦. Also shown
in the figures are the condensation curves for some major equilibrium cloud condensates (gray dot-dashed
lines) and the equal-abundance curve for gas-phase CO and CH4 (dashed black line). In thermochemical
equilibrium, CH4 is the dominant carbon constituent in regions where the temperature profile extends
below that curve, whereas CO becomes dominant when the temperature profile extends above the curve.

Because the 2D-ATMO models were calculated with altitude as the vertical coor-
dinate, the pressure at the top of the atmosphere in these models varies with lon-
gitude. The top pressure is particularly large for the dayside atmospheres of the
hotter planets, raising some concerns that the top pressure cut-off could be intro-
ducing boundary-condition sensitivities that could be affecting the derived pressure-
temperature profiles or even the magnitude of the temperature inversion, especially
for the high Teff cases. To investigate this possibility, we performed 1D radiative-
transfer calculations for the Teff = 2100 K case (using ATMO, see [40]) to determine
how sensitive the pressure-temperature profile is to the assumed upper boundary of
the model. Thermochemical equilibrium is assumed for these tests. The results are
shown in Fig. 5, along with the emission contribution functions for the shallower
model with the higher-pressure cut-off. Because most of the energy is absorbed and
re-emitted in the ∼3×10−3 bar region or deeper, we find only minor changes in the
predicted temperatures at pressures greater than ∼10−3 bar. Temperature differences
do become more significant near the top boundary of the shallower model, but the
overall magnitude of the temperature inversion is not significantly affected. Fig. 5
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demonstrates that peaks in the contribution function do occur at the top of the model
at wavelengths of∼2.3–2.5 and∼4.5–5 µm due to optically thick CO bands in those
regions (which incidentally also highlight the important role that CO plays in regulat-
ing stratospheric temperatures on hot Neptunes). However, the placement of the top
boundary mainly influences the pressure at which this CO emission originates, not
the temperature; because pressure broadening is weak at these pressures, the impact
of the shallower boundary on the predicted emission is relatively minor.
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Fig. 5 Sensitivity of thermal structure to placement of top boundary: (Left) Temperature-pressure profiles
calculated for our Teff = 2100 K solar-metallicity exo-Neptune assuming a top boundary at 10−4 bar (red
curve) and 10−6 bar (blue curve); (Right) Contribution functions for the infrared emission in the Teff =
2100 K model with the shallower boundary (i.e., red model at left).

3.2 Chemical-modeling results

The results regarding the changes in atmospheric composition as a function of pres-
sure and longitude are shown in Fig. 6. Here we show both the thermochemical-
equilibrium results and the pseudo-2D chemical model results side by side. The two
solutions are similar in the lower atmosphere, where temperatures are high enough
that thermochemical equilibrium can be maintained kinetically. Strong differences
between the equilibrium and pseudo-2D cases begin to appear in the middle atmo-
sphere. Chemical conversion between different molecular or atomic forms of an ele-
ment is not instantaneous. At high temperatures, chemical reactions tend to be fast,
because any energy barriers to the reaction can be more easily surmounted. Reac-
tions then tend to occur equally rapidly in both the forward and reverse directions,
allowing the kinetics to maintain thermochemical equilibrium. When atmospheric
transport is present, however, the constituents can be carried to different atmospheric
regions, where temperatures and reaction rates differ. If this transport occurs faster
than the chemical reactions can maintain equilibrium, then the composition can be
“quenched” at the point at which the transport time scale becomes shorter than the
chemical-kinetics conversion time scale between dominant forms of an element [111,
83,145]. Vertical quenching of CH4, CO, and H2O in the convective region of giant
planets and brown dwarfs is one well-known example of such a transport-induced
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quenching process [120,29,124,149,14], where the constituent that is not dominant
at cooler, higher altitudes can become present at greater-than-expected mixing ratios
as a result of quenching at depth and then transport up to the cooler observable re-
gions. Quenching in the horizontal direction can also occur when horizontal winds
transport species faster than chemical reactions can maintain equilibrium [18,1,2,11,
27,25,96].

In our pseudo-2D models, both vertical and horizontal quenching are affecting
the predicted abundances. When the vertical quench point is deeper than the deepest
pressure at which the strong stellar irradiation causes significant temperature varia-
tions with longitude (i.e., ∼10–200 mbar in our models, depending on planetary Teff;
see Fig. 4), then vertical quenching at the hottest point on the day side controls where
the species mixing ratios first depart from the equilibrium profiles, and the strong
zonal winds carry the constituents from the hotter day side to the cooler night side
more rapidly than the gas can equilibrate, leading to longitudinal homogenization of
the species profiles at abundances relevant to the vertical quench point on the day side
(see also [1,146]). Even if the longitudinal transport time scales are shorter than the
vertical transport time scales at depths below the day-side vertical quench point, the
global temperatures at these deeper altitudes are uniform with longitude, such that
the zonal transport does not drive the abundances away from the longitude-invariant
equilibrium abundance profiles. Vertical quenching is then the dominant process con-
trolling the global disequilibrium abundances. However, the hotter planets can have
day-side vertical quench points at altitudes above the pressure region where signif-
icant longitudinal variations in temperature occur — which is the case for the CO-
CH4-H2O quench point for our planets with Teff ≥ 1500 K, or for the N2-NH3 quench
point for our planets with Teff ≥ 1900 K. In that situation, the zonal winds can control
the departure of the species profiles from equilibrium, and the global abundances can
be more complicated (see [1,27,25,96]); however, the abundance profiles for those
models tend to more closely match the equilibrium solution everywhere across the
planet. At lower pressures, chemical time scales for photochemical processes can be
shorter than the zonal-wind transport time scales, so longitudinal differences begin to
appear in the pseudo-2D models at high altitudes.

For all our exo-Neptune models, the dominant photochemically produced species
are atomic H, O, C, N (not shown in Fig. 6), as well as strongly bonded simple
molecules such as HCN, C2H2, and NO. On cooler planets where CH4 is the major
carbon constituent, complex hydrocarbons and nitriles such as C6H6 and HC3N are
produced in non-trivial amounts. The photochemically produced species are synthe-
sized mainly in the middle-to-upper atmosphere and then are transported downwards,
where the higher temperatures eventually cause them to be kinetically converted back
to the “parent” molecules, and upwards to levels where molecular diffusion eventu-
ally limits their presence. The mixing ratios of photochemically produced species
tend to be sensitive to longitude and track the stellar flux in the pressure region where
they are predominantly produced, such that the photochemical product abundances
in these regions are greater on the day side than the night side. However, photochem-
ically produced molecules can also be destroyed by ultraviolet photolysis, so their
abundance at altitudes above their dominant production region often increases on the
night-side hemisphere. This high-altitude night-side increase is also aided by the re-
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combination of reactive radicals that are produced at high net steady-state rates on the
day side, are carried by the winds to the night side, and then react to form new species
with their loss rates strongly exceeding their production rates. Photochemical “par-
ent” molecules such as H2O, CH4, NH3, N2, and CO are destroyed at mid-to-high
altitudes by photolysis and by reactions with atomic H and other species produced by
photochemistry, so their high-altitude mixing ratios are reduced on the day side and
recover on the night side.

Thermochemical Equilibrium: Teff = 500 K, 1x solar
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Fig. 6. (continued).
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Thermochemical Equilibrium: Teff = 1100 K, 1x solar
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Fig. 6. (continued).
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Thermochemical Equilibrium: Teff = 1700 K, 1x solar

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction

Pr
es

su
re

 (m
ba

r)
10

6
10

4
10

2
1

10
-2

10
-4

10
-6

10
-8

CO

H2O

N2

CH4

CO2

NO C2H2
HCN

NH3

Pseudo-2D Kinetics: Teff = 1700 K, 1x solar

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction

Pr
es

su
re

 (m
ba

r)
10

6
10

4
10

2
1

10
-2

10
-4

10
-6

10
-8

CO

H2O

N2
CO2

CH4

NH3

HCN
NO C2H2

Thermochemical Equilibrium: Teff = 1900 K, 1x solar

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction

Pr
es

su
re

 (m
ba

r)
10

6
10

4
10

2
1

10
-2

10
-4

10
-6

10
-8

CO
H2O

N2
NH3

CH4

CO2

HCN
NO

C2H2

Pseudo-2D Kinetics: Teff = 1900 K, 1x solar

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction

Pr
es

su
re

 (m
ba

r)
10

6
10

4
10

2
1

10
-2

10
-4

10
-6

10
-8

CO
H2O

N2

CH4
NH3

CO2

NO

C2H2

HCN

Thermochemical Equilibrium: Teff = 2100 K, 1x solar

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction

Pr
es

su
re

 (m
ba

r)
10

6
10

4
10

2
1

10
-2

10
-4

10
-6

10
-8

CO
H2O

N2
CO2

NH3CH4

HCNNO
C2H2

Pseudo-2D Kinetics: Teff = 2100 K, 1x solar

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction

Pr
es

su
re

 (m
ba

r)
10

6
10

4
10

2
1

10
-2

10
-4

10
-6

10
-8

CO
H2O

N2
CO2

NH3

HCN

CH4

NO
C2H2

Fig. 6 Mixing ratios for several key species in our grid of solar-composition exo-Neptune models, as a
function of altitude and longitude: (Left) assuming thermochemical equilibrium, and (Right) predicted by
our pseudo-2D chemical-kinetics models. Each species is represented by a different color (as labeled), and
vertical profiles for all 20 longitudes are shown for each species. The planetary Teff is listed at the top of
each image.

For the exo-Neptune with Teff = 500 K, neither the thermochemical-equilibrium
model, nor the pseudo-2D kinetics model exhibit strong longitude variations in abun-
dance of the major species in the pressure regions where the emission observations
are most sensitive, from ∼0.1-1000 mbar. For the equilibrium model, the lack of sig-
nificant variation of major species with longitude is caused by the confinement of
temperature variations to higher altitudes (see Fig. 4) and to the fact that the temper-
ature profile across the globe is solidly in the CH4-dominated region at all longitudes
and altitudes, with CO then being a minor species. In terms of the nitrogen species,
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the Teff = 500 K planet is mostly in the N2-dominated region, except for a narrow
altitude region near ∼3×10−4 mbar at some night-side longitudes and in the ∼2–
100 mbar region, where NH3 becomes dominant at all longitudes. Variations in mi-
nor constituents such as NH3 and CO in the thermochemical-equilibrium model are
therefore relatively muted and are confined to higher altitudes. In contrast, quench-
ing of CH4-CO-H2O and NH3-N2 occurs in the pseudo-2D kinetics model for the
Teff = 500 K planet, with the quench point occurring at pressures where CH4 and
N2 are dominant. Carbon monoxide and NH3 are important quench species in that
case, but rapid zonal winds keep their abundances constant with longitude. CO is
also a very important product from coupled CH4 and H2O photochemistry in this
model and therefore becomes much more abundant in the stratosphere in the pseudo-
2D kinetics model than the thermochemical-equilibrium model. By the same token,
chemical reactions allow rapid interconversion between H2O, CO, and CO2, causing
CO2 to maintain a pseudo-equilibrium with H2O and the enhanced quenched abun-
dance of CO, so that CO2 is greatly enhanced in abundance in the pseudo-2D kinetics
model compared with the equilibrium model. Coupled photochemistry of NH3 and
CH4 produces HCN [111], which is also enhanced many orders of magnitude in the
pseudo-2D model compared with the equilibrium model. Some variations in species
abundance with longitude do occur in the pseudo-2D model from variations in stellar
flux with longitude, but such variations are confined to high altitudes.

The results for the Teff = 700 K planet are similar to those at Teff = 500 K. Varia-
tions with longitude become more evident in the thermochemical equilibrium model
because diurnal temperature variations are larger, and the thermal structure crosses
back and forth between the regions where CH4 and CO are the dominant carbon con-
stituents, causing the abundance of these species to change more significantly with
longitude. Carbon dioxide also becomes a more important minor constituent under
these conditions. Some diurnal variations in H2O show up near 10−2–10−3 mbar
as CO takes up more of the oxygen on the day side of the planet. Because hori-
zontal quenching by the rapid zonal winds is effective, the pseudo-2D model does
not exhibit these diurnal variations in the observable regions of the stratosphere, al-
though variations still exist at higher altitudes. Quenching and rapid kinetics between
some quenched species allow CO, CO2, and HCN to be important constituents of the
pseudo-2D atmosphere.

The temperature structure of the Teff = 900 K planet straddles the CO = CH4
equal abundance line (see Fig. 4), causing large swings in the diurnal variation of
the atmospheric composition in the thermochemical-equilibrium model. At this Teff,
CO and CO2 become much more prominent during the day; CH4, NH3, and H2O are
more abundant on the cooler night side. Thanks to effective horizontal quenching,
the pseudo-2D kinetics model has fewer diurnal variations in composition, but the
atmospheric temperatures are now warm enough that the CH4-CO-H2O quench point
is in the CO-dominated regime. Carbon monoxide is therefore more abundant than
CH4 in the observable region of the atmosphere, and CO even becomes more abun-
dant than H2O. The quenched abundance of NH3 is now greater than that in the lower
stratosphere of the thermochemical equilibrium model, which was not the case with
the cooler planets. The higher incident stellar flux on this Teff = 900 K planet causes
more photochemical destruction of CO and N2 at very high altitudes, and some of
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the carbon and nitrogen released from this photochemistry ends up producing HCN,
which is still a key photochemical product, along with NO and C2H2.

At Teff = 1100 K, CO becomes the dominant carbon constituent throughout the
observable regions of the stratosphere in the thermochemical equilibrium model, but
CH4 still exhibits significant diurnal variation, being more abundant in the night-
time hemisphere. In fact, CH4 is more abundant on the night side in the equilibrium
model than it is globally in the pseudo-2D model. Diurnal variations in CO2 and NH3
are also present down to fairly deep stratospheric pressures, whereas diurnal varia-
tions in CO and H2O are more prominent at high altitudes in the equilibrium model.
Again, there is less diurnal variation in general in the pseudo-2D Teff = 1100 K model
than in thermochemical equilibrium, except at high altitudes. The quench points for
this warmer planet are further into the CO and N2 stability fields, leading to smaller
quenched abundances of CH4 and NH3 than the cooler planets. The photochemical
production of hydrocarbons is correspondingly reduced in the middle stratosphere.

Moving inward in orbital distance to the Teff = 1300 and 1500 K planets, CO,
H2O, and N2 become firmly entrenched as the most abundant stratospheric con-
stituents after H2 and He in both the thermochemical-equilibrium and pseudo-2D ki-
netics models. These three species exhibit little variation with longitude in the strato-
sphere in either model. CO2 and CH4 are still important stratospheric constituents in
both models, with some diurnal variation seen in both (with CH4 being more abun-
dant on the cooler night side, CO2 more abundant on the warmer day side). Quenched
CH4 becomes much less of a factor in the pseudo-2D model, especially at 1500 K,
and the overall composition more closely tracks thermochemical equilibrium. Photo-
chemical products are still present, especially at high altitudes, but are significantly
reduced in the middle and lower stratosphere due to higher temperatures and more
efficient conversion to a thermochemical-equilibrium state.

At Teff ≥ 1700 K, stratospheric temperature variations across the planet are very
large (see Fig. 4). Day-side temperatures become large enough to affect H2O, which
becomes depleted in the middle atmosphere in the daytime but recovers at night. The
pseudo-2D kinetics model results more closely follow the thermochemical equilib-
rium results at these higher temperatures, except that horizontal quenching causes
somewhat reduced diurnal variations in H2O and CO. Longitudinal variations in
stratospheric CO2 are important in both models. Methane is no longer an important
constituent in the higher-temperature planets in the pseudo-2D models, but CH4 is
still present at nighttime in the thermochemical-equilibrium model. Atomic species
and small radicals are the dominant photochemical products, especially at high alti-
tudes.

3.3 Phase-curve emission results

Figure 7 illustrates the effects of the predicted altitude- and longitude-variable tem-
peratures and composition on the emission spectra and phase curves of our grid of
exo-Neptunes at visible and infrared wavelengths. The emission spectra are shown in
the left column and the phase curves at specific wavelengths are shown in the right
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column. A phase angle of zero in these figures corresponds to eclipse geometry with
the fully illuminated day-side hemisphere facing the observer.

The emission predictions in Fig. 7 do not include various sources of noise that
are expected to affect Ariel phase-curve observations (see Mugnai et al. [112] for a
full discussion of noise sources and a description of their physically motivated noise
model for the mission, ArielRad). As is described in Mugnai et al. [112], photon
noise is expected to dominate measurements with the Ariel Infrared Spectrometer
(AIRS) instrument, both in channel 0 (1.9–3.9 µm) and in channel 1 (3.9–7.8 µm)
that will be critical for extracting the most science possible out of Ariel phase-curve
observations. Realistic noise estimates depend significantly on target properties such
as distance from the Earth and position on the sky, as well as specific observing
plans that are not defined for these generic planets; therefore, we have not utilized
ArielRad or other realistic noise simulators. Instead, we use the more realistic Ariel
phase-curve simulations for specific planetary targets provided by Charnay et al. [16]
as a guide for qualitatively evaluating the detectability of our predicted phase curves
with Ariel. Charnay et al. [16] describe that the general requirement for spectroscopic
phase curves is to reach a signal-to-noise ratio of greater than 10 at a resolving power
R ≈ 50 (e.g., relevant to AIRS channel 1). They present example simulations that
demonstrate that peak-to-trough phase-curve amplitude variations of ∼>10−4 (in the
flux of the planet divided by the flux of the star) are detectable for the sub-Neptune
GJ 1214 b from one orbit observed with AIRS channel 1 (see Fig. 1 of [16]). We
therefore consider amplitudes of ∼10−4 or greater as the detection threshold for our
phase-curve predictions.
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Fig. 7 Emission flux from the planet divided by the emission flux from the star: (Left) as a function of
wavelength over the planet’s orbit, with different orbital phase angles (starting from eclipse geometry
defined as 0◦ phase) in different colors, and the predictions from the thermochemical-equilibrium model
depicted as solid curves, with the pseudo-2D kinetics model as dotted curves; (Right) as a function of
orbital phase at specific wavelengths (color coded, as labeled), starting from eclipse at 0◦ phase. Different
rows correspond to the different planetary Teff models, as labeled at the top of the figures. Note that the
actual planetary transits and eclipses are omitted from the phase curves.

The emission phase curves for the Teff = 500 K planet are relatively flat with plan-
etary phase and unlikely to be detectable with Ariel. Diurnal temperature variations
at the pressures where the emission originates (∼0.1-1000 mbar) are small, and the
atmospheric composition does not change much with longitude at these pressures for
either the thermochemical-equilibrium or pseudo-2D kinetics model. The very small
amplitude phase-curve differences that can be seen at 6.06–7.41 µm in the Teff = 500
K phase-curve figure are due to temperature variations with longitude in the ∼0.1-1
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mbar region, and not to variations in composition. However, the differences in com-
position between the thermochemical-equilibrium and kinetics models do show up
as notable offsets in the phase curves at certain wavelengths, such as 4.26 and 4.65
µm, where CO2 and CO, respectively, have absorption bands. The pseudo-2D kinet-
ics model exhibits greater absorption at these wavelengths due to the much greater
abundance of quenched CO and the associated kinetically produced CO2. The greater
abundance of CO and CO2 in the pseudo-2D kinetics model leads to emission from
higher altitudes, where temperatures are lower, leading to less flux in the CO and CO2
bands; this difference in emission shows up clearly in the actual emission spectrum at
∼4.2-5 µm. Conversely, at longer wavelengths, the greater abundance of NH3 in the
0.1-10 mbar region of the thermochemical-equilibrium model leads to greater appar-
ent absorption in NH3 bands near 6.1 µm in the equilibrium model, and again more
prominently in a broad region centered near 10.5 µm; i.e., the greater abundance of
NH3 in the 0.1-10 mbar region for the thermochemical equilibrium model causes
the emission at the wavelengths within the NH3 vibrational bands to originate from
higher altitudes, where the temperatures are lower, resulting in less emission at these
wavelengths. Methane and water bands are obvious in the spectra from both models,
but the similar CH4 and H2O abundances in the two models leads to similar spectral
signatures in molecular bands from these species.

At Teff = 700 K, the spectral behavior is qualitatively similar to the 500 K case.
Differences in the 4-5 µm emission between the equilibrium and kinetics models
still appear due to the greater abundance of CO and CO2 in the pseudo-2D kinetics
model, but these differences are proportionally smaller due to the increase in the equi-
librium CO abundance, in particular. More significant differences in the phase-curve
amplitudes start to appear at 6-9 µm near the peak of the blackbody function due to
stronger temperature variations with longitude. The CH4 absorption band centered
near 7.8 µm becomes more obvious, as does its variation with atmospheric temper-
ature/longitude. At ∼9.5-11 µm, the equilibrium and kinetics models have notably
different absorption, but this time it is the pseudo-2D model that has greater absorp-
tion in this region due to the greater quenched abundance of NH3. Overall, variations
in emission with planetary phase in the Teff = 700 K model are small and unlikely to
be detectable at wavelengths relevant to Ariel.

Phase-curve amplitudes in the 6-9 µm wavelength region increase for the Teff =
900 K model, again aided by larger temperature changes with longitude, although
the different diurnal behavior of CH4 between the equilibrium and kinetics models
becomes obvious at this Teff. The very large swings in the CH4 abundance with lon-
gitude in the thermochemical-equilibrium model lead to large amplitude changes in
the emission as a function of planetary phase in the CH4 band centered near 7.8 µm.
In the pseudo-2D kinetics model, the quenched CH4 abundance stays mostly con-
stant with longitude in the pressure region responsible for the emission, resulting in a
flatter phase curve at these wavelengths. Similar differences between the equilibrium
and kinetics model also appear in the 3.3 µm band of CH4, although there is overall
less emission and less variation with planetary phase at these shorter wavelengths. In
fact, the phase curves are flatter with the pseudo-2D kinetics model at many wave-
lengths, due to the more uniform abundances as a function of longitude. The kinetics
model contains more NH3 as a result of quenching, so it exhibits more absorption
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in the 6.1 and 10.5 µm wavelength regions. On the other hand, now that CO is the
dominant carbon constituent at P > 10 mbar in both models — which also leads to
similar CO2 abundances, as CO2 remains in a pseudo-equilibrium with CO and H2O
in the kinetics model — the differences in emission in the 4.2-5 µm regions between
the two models largely disappears at planetary Teff = 900 K. Our modeling suggests
that if the atmosphere remains in thermochemical equilibrium throughout the 1×
solar metallicity, Teff = 900 K exo-Neptune, then the phase-curve amplitudes in the
methane band centered near ∼7.8 µm would be detectable with Ariel, but would not
be detectable at other wavelengths or if disequilibrium chemistry were to dominate
the atmospheric composition.

Increasing the planetary Teff further, to 1100 K, results in larger temperature
swings with longitude, resulting in larger phase curve amplitudes that extend to
shorter wavelengths. Again, the larger day-night swings in the CH4 abundance in
the thermochemical equilibrium model lead to greater amplitudes in the phase curves
at wavelengths where CH4 has bands, including ∼2.3, 3.3, and 7.8 µm. The greater
NH3 abundance due to quenching in the pseudo-2D kinetics model leads to greater
absorption in the 6.1 and 10.5 µm bands. Water, CO, and CO2 have similar abun-
dances in the two models, resulting in similar emission at wavelengths where those
species dominate and nearly identical phase curves at those wavelengths. Phase-curve
amplitudes are more likely to be detectable with Ariel, particularly if the atmosphere
remains in thermochemical equilibrium.

At Teff ≥ 1300 K, the composition in the pseudo-2D kinetics model more closely
tracks thermochemical equilibrium, due to rapid kinetics and the strong dominance
of CO, H2O, and N2 as the main carriers of O, C, and N. The emission spectrum and
phase curves of the two models are then quite similar. The phase-curve amplitudes
for both the disequilibrium and equilibrium cases in the Teff = 1300 K planet would
be detectable within the AIRS channel 1. The phase curve amplitudes continue to
increase with increasing Teff, becoming detectable within both AIRS channels at Teff
= 1500 K and hotter. Molecular bands clearly switch from being seen in absorption
on the cooler night side (where temperatures decrease with height) to emission on the
hotter day side (where temperature inversions are present). Note that the maximum
in emission for all planetary Teff’s is not located exactly at 0◦ phase, as a result of the
eastward offset of the hot-spot location. The combination of the eastward zonal jet
and finite radiative time constants causes the hottest temperatures on the planet to be
shifted a few tens of degrees in eastward in longitude from the substellar point [65,
127].

4 Sensitivity to metallicity

The results from section 3 show how the atmospheric temperature structure, compo-
sition, and emission behavior change systematically as planetary Teff is increased for
solar-composition atmospheres. Although Neptune-class exoplanets are expected to
have H2-rich atmospheres, their complement of heavy elements is likely to be greater
than solar, both because they most likely formed originally with higher-metallicity
atmospheres [34,47] and because smaller exoplanets that reside close to their host
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stars will be subject to strong extreme-ultraviolet irradiation that will substantially
heat their upper atmospheres, leading to the loss of H and He over time [38,113,
114,89,90]. We therefore examine the sensitivity of the model results to atmospheric
metallicity. Specifically, we examine the results for an enhanced metallicity of 100×
solar, leaving all other planetary properties (1-bar radius, mass, orbital distance, zonal
wind speed, Kzz) the same as with our 1× solar models, although we should note
that both the zonal wind velocity and Kzz are expected to have some sensitivity to
the atmospheric mean molecular mass [60,81,126,157]. Uranus and Neptune have
a carbon metallicity of ∼60-130× solar [131,58], so the assumption of 100× solar
metallicity for our exo-Neptunes planets is not unreasonable. We restrict our grid here
to “warm” planets. Cold planets will have low-amplitude phase curves (see section
3.3) and are therefore risky targets for Ariel phase-curve observations, whereas hot
atmospheres are dominated by thermochemical equilibrium chemistry (see section
3.2), leading to few differences between kinetics and equilibrium models. Very hot
Neptunes may have lost their entire atmospheric envelope through atmospheric es-
cape (e.g., the so-called “Neptune desert” in exoplanet population statistics, see [74,
123,95]).
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Fig. 8 Equatorial temperature-pressure profiles as a function of longitude (colored solid lines, as labeled)
for Teff = 700, 900, and 1100 K exo-Neptunes for an assumed 100× solar atmospheric metallicity. See
Fig. 4 for further details.

Figure 8 shows the 2D thermal structure of our 100× solar metallicity Neptune-
class exoplanets for assumed planetary Teff = 700, 900, and 1100 K. Stratospheric
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temperatures in the ∼0.1-1000 mbar region are greater with the 100× solar metal-
licity models in comparison with solar-composition models for planets at the same
orbital distances, except at high altitudes at some night-side longitudes, where the
100× solar model can become cooler due to shorter radiative time constants. Temper-
ature variations with longitude and day-night temperature contrasts are also greater
with the 100× solar model. The greater abundance of heavy molecular constituents
in the 100× solar metallicity case causes the location of the infrared photosphere
to decrease in pressure [81,26], essentially lifting the entire temperature profile up
in log-pressure space. Temperatures are much more variable with longitude at the
lower pressures where the emission originates in the 100× solar metallicity models
compared to the 1× solar case. These differences in thermal structure lead to large
changes in atmospheric composition and emission properties compared with the 1×
solar case (see Figs. 9, 10, 11).

Note also from comparisons of Figs. 4 & 8 that the CO = CH4 equal-abundance
curve has shifted to lower temperatures at all pressures when the metallicity is changed
from 1× to 100× solar. As the atmospheric metallicity increases, molecules with
more than one heavy element become favored in thermochemical equilibrium over
molecules with only one heavy element. On the other hand, the equilibrium cloud
condensation curves, whose analytic expressions derive from [148,104], have shifted
to higher temperatures at any particular pressure. These equilibrium clouds are ex-
pected to condense deeper in the atmosphere as metallicity increases. At the Teff’s
shown in Fig. 8, the magnesium silicate clouds may condense too deep to affect pho-
tospheric properties, but other clouds with non-trivial expected mass column densi-
ties such as Na2S and KCl [104,116] — not considered in our pseudo-2D models —
could be present on the night side and/or day side of these planets.

For the 100× solar metallicity, Teff = 700 K case shown in Fig. 9, CO is the
dominant stratospheric carbon constituent in the pseudo-2D kinetics model at all lon-
gitudes, unlike the 1× solar model, and CO2 has become several orders of magnitude
more abundant. Species with one heavy atom, such as H2O, NH3, CH4, have also
increased, but not as dramatically as CO and especially CO2. Horizontal quenching
is still effective, keeping the stratospheric abundances constant with longitude, ex-
cept at higher altitudes where photochemistry dominates. HCN, C2H2, and NO are
still important disequilibrium products. For the thermochemical-equilibrium model,
CO is the dominant carbon constituent on the day side, but CH4 dominates on the
night side at P ∼< 1 mbar, illustrating the shift in the CO stability field with metal-
licity mentioned above. When CO and CH4 switch places in the dominant spot, the
H2O mixing ratio is also affected, due to the competition for oxygen between CO and
H2O. Carbon dioxide also exhibits strong day-night variability, being more abundant
at night. These abundance variations, along with the upward shift in the photosphere
and the strong longitudinal variations in temperature at these pressures, appear promi-
nently in the emission spectra and phase curves seen in Fig. 9. Variations in emission
with planetary phase are much greater with the 700 K, 100× solar metallicity model
than they were with the 1× solar model, and are especially pronounced with the
thermochemical equilibrium model. The phase-curve amplitudes are smaller with the
pseudo-2D kinetics model than the equilibrium model because of the lack of strong
longitudinal variations in species abundances. The differences between the equilib-
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Fig. 9 Results from our modeling of the Teff = 700 K, 100× solar metallicity exo-Neptune: (Top Left)
Vertical mixing ratio profiles for several key species at all longitudes in the thermochemical-equilibrium
model; (Top Right) same as the Top Left, but for the pseudo-2D kinetics model; (Bottom Left) emission
spectrum as a function of orbital phase (starting from eclipse geometry at 0◦) for the thermochemical-
equilibrium model (solid curves) and pseudo-2D kinetics model (dotted curves); (Bottom Right) emission
as a function of orbital phase at specific infrared wavelengths.

rium and disequilibrium models are especially obvious in wavelength regions where
CH4 absorbs — e.g., the bands centered near 7.8 and 3.3 µm — but differences are
also obvious in the water bands. Note that the water band in the ∼5.5-7 µm region
in the equilibrium model switches from being in absorption when the night side of
the planet is in view, to being in emission when the day side is in view. The same
is not true of the CH4 band in the ∼7-8 µm region — there is insufficient CH4 in
the equilibrium model on the day side when the temperature inversions are present to
have the CH4 appear in emission. In terms of Ariel detectability, our models suggest
that the phase curve for the 100× solar, Teff = 700 K planet would be detectable in
the 7.8 µm methane band with Ariel if the atmosphere were to remain in thermo-
chemical equilibrium, but not detectable at shorter wavelengths or for the case where
disequilibrium chemistry dominates.

The Teff = 900 K, 100× solar metallicity results have many similarities to the 700
K case (cf. Figs. 9 & 10). The same four quenched species — CO, H2O, N2, and CO2
— dominate in the stratosphere in the pseudo-2D kinetics model, but the quenched
mixing ratios of CH4 and NH3 are smaller than they were in the Teff = 700 K case.
Photochemical production of HCN and especially C2H2 is reduced, but the NO abun-
dance increases under these conditions. In the thermochemical-equilibrium model,
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Thermochemical Equilibrium: Teff = 900 K, 100x solar

10-1010-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction
10-1 110-11

10
-7

10
-5

10
-3

10
-1

10
1

10
3

10
5

Pr
es

su
re

 (m
ba

r) H2

CO
H2O

N2

CO2CH4

NH3

C2H2
HCN

NO

10-1010-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Mole Fraction
10-1 110-11

Pseudo-2D Kinetics: Teff = 900 K, 100x solar

10
-7

10
-5

10
-3

10
-1

10
1

10
3

10
5

Pr
es

su
re

 (m
ba

r)

H2

CO

H2O
N2

CO2

CH4

NH3

C2H2 HCN

NO

105
Wavelength (microns)

Hot Neptune: Teff = 900 K, 100x solar

0
2x

10
-4

4x
10

-4
6x

10
-4

Pl
an

et
-s

ta
r f

lu
x 

ra
tio

Phase:
0o
18o

36o
54o

72o
90o

108o
126o

144o
162o

180o
198o

216o
234o

252o
270o

288o
306o
324o

342o

Phase (degrees from eclipse)
0 90 180 270 360

Hot Neptune: Teff = 900 K, 100x solar

0
Fl

ux
 ra

tio
10

-4
2x

10
-4

3x
10

-4
4x

10
-4

7.41 µm

6.45

6.06

5.13

4.65

2.35
4.263.28

Fig. 10 Same as Fig. 9, except for the Teff = 900 K, 100× solar metallicity exo-Neptune.

CO, CH4, and H2O still exhibit substantial diurnal/longitudinal abundance variations,
but variations in CO2 are not as large as they were for the 700 K case. The phase-
curve amplitudes for the pseudo-2D Teff = 900 K model are larger than they were
for the 700 K model, as a result of the greater diurnal temperature variations, and
should be detectable in AIRS channel 1 for both the equilibrium and disequilibrium
cases. The emission spectra and phase curves are similar for the pseudo-2D kinet-
ics and thermochemical-equilibrium models at most wavelengths, except where CH4
absorbs. The CH4 absorption in the night-side hemisphere of the thermochemical-
equilibrium model is much greater than that of the pseudo-2D model, and the large
diurnal variations in the CH4 abundance in the equilibrium model lead to large phase-
curve amplitudes at wavelengths where CH4 absorbs (∼2.3, 3.3, and 7.8 µm).

Figure 11 shows that at Teff = 1100 K, 100× solar metallicity, the mixing-ratio
profiles in the pseudo-2D kinetics model more closely resemble the thermochemical-
equilibrium solution. Methane still exhibits strong diurnal variations in the equilib-
rium model, but CH4 only becomes a major species at relatively higher altitudes on
the night side, and the phase-curve differences between the two models are therefore
more muted than they were at the cooler temperatures. The increased night-side ab-
sorption at CH4-band wavelengths is still apparent in the equilibrium-model spectra,
however. Phase-curve variations should be readily detectable with Ariel for both the
equilibrium and disequilibrium cases.

All three 100× solar models show evidence for a wavelength-dependent offset of
the maximum emission away from 0◦ phase, where the day side of the planet is fully
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Fig. 11 Same as Fig. 9, except for the Teff = 1100 K, 100× solar metallicity exo-Neptune.

facing the observer. Different wavelengths probe different depths in the atmosphere.
The phase offsets can provide useful information about atmospheric dynamics and
other characteristics of these planets [32,66,80,21,125,115].

5 Comparisons with other multi-dimensional models

As discussed in section 3.2, vertical quenching becomes less important than zonal
(i.e., longitudinal) quenching in controlling where a species abundance first departs
from equilibrium in hotter atmospheres for which the dayside vertical quench point
resides in a pressure region in which temperatures are notably changing with lon-
gitude. This situation occurs in our models at planetary Teff ≥ 1500 K for the CO-
CH4-H2O quench point and at planetary Teff ≥ 1900 K for the N2-NH3 quench point.
Previous pseudo-2D and 3D GCMs that include chemical quenching have typically
considered hotter planets that fall into this situation of a high-altitude dayside ver-
tical quench point and dominance of zonal quenching. For example, the pseudo-2D
chemical models and GCMs of the hot Jupiters HD 189733b (Teff = 1700 K) and
HD 209458b (Teff = 2090 K) by Agúndez et al. [1] and Drummond et al. [27,25]
and the pseudo-2D chemical models and GCMs of WASP-43b (Teff = 1900 K) by
Mendonça et al. [96] and Venot et al. [146] obtain results in this higher-quench-
point regime, where vertical quenching is apparently less important in controlling the
global composition in the deeper photosphere where the abundance profiles first de-
part from equilibrium. In all models, regardless of planetary Teff, zonal and/or merid-
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ional quenching will affect the global abundances when transport time scales are
shorter than chemical lifetimes.

Our results are qualitatively consistent with those from previous solar-composition
hot-Jupiter pseudo-2D chemistry models [1,2,146] and 3D GCM results that include
chemistry [27,25,96], but we do see some differences. For example, our dayside ver-
tical quench points are generally deeper for any given Teff than in the Agúndez et al.
[1], Drummond et al. [27,25], or Mendonça et al. [96] models, leading to vertical
quenching being more important in controlling where the abundance profiles depart
from equilibrium in our models. This difference arises for several reasons. First, we
use the Moses et al. [111,108] reaction mechanism, whereas most of these previous
models use the Venot et al. [145,142] mechanism (the WASP-43b pseudo-2D study
of [146] being the exception). With the Venot et al. mechanism, key species such as
CH4 and NH3 can remain in equilibrium to lower temperatures, resulting in a lower-
pressure quench point [145,105]. Second, the 2D-ATMO temperature profiles used in
our study converge to a longitude-independent steady-state adiabatic profile at depth,
where the atmosphere is convective. Our profiles do not show significant variations
in radiatively-controlled temperatures at pressures greater than ∼200 mbar for any
planetary Teff. The GCMs, on the other hand — or 2D models in which the tem-
perature structures are derived from GCMs — exhibit zonal temperature variations
to pressures at least an order of magnitude greater than our Neptune-class 2D-ATMO
models. This shallower radiative “skin depth” in our models may relate to the lower
gravity on our Neptune-class planets in comparison with equivalent Teff hot Jupiters;
essentially, the Neptune-class planets have a greater atmospheric scale height and
therefore a greater column abundance available for absorption of the stellar radiation
above any particular pressure level. It is also possible that the temperatures at deep
levels in the GCMs are affected by complicated dynamics not present in the 2D-ATMO
model. The third and probably most important reason for the differences is that the
GCMs are predicting very weak vertical transport at the lowest levels in the models,
whereas the 2D-ATMO models extend to greater depths, where the atmosphere is con-
vective and vertical transport is stronger. In our pseudo-2D models, we adopt a larger
Kzz to represent this convective region below the radiative-convective boundary of the
2D-ATMO results.

The very low effective Kzz values at high pressures inferred from the vertical
transport time scales presented in the above-mentioned hot-Jupiter GCM studies is
somewhat surprising, even though these models do not extend down into the convec-
tive region of the atmosphere. Vertically propagating gravity waves or other planetary
waves — often generated from deeper levels — can dominate the effective vertical
mixing in the radiative region of a real atmosphere, resulting in the classical inverse-
square-root pressure dependence of Kzz in planetary middle atmospheres [82]. Such
a dependence was derived for HD 209458b from the GCM tracer mixing study of
Parmentier et al. [117], and the inferred Kzz values at 1 bar in the Parmentier et al.
study are significantly greater than those in the GCMs mentioned above. The quoted
vertical transport time constants in those papers were estimates only, but it may be
worth noting that the GCM results for pressures greater than a few bar require longer
spin-up times than were considered in these simulations (e.g., [117]). It is therefore
possible that the extremely weak vertical transport at depth in the GCMs is an artifact



Chemical variation with altitude and longitude on exo-Neptunes 33

of the short spin-up times or boundary conditions imposed in the GCMs (see [13,
97,152]) and that vertical mixing is more efficient than is indicated by the coupled
chemistry-transport derived from GCMs. These concerns are unlikely to strongly af-
fect predictions for hotter planets, where the composition largely remains close to
thermochemical equilibrium throughout the photosphere, but they are worth consid-
ering for cooler planets. On the other hand, pseudo-2D models have highly idealized
transport, and in particular do not consider meridional transport or altitude-dependent
zonal transport. Drummond et al. [27,25] demonstrate that under certain conditions,
meridional transport can strongly influence the global abundance of quenched species
in giant-exoplanet atmospheres. In these cases, higher abundances of a quenched con-
stituent such as CH4 at cooler mid-latitudes can penetrate into the lower-latitude re-
gions, affecting the global abundances. The pseudo-2D models would then under-
predict the CH4 abundance in such cases.

In truth, a hierarchy of models is useful in exoplanet chemical studies, as all types
of models have unique strengths and weaknesses and valuable insights to offer. Com-
plex atmospheric photochemistry is best captured in 1D or pseudo-2D models, at this
point in time, due to the computational expense of including large chemical reaction
lists in 3D coupled radiative-dynamical-chemical models. These 1D or 2D models
can also more efficiently explore a range of parameter space, such as with the grid
of planets explored here. However, if photochemistry is expected to have a relatively
minor influence on observed spectra (i.e., for warmer atmospheres), then 3D GCMs
that consider chemical relaxation or that include a smaller number of chemical reac-
tions that are relevant to transport-induced quenching are highly desirable, in order
to have the greatest confidence in the global predictions — at least, assuming that the
aforementioned effects of short spin-up times or shallow lower boundaries are well
understood.

6 Caveats with respect to the phase-curve predictions

Several other caveats need to be mentioned in relation to this modeling and the result-
ing phase-curve predictions. First, we do not self-consistently calculate the tempera-
ture profiles for the pseudo-2D kinetics case. Self-consistent calculations [28,27,25,
54,96] suggest that the feedbacks on temperature for hot Jupiters are of order 10%,
but that result will depend on the planetary Teff, the dominant constituents contribut-
ing to the atmospheric opacity, and whether those species are affected by quenching.
Second, our kinetics model does not consider condensation and so assumes that the
gas-phase bulk elemental ratios are constant. In real exoplanet atmospheres, conden-
sation — especially of a major component like MgSiO3 — can affect the gas-phase
elemental ratios, depleting the elements that become tied up in condensates. The gas-
phase elemental ratios therefore can vary strongly below and above the condensation
regions, affecting the abundances of key opacity sources such as H2O [51]. We par-
tially take this effect into account by removing ∼20% of the oxygen from planets
whose Mg-silicate clouds condense well below the photosphere, but the situation
can become more complicated for planets in which the silicate clouds reside in the
photosphere itself. Third, our chemical-kinetics modeling considers only C-, N-, O-
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, and H-bearing species. Other elements can be present in the infrared photosphere
and might have interesting chemical kinetics that could affect the predicted phase-
curve variations (e.g., [151]). Fourth, our pseudo-2D models do not consider winds
(either vertical, meridional, or non-constant zonal winds), which can affect the 3D
distributions of the species. The lack of realistic 3D winds is a potentially significant
limitation of the pseudo-2D modeling approach, as 3D models that included chemical
quenching demonstrate that meridional transport in some cases can be very important
in affecting species distributions [27,25,96].

Finally, our 2D thermal-structure models do not consider clouds or hazes. Clouds
can certainly modify the thermal structure and phase-curve behavior for exo-Neptunes
and other exoplanets [15,116]. If present at altitudes above where the photosphere is
expected for cloudless conditions, optically thick clouds can raise the effective photo-
sphere to lower pressures, which reduces the emission if temperatures are decreasing
with altitude; molecular absorption bands can also be suppressed in this situation
[87]. Figs. 4 & 8 include condensation curves for a few interesting equilibrium cloud
condensates, but may other cloud candidates exist in these atmospheres [104,94,49].
Not all clouds will be equally important for the emission behavior. There is a lot more
material available to form magnesium-silicate clouds such as enstatite and forsterite,
for example, than there is to form MnS, KCl, or ZnS clouds [31]. Based on micro-
physical modeling, Gao et al. [37] suggest that at least in terms of transmission ob-
servations, Mg-silicate clouds dominate the aerosol opacity for solar-composition hot
Jupiter exoplanets with Teff > 950 K, whereas photochemically produced hydrocar-
bon aerosols dominate for Teff < 950 K, and extinction from these two sets of aerosols
can explain much of the variation in the 1.4 µm water band as function of planetary
Teff that is observed by the WFC3 instrument on the Hubble Space Telescope (HST).
In laboratory simulations, photochemically produced aerosols are generated under a
variety of background atmospheric conditions relevant to exo-Neptunes [46,45,44,
53,30,101]. Clouds may not be enshrouding the entire planet. Depending on plane-
tary Teff, Figs. 4 & 8 show situations where certain cloud species would only condense
at cooler longitudes on the night side of the planet. Even if present on both the day
side and night side, the condensation altitudes and the vertical cloud extent can be
different [50]. The 3D distribution of clouds on hot Jupiters has been explored by a
few groups [15,51,50,78,79,85,84,86,117,116,122,146], and the effects of clouds
on the thermal emission and phase-curve behavior has been investigated by Charnay
et al. [15], Parmentier et al. [116], and Roman et al. [122]. Night-side clouds are
expected to increase the phase-curve amplitude and decrease the hot-spot offset of
hot Jupiters [116], and these studies so far suggest that clouds would not adversely
affect the detection of phase-dependent emission differences, but just complicate the
interpretation.

7 Conclusions and implications for Ariel observations

We have developed 2D thermal structure models and pseudo-2D chemical kinetics
models for Neptune-class exoplanets with a variety of planetary Teff to explore how
atmospheric temperatures and composition change as a function of altitude and lon-
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gitude within the equatorial regions of planets at different distances from their stellar
host. We also examine how the temperature fields and 2D composition vary as a func-
tion of atmospheric metallicity. As with previous pseudo-2D modeling of hot Jupiters
[1,2,18,146], we find that horizontal transport-induced quenching is very effective in
our simulated exo-Neptune atmospheres, acting to homogenize the vertical profiles
of species abundances with longitude, except at high altitudes in the stratosphere,
where photochemical processes dominate. Although we have not directly investigated
the influence of planetary size or gravity, we find that our results are qualitatively
similar to those of Jupiter-sized planets with similar effective temperatures Teff and
metallicities. Our modeling suggests that horizontal quenching will be common on
most planets with thick, deep atmospheres that possess equatorial zonal wind jets. We
find strong differences between our predicted 2D distribution of atmospheric species
in our disequilibrium chemistry models compared with thermochemical-equilibrium
predictions for exo-Neptunes with Teff ≤ 1100 K. At Teff ≥ 1300 K, however, the
atmospheric temperatures are large enough that thermochemical equilibrium can be
kinetically maintained, reducing the differences between equilibrium and disequilib-
rium predictions. As with other models that explore trends in planetary emission with
Teff [118,68], we predict that day-night temperature contrasts and phase-curve ampli-
tudes will increase with increasing Teff. Actual observations, however, exhibit more
complicated trends [70,115], suggesting other processes such as globally inhomo-
geneous clouds — which are not considered in our models — contribute to global
thermal-structure variations. Our models have important implications for planning
and prioritizing phase-curve observations with Ariel and other spectroscopic missions
such as the JWST.

Our modeling suggests that cloudless, H2-rich Neptune-sized exoplanets can be
good candidates for phase-curve observations with Ariel, depending on their effective
atmospheric temperatures (i.e., distance from their host stars) and other atmospheric
properties such as metallicity and chemical regime (i.e., thermochemical equilibrium
versus effective disequilibrium chemistry). For exo-Neptunes with solar-composition
atmospheres, cooler planets with Teff = 500–700 K have interesting predicted differ-
ences in emission spectra depending on whether their atmospheres are in thermo-
chemical equilibrium or whether disequilibrium processes such as transport-induced
quenching and photochemistry are operating, especially at wavelengths where CO,
CO2, and NH3 have molecular bands (see Fig. 7). Such planets are therefore appro-
priate candidates for eclipse spectroscopy, where the goal would be to determine the
atmospheric composition, to constrain planetary-formation scenarios, and to identify
the dominant chemical processes currently at play in exoplanet atmospheres. How-
ever, our models predict that these cooler solar-composition planets would have rel-
atively flat phase curves, making them unsuitable targets for time-intensive phase-
curve observations with Ariel.

In contrast, we predict that solar-composition exo-Neptunes with Teff ≥ 1300
K have emission spectra that vary strongly with orbital phase, due to large diurnal
variations in stratospheric temperatures; the phase amplitudes grow with increasing
planetary Teff. Molecular bands of H2O and CO are expected to be readily apparent
on such planets at Ariel-sensitive wavelengths (see Fig. 7), and phase-curve obser-
vations will provide good tests of our understanding of the thermal structure, energy
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balance, and atmospheric dynamics on such planets [16,19,32,60,68,70,65,67,81,
115,125,127,133], making them good candidates for phase-curve observations with
Ariel. However, compositional differences between the potential equilibrium versus
disequilibrium chemical regimes are minor on such hot planets, and the variations
in the dominant atmospheric constituents with longitude are predicted to be small,
making hot planets less interesting targets for constraining chemical processes on
exoplanets (see Figs. 6).

Solar-composition exo-Neptunes in the intermediate Teff = 900-1100 K regime
fall in a “sweet spot” in which the phase-curve amplitudes are non-trivial (especially
at longer wavelengths), and the atmospheric composition is diagnostic of the equilib-
rium vs. disequilibrium chemical regime. Interesting chemical variations can occur
on these planets over the course of the planet’s orbit, at least if thermochemical equi-
librium is maintained; horizontal quenching tends to homogenize the composition
as a function of longitude in our pseudo-2D models, except at high altitudes where
photochemistry dominates. Such intermediate Teff planets would appear to be excel-
lent targets for Ariel phase-curve observations from the standpoint of constraining
the atmospheric chemical processes along with the above-mentioned radiative and
dynamical processes, albeit inherently riskier targets due to smaller predicted phase-
curve amplitudes when disequilibrium chemistry is considered.

At higher atmospheric metallicities, which is expected to be a more realistic as-
sumption for Neptune-sized planets [34,47], this “sweet spot” shifts to smaller plan-
etary Teff because the increased atmospheric opacity causes the infrared photosphere
to shift lower pressures where temperatures vary more significantly with longitude.
As was previously shown with 3D GCM modeling [81,60], the increase in metallic-
ity leads to an increase in phase-curve amplitudes as a result of this effect. Therefore,
even our cooler Teff = 700 K exo-Neptune model with an atmospheric metallicity of
100× solar is expected to exhibit prominent changes in emission with orbital phase
(see Fig. 9), although the phase-curve amplitude is much greater if the atmosphere
remains in thermochemical equilibrium, compared to our disequilibrium pseudo-2D
model. As planetary Teff increases with the 100× solar metallicity models, the phase-
curve amplitudes also increase, due to the larger variations in stratospheric temper-
atures with longitude, but the composition differences between the thermochemical-
equilibrium and pseudo-2D kinetics models begin to decrease, as with the lower-
metallicity models. The main difference between the equilibrium and disequilibrium
models with the 100× solar metallicity models in the planetary Teff = 700-1100 K
range is the abundance of CH4, which exhibits very strong diurnal variations in the
thermochemical-equilibrium model that are very apparent in the emission spectra in
the broad methane bands centered at 2.3, 3.3, and 7.8 µm. Wavelength-dependent
hot spot offsets are also more apparent with higher-metallicity atmospheres, intro-
ducing the possibility that atmospheric dynamics and radiative properties could be
constrained as a function of altitude from phase-curve observations. For cool exo-
Neptunes around nearby stars that are bright as seen from Earth, a higher-than-solar
metallicity could first be confirmed from initial Ariel transit and/or eclipse observa-
tions, followed by full phase-curve observations if models such as a presented here
indicate that observable phase-curve amplitudes are likely. Such planets would help
constrain both physical and chemical processes in exo-Neptune atmospheres.
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In summary, smaller Neptune-class planets could be excellent candidates for phase-
curve observations with Ariel, depending on planetary Teff and atmospheric metallic-
ity, providing important information regarding exoplanet atmospheres that cannot be
acquired by any other means. Initial transit and eclipse observations could help iden-
tify the most promising targets and help evaluate the impact of clouds and other com-
plicating factors that can affect phase-curve spectra. For a more detailed discussion
of phase-curve observations with Ariel, see Charnay et al. [16].
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blin, P., Sing, D.K., Amundsen, D.S., Acreman, D.: Observable signatures of wind-driven chemistry
with a fully consistent three-dimensional radiative hydrodynamics model of HD 209458b. Astro-
phys. J. Lett. 855, L31 (2018)

28. Drummond, B., Tremblin, P., Baraffe, I., Amundsen, D.S., Mayne, N.J., Venot, O., Goyal, J.: The
effects of consistent chemical kinetics calculations on the pressure-temperature profiles and emission
spectra of hot jupiters. Astron. Astrophys. 594, A69 (2016)

29. Fegley Jr., B., Lodders, K.: Atmospheric chemistry of the brown dwarf Gliese 229B: Thermochem-
ical equilibrium predictions. Astrophys. J. 472, L37 (1996)

30. Fleury, B., Gudipati, M.S., Henderson, B.L., Swain, M.: Photochemistry in hot H2-dominated exo-
planet atmospheres. Astrophys. J. 871, 158 (2019)

31. Fortney, J.J.: The effect of condensates on the characterization of transiting planet atmospheres with
transmission spectroscopy. Mon. Not. Roy. Astron. Soc.364, 649–653 (2005)

32. Fortney, J.J., Cooper, C.S., Showman, A.P., Marley, M.S., Freedman, R.S.: The influence of atmo-
spheric dynamics on the infrared spectra and light curves of hot Jupiters. Astrophys. J. 652, 746–757
(2006)

33. Fortney, J.J., Lodders, K., Marley, M.S., Freedman, R.S.: A unified theory for the atmospheres of
the hot and very hot Jupiters: Two classes of irradiated atmospheres. Astrophys. J. 678, 1419–1435
(2008a)



Chemical variation with altitude and longitude on exo-Neptunes 39

34. Fortney, J.J., Mordasini, C., Nettelmann, N., Kempton, E.M.R., Greene, T.P., Zahnle, K.: A frame-
work for characterizing the atmospheres of low-mass low-density transiting planets. Astrophys. J.
775, 80 (2013)

35. Fressin, F., Torres, G., Charbonneau, D., Bryson, S.T., Christiansen, J., Dressing, C.D., Jenkins, J.M.,
Walkowicz, L.M., Batalha, N.M.: The false positive rate of Kepler and the occurrence of planets.
Astrophys. J. 766, 81 (2013). DOI 10.1088/0004-637X/766/2/81

36. Freytag, B., Allard, F., Ludwig, H.G., Homeier, D., Steffen, M.: The role of convection, overshoot,
and gravity waves for the transport of dust in M dwarf and brown dwarf atmospheres. Astron.
Astrophys. 513, A19 (2010)

37. Gao, P., Thorngren, D.P., Lee, G.K.H., Fortney, J.J., Morley, C.V., Wakeford, H.R., Powell, D.K.,
Stevenson, K.B., Zhang, X.: Aerosol composition of hot giant exoplanets dominated by silicates and
hydrocarbon hazes. Nature Astronomy 4, 951–956 (2020)
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M., Selsis, F.: High-temperature measurements of VUV-absorption cross sections of CO2 and their
application to exoplanets. Astron. Astrophys. 551, A131 (2013)



44 Julianne I. Moses et al.
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