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1 ABSTRACT

15 M dwarfs are the most promising candidates for finding habitable worlds through atmospheric char-
16 acterization. Planets in the habitable zone of low-mass stars experience intense tidal forcings and often
7 become tidally locked. Despite the majority of research being centered on the climate dynamics of syn-
18 chronously rotating planets in this scenario, synchronous rotation is not an inevitable outcome of tidal
19 locking. Several different circumstances can result in an asynchronous rotation, and in some instances
2 can lead to spin-orbit resonances (SORs). We explore the climates of two different spin-orbit resonant
21 scenarios with a coupled atmosphere-ocean general circulation climate model. Given the crucial role
2 played by the oceans in shaping planetary climate, we adopt two different ocean tidal forcing param-
2 eterizations for each SOR scenario. Each of these cases are simulated with both a dynamic ocean and
2 a thermodynamic ocean. Our findings reveal striking differences between the analyzed resonant case
2 and the commonly studied synchronous rotation case. Periodic climate patterns are observed, with
2 climatic features such as clouds and rainfall exhibiting a 60° longitudinal shift relative to the substellar
27 point. The evolution of quantities such as thermal emission and reflected light during a stellar period
2 is noteworthy from the observational point of view, showing appreciable differences compared to the
29 synchronous rotation scenario.

30 Keywords: Exoplanets (498) — Spin-orbit resonances(2296) — Ocean tides (1152) — Habitable planets
a1 (695) — M stars (985) — Planetary climates (2184) — Ocean-atmosphere interactions
32 (1150) — Astrobiology (74) — Exoplanet atmospheres (487) — Planetary atmospheres
B (1244) — Atmospheric circulation (112) — Atmospheric dynamics (2300)

3 1. INTRODUCTION w0 both from the high occurrence rate of these stars and

a their orbiting planets (Dressing & Charbonneau 2013,
22 2015; Cloutier & Menou 2020; Ment & Charbonneau
1 2023) as well as from inherent observational advantages
s (Scalo et al. 2007; Charbonneau & Deming 2007; Shields
ss et al. 2016). The interest in these systems has catalyzed
s the development of novel observational techniques and
a7 steered mission concepts designed for the forthcoming
Corresponding author: Maria Di Paolo s decade (Kasper et al. 2021; Quanz et al. 2022a; Harada
M.Di-Paolo@uea.ac.uk w0 et al. 2024; Zuniga-Ferndndez et al. 2024; Angerhausen

55 Planets orbiting M- and K- dwarf stars represent the
s best candidates for detailed characterizations of poten-
s tially habitable terrestrial exoplanetary atmospheres us-
s ing next-generation observatories. Planets orbiting cool
3 stars offer multiple observational benefits, stemming
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et al. 2024). It is therefore imperative to prioritize the
integration and application of climate modeling studies
to effectively support the observational community in
the characterization of potentially habitable exoplanets.

Climate modeling studies of potentially habitable ex-
oplanets have predominantly employed general circu-
lation models (GCMs) with simplified ocean represen-
tations, such as slab oceans (Kopparapu et al. 2016,
2017; Boutle et al. 2017; Hammond & Komacek 2024).
Thanks to their computational efficiency, these ap-
proaches have provided valuable insights into planetary
habitability, atmospheric processes and surface charac-
teristics through parameter sweeps (Kopparapu et al.
2017; Kilic et al. 2017; Nowajewski et al. 2018; Komacek
& Abbot 2019). However, these studies inherently limit
the accuracy of climate and habitability assessments, as
they do not account for the complex interactions and
feedbacks associated with fully dynamic oceans. The
crucial role of ocean circulation, and therefore ocean
heat transport, in stabilizing Earth’s climate by mit-
igating geographic, seasonal, and diurnal temperature
extremes is well studied (Trenberth & Caron 2001; Win-
ton 2003; Herweijer et al. 2005). Studies conducted over
the last fifteen years substantiate that ocean dynam-
ics constitute a significant contribution to climate stud-
ies across a variety of planetary contexts, encompassing
Earth’s paleoclimates (Yang et al. 2012a,b; Kienert et al.
2012; Ragon et al. 2024), climate simulations of planets
orbiting in the early Solar System (Way & Del Genio
2020; Schmidt et al. 2022), and exoclimes (Hu & Yang
2014; Cullum et al. 2014; Kilic et al. 2018; Olson et al.
2020). In general, although the assumption of a simpli-
fied ocean is certainly computationally convenient, the
potential underestimation/misrepresentation of certain
processes and feedbacks can lead to a failure to capture
key climatic features, hence why fully coupled AOGCMs
represent the most physically comprehensive tools for
fully characterizing terrestrial climate (Yang et al. 2013;
Hu & Yang 2014; Ferreira et al. 2014; Kilic et al. 2018;
Yang et al. 2019; Di Paolo et al. 2025).

The interest in characterizing habitable planets
around cool stars is long-standing, but poses several
challenges from both the observational and the theo-
retical point of view. The prospect of building accurate
climate models is hindered by the fact that many char-
acteristics of planets in this configuration are ultimately
unknown, such as their spin state. Due to the low lumi-
nosity of cool dwarfs, the circumstellar habitable zone in
such systems is located relatively close to the host star
(Kasting et al. 1993; Kopparapu et al. 2013). Conse-
quently, potentially habitable planets orbiting in these
systems experience strong tidal interactions, which can
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alter the planet’s rotational angular momentum through
a process known as tidal locking (Murray & Dermott
1999). While tidal locking and its possible outcomes
have been studied since the 1960s in the context of
Solar System planets and satellites (MacDonald 1964;
Goldreich 1965; Goldreich & Peale 1966a,b; Goldreich
1966), tidal studies for exoplanets are challenging due
to a combination of observational limitations - such as
sparse constraints on the orbital architecture of the sys-
tem and the presence of companions - and uncertainties
in planetary properties - such as atmospheric structure,
internal and rheological variables, tidal deformation and
dissipation parameters.

Possible outcomes of such tidal evolution in this sce-
nario seem to be manifold, ranging from spin-orbit
resonances (SORs) to librations of different amplitude
and even chaotic behaviour (Dobrovolskis 2007; Leconte
et al. 2015; Vinson & Hansen 2017; Barnes 2017; Re-
naud et al. 2021; Chen et al. 2023; Valente et al. 2024;
Yuan et al. 2025). The most commonly studied sce-
nario is a special case of tidal locking: the 1:1 SOR, or
synchronous rotation, where the periods for the planet
to complete one rotation on its spin axis and one orbit
around the host star are identical, giving a permanent
dayside and nightside. Atmospheric heat transport can
prevent nightside volatile trapping for reasonable values
of surface pressure (Joshi et al. 1997), while ocean heat
transport can extend an “eyeball” state, with a pool of
open water centered on the substellar point (Pierrehum-
bert 2011), into a “lobster” (Hu & Yang 2014). Several
studies have analyzed different aspects of climates in this
scenario, focusing mainly on distinct regimes of atmo-
spheric circulation depending on the planetary rotation
period, atmospheric composition, surface pressure, inci-
dent stellar flux, surface gravity, planetary radius, and
cloud particle size (e.g., Kopparapu et al. (2017); Haqq-
Misra et al. (2018); Komacek & Abbot (2019)).

Only a few studies have focused on higher order res-
onances, among which the 3:2 SOR is the lowest order
non-synchronous resonance and the most likely to occur
for low values of orbital eccentricity (Correia & Laskar
2009). In this case, the planet rotates three times on
its spin axis for every two orbits it completes around
its host star, meaning that the substellar point shifts by
180° in longitude for every completed orbit (see Figure
1).

Climate simulations of GJ 667Cc for an orbit with ec-
centricity 0.4 and several SORs, assuming a slab ocean
and thermodynamic sea ice, found two distinct patterns
of the mean state climate: an “eyeball” exoplanet with
a substellar warm region (1:1, 2:1 SORs) and a “wa-
terbelt” exoplanet with zonally uniform temperature
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decreasing with latitude (3:2, 5:2 SORs) (Wang et al.
2014). Thermal phase curves can be used to distinguish
between these two climate patterns, with the former pre-
senting significantly stronger variations than the latter
during an orbital period. However, Dobrovolskis (2015)
later proved that they used incorrect spatial insolation
functions for the 3:2 and 5:2 resonances, and that for an
eccentric orbit these SORs would result in a “double-
eyeball” pattern rather a “waterbelt” exoplanet.

The climate of Proxima b has been the subject of sev-
eral investigations that compare the 1:1 and 3:2 scenar-
ios in the case of circular and/or eccentric orbits with
either a static ocean (Turbet et al. 2016; Boutle et al.
2017) or a shallow dynamic ocean (Del Genio et al.
2019). The results are generally similar, with the 3:2
SOR climates exhibiting large meridional temperature
gradients, with an equatorial “waterbelt” configuration
that can transition to a “double-eyeball” configuration
with increasing eccentricity. These results are highly
sensitive to the choice of parameters such as the instel-
lation and the chosen albedo, which ultimately deter-
mine the presence of open-water regions as opposed to
a “slushball” planet. When a dynamic ocean is consid-
ered, the peak ocean surface temperature occurs slightly
downstream with respect to the substellar point, due to
modest eastward ocean heat transport at this location
(Del Genio et al. 2019). Moreover, the atmospheric cir-
culation in the null eccentricity case is similar to that of a
moderately slowly rotating Earth, with Hadley cells ex-
tending to the poles, westerly jets in the midlatitudes,
easterly trade winds at low latitudes and a very weak
westerly equatorial surface ocean current (Del Genio
et al. 2019). More recently, Braam et al. (2025) used
a 3D coupled climate-chemistry model to study Prox-
ima b for circular 1:1 and eccentric 3:2 SORs. Synthetic
mid-infrared spectra showed that the severe zonal asym-
metries of the 1:1 SOR case lead to spectral fluctuations
as a function of orbital phase, which are dampened in
the 3:2 SOR case because of the more homogeneous at-
mosphere.

More general results, not tied to a specific exoplanet,
include a study of the effect of sea ice drift on snow-
ball transitions at the outer edge of the habitable zone,
performed with a fully coupled atmosphere-ocean-sea ice
model for a sample of nine exoplanets (Yang et al. 2020).
By conducting an array of sensitivity tests for a range
of parameters, they found that sea-ice drift is efficient
in shrinking the open ocean and leading the system to
a snowball state. Another more generalized study em-
ployed a 3D GCM with a shallow dynamic ocean and
incorporated tidal heating to model SOR exoplanets at
the inner edge of the habitable zone, showing that in-
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ternal heating drives a rapid transition from temperate
to moist greenhouse states, with only minor effects on
upper atmospheric water mixing ratios (Colose et al.
2021). To date, 3:2 SOR climate studies have primarily
focused on the mean climate state, and, to our knowl-
edge, no AOGCM investigation of climate pattern vari-
ability over a stellar period has yet been conducted.

In this study, we investigate the climate of ocean
worlds in 3:2 SORs orbiting cool host stars with the
FORTE2.0 AOGCM (Blaker et al. 2021). Differently
from previously published studies, we use a custom
continental “Ridgeworld” configuration (see Methods).
Rather than concentrating on a single, specific exo-
planet, our goal is to conduct a broadly applicable study,
providing insights into potentially common features of
exoclimes in this scenario. Accordingly, we investigate
two different rotation and orbital periods, and consider
two different ocean tidal scenarios, since both of these
phenomena have significant effects on planetary climate
(Cullum et al. 2014; Di Paolo et al. 2025). We present
an in-depth analysis of several climate features in this
scenarios, both for the ocean and the atmosphere. We
finally present simulated phase curves of planetary ther-
mal emission, which reveal a potential discriminant to
determine whether a planet is characterized by either a
1:1 or a 3:2 SOR state.

2. METHODS
2.1. Model description

FORTE 2.0 (Blaker et al. 2021) is a fast and flexible
coupled AOGCM of intermediate-resolution. The ocean
general circulation model (Modular Ocean Model — Ar-
ray Processor, or MOMA) (Webb 1996) is coupled once
per model day to the atmospheric general circulation
model (Intermediate Global Circulation Model version
4, or IGCM4) (Joshi et al. 2015).

In the MOMA setup adopted here, horizontal reso-
lution is 2°x2°, with 15 vertical z-layer levels. Level
thickness increases progressively with depth, from 30 m
at the surface to 836.10 m at depth. Overall, the ocean
extends to a depth of approximately 5500 m.

The IGCM4 setup is characterized by a T42 spectral
resolution, a grid spacing of ~2.8°, and a troposphere-
only atmosphere, extending to about 25 km in altitude,
subdivided into 200 levels.

The convection scheme and stratiform precipitation in
the IGCM4 are mostly based on Forster et al. (2000),
with a few additional parameterisations and adjust-
ments to better match observations of Earth (Joshi et al.
2015).

2.2. System architecture
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Figure 1: Observing configuration, assuming both an anticlockwise orbit and an anticlockwise spin rotation. The
planetary orbit is edge-on, with the observer in the plane of the paper. White/gray hemispheres represent the
day/night sides at each point of the orbit. The turquoise hemispheres represent the observable portion of the
planet within the observer’s field of view: regions theoretically observable in reflected light correspond
to the portions where the turquoise hemisphere and the white hemisphere overlap, whereas regions

theoretically observable in emitted light encompass the entirety of the turquoise hemispheres.

The

blue arrow is a reference meridian. The substellar point, positioned in correspondence of the red dashed line on the
planetary surface, shifts 180° in longitude for every completed orbit, realigning with its initial location after two full

orbits (or one stellar period).

We choose two representative M stars in the range
of masses of the spectral class, M, ~ (0.08 —0.6) Mg,
where Mg is the solar mass (see Table 1). We assume
an Earthlike stellar radiation forcing at the top of the
atmosphere, with S; = 1365 Wm™2. For simplicity,
the planetary orbit is modeled to be circular, with null
orbital inclination, thus edge-on with respect to the hy-
pothetical observer, and the planetary axial tilt is zero.

The choice of a null eccentricity is motivated by a
number of reasons. While equilibrium tide theory states
that a non-zero orbital eccentricity is required for a
planet not to be captured into 1:1 SOR, but rather
into higher order resonances, theoretical studies are usu-
ally limited to considering tidal interactions between a
planet and its host star, neglecting the possibility of ad-
ditional forcings due to planetary companions or satel-
lites, or even disturbances linked to impacts, and gener-
ally have a restricted treatment of rheology and plane-
tary triaxiality.

Planetary systems around M dwarfs are often multiple
and tightly dynamically packed (Fang & Margot 2013;
Ballard & Johnson 2016). Thus, planetary spin states
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might be significantly influenced by gravitational inter-
actions between neighbouring planets. Provided a com-
panion is present in the system, asynchronous SORs are
possible even when the eccentricity is nearly zero (Cor-
reia & Delisle 2019). For instance, Vinson & Hansen
(2017) demonstrated that interactions between Earth-
sized planets near a mean motion resonance are strong
enough to lead to high amplitude librations of the spin
state, or even complete circulation, instead of 1:1 SORs.

Moreover, a number of transit timing variations stud-
ies estimate small eccentricities ranging from 0.01 to 0.1
for the majority of low-mass planetary systems (Wu &
Lithwick 2013; Van Eylen & Albrecht 2015; Hadden &
Lithwick 2017). Multiple investigations of the climate
of Proxima b in a 3:2 SOR state assumed a null orbital
eccentricity, justifying this choice on the fact that an ec-
centricity of about ~ 0.06 would be sufficient to capture
the planet into a 3:2 SOR (Ribas et al. 2016).

In order to determine the orbital radius in each case,
and therefore the orbital period, we express the instel-
lation received by the modeled exoplanet Sy in terms of
L,, the luminosity of the host star in solar units (Lg),
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and rp, ., the planetary orbital radius in au units. Adopt-
ing a traditional parametrization of the luminosity-mass
relationship (Harwit 1998) yields:

L M 3.5

S, = ~ . (1)

2
T'p,* T'p*

We require the instellation received by the modelled ex-
oplanet S, to be equal to the insolation that Earth re-
ceives, determining the distance between the exoplanet
and its host star:

M3 M35
~ (0.05 -0.13
5~ ) So

~ (0.05—-0.13) au

Tpx =

(2)

where we substituted the chosen values of the M star
mass (see Table 1). Kepler’s third law yields the plan-
etary orbital period T4t in both cases, and by using
the values for the host star mass and the planetary or-
bital radius we obtain:

An2r 3 A2 3
Torpitar = | /% ~ (0.025 — 0.083) /WGTT@(’D@ ,

~ (9 —30) days ,
3)

with the subscript & denoting quantities referring to
Earth (e.g., rg,o for the average orbital radius). We
note that, throughout this work, the unit of measure
“day” refers to an Earth day.

Since we are modeling 3:2 SOR asynchronously rotat-
ing planets, this means that the length of an exoplanet
day Tyotation can be determined from its orbital period:

(4)

The stellar day, equivalent of the solar day on Earth,
can be computed according to:
(18 —60) days

-1
1 1
Ts ellar = ( - > =
! Trotation Torbital ( )
5

and corresponds to the interval of time between two
successive transits of the star across the same reference
meridian on the planet.

A simple rendition of this configuration is presented in
Figure 1. The reference meridian (blue arrow) realigns
with the host star after completing two full orbits, or
equivalently after completing three full rotations with
respect to the planetary spin axis. Spin-orbit resonance
states affect the orbital spatial distribution of incident

Trotation - 2/3 Torbital - (6 - 20) days
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M, Ap % Torbital Trotation Tstellar
(Mo) (au)  (day) (day) (day)
Case 1l 0.18 0.05 9 6 18
Case 2 0.31 0.13 30 20 60

Table 1: SORs scenarios (the unit of measure “day” is
an Earth day).

stellar flux: given that we chose to adopt a null eccen-
tricity all longitudes receive the same amount of stellar
flux during a stellar period, unlike the 1:1 SOR and the
3:2 eccentric cases (Dobrovolskis 2015).

The simulated climates reach a quasi steady state after
2500 years. The analysis focuses on the last 100 stellar
periods after a 2500 year run.

2.3. Planet configuration

We consider an Earth-sized ocean planet, covered by a
single, global-scale ocean basin of uniform depth (~5500
m). We adopt a “Ridgeworld” configuration (e.g. Smith
et al. (2006); Ferreira et al. (2010); Yang et al. (2019);
van de Velde et al. (2021)): a single, 2° wide, meridional
ridge 145m below the surface connects two polar islands
that extend to 86°N/S. This continental configuration,
more general than assuming a specific land mask, impor-
tantly allows the formation of ocean gyres, prevents the
formation of unrealistically large zonal oceanic jets that
occur in “Aquaplanet”, while at the same time support-
ing a large-scale overturning circulation and heat redis-
tribution. The atmospheric composition is Earth-like,
characterized by pre-industrial atmospheric concentra-
tions of COs.

Asynchronously rotating potentially habitable planets
reside in close orbit round their low-mass host stars, ex-
periencing strong tidal interactions. Therefore, they are
subjected to large travelling tides. These tidal effects
can be parameterized with an enhanced oceanic vertical
diffusivity & (Di Paolo et al. 2025). We choose to analyze
SOR scenarios in two different tidal regimes: a low ver-
tical diffusivity regime with x = 1.5 x 10~*m?s~!, simi-
lar to the one estimated for Earth kg = 1 x 1074*m?2s~!
(Munk & Wunsch 1998), and a high vertical diffusivity
regime with x = 150 x 10~*m?s~!, that corresponds to
a maximized total and oceanic heat transport (Di Paolo
et al. 2025).

Simulating exoplanetary climate using both a dynamic
and a thermodynamic ocean provides critical insight into
the role of oceanic processes in regulating planetary cli-
mates. For the former, we employ the default setting
of MOMA, which is inclusive of both diffusive and ad-
vective processes at play in determining the state of the
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6 D1 PAOLO ET AL.

ocean, while for the latter we adapt MOMA to exclude
advection.

The albedos of snow and ice decrease progressively
at longer wavelengths, especially beyond 1 um, due to
their optical properties. Low-mass stars emit a substan-
tial portion of their radiation in this longer-wavelength
range. The resulting albedos of snow and ice on planets
orbiting M-stars are significantly lower than those ob-
served on Earth (Joshi & Haberle 2012). In order to take
this into account, we use 0.4 as the maximum value for
the ice and snow albedo, consistent with a mean value
of calculated albedos for different mixtures of ice and
snow (Shields et al. 2013).

3. RESULTS
3.1. Ocean

The thermal inertia of the ocean causes the location of
the warmest water in the upper layers to be shifted away
from the substellar point (Figure 2). At any fixed loca-
tion, there is a temporal lag between the star’s transit
overhead and the peak in sea surface temperature. Dif-
ferently from the synchronous rotation scenario, where
the hot spot is fixed on the planetary surface with re-
spect to the substellar point, in this scenario the hot
spot travels across the planetary surface following the
passage of the star overhead.

The ocean state is tightly linked to the value of k. As
oceanic diffusion becomes more important, the thermo-
cline deepens. Figure 2 shows how, for both rotational
states, the signal travels to greater depths in the cases of
enhanced x with respect to their counterparts. This is
evident in Figure 3, which shows the temperature pro-
files in the equatorial band (between latitudes of 5°S and
5°N) at the longitude 120°, with the spread in the upper
ocean representing the variability of temperature due to
the transient signal. Both the dynamic and the thermo-
dynamic ocean models simulate less stratified profiles
in the cases of high . In general, the thermodynamic
ocean runs exhibit warmer temperatures than the dy-
namic ocean runs at this location, as when ocean dy-
namics are active cold water is advected at depth from
high latitudes. This has a less evident effect on near
surface temperatures, given that the stellar forcing dom-
inates, resulting in generally similar temperatures for
both types of ocean model. Only the Tyt = 30 days,
k = 1.5 Kg scenario presents marginally warmer tem-
peratures near the surface in the case of the dynamic
ocean. This is caused by downwelling occurring at the
equator which warms the upper ocean layers.

In the case of the dynamic ocean, the ocean response
is a combination of a downward propagating signal and
dynamical waves that depend on boundary conditions.
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Figure 4 shows the density anomaly at a depth of about
500 m in the case of the dynamic ocean. The plots on
the right are obtained by compositing over one hundred
stellar periods in each case. In the high  cases, the ef-
fect of vertical diffusion clearly dominates, resulting in
an evident downward propagating signal that is linked
to, but lags, the location of the substellar point in time.
Taking as a reference the longitude 120°, the position of
less/more dense water roughly corresponds to the posi-
tion of the warmer/colder water depicted in Figure 2 at
the same depth.

In the faster rotation case, the temperature anoma-
lies propagate at depth more quickly than in the slower
rotation case, which is indicated by the inclination of
the black contours in Figure 2. This explains why the
density anomalies depicted in Figure 4 seem to be in
opposite phases in the two high diffusion cases with dif-
ferent rotation period.

In the low k cases the downward propagating signal is
weaker and shallower, and dynamical features can dom-
inate. In the T,rpita; = 9 days scenario, the very weak
intermittent wave-like pattern depicted in Figure 4 ap-
pears only after compositing over one hundred stellar pe-
riods, but is absent when averaging over shorter intervals
of time, and does not appear to be phase-locked with
the forcing. Conversely, the bigger anomalies associated
with stronger forcing in the T, ;11 = 30 days scenario
are westward propagating equatorial Rossby waves and
eastward propagating Kelvin waves. These waves orig-
inate at the barrier, positioned at longitude 240°, and
are triggered by alternating convergence and divergence
of zonal winds: converging winds force downwelling of
lighter water, while diverging winds force upwelling of
denser water. The patterns of winds are described in
more detail in the next section (Atmosphere). We fur-
ther investigate this case by spreading the composited
stellar period, obtained by compositing over 100 stellar
periods, into 10 stellar periods obtained by composit-
ing over 10 stellar periods (plot on the left of Figure 4).
The Rossby waves, spanning the planet with a veloc-
ity of about 2 ms™!, are still clearly visible. Multiple
and frequent Kelvin waves with a velocity of about 6
ms~! - about three times the Rossby wave speed - are
possibly triggered by stochastic forcings such as random
weather events. Phase-locked Kelvin waves are more
evident east of the barrier when averaging over longer
periods of time.

3.2. Atmosphere

Figure 5a clearly shows that at all times, the surface
temperature peaks with a longitudinal shift of about
~ 60° eastward with respect to the location of the sub-
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Figure 2: Cross section of the upper dynamic ocean layers, at longitude 120° and between latitudes of 5°S and 5°N,
showing temperature anomaly. White dashed lines represent the location of the substellar point. Composite quantities

have been averaged over the last 100 stellar periods.

stellar point on the planetary surface, consistent with
Figure 2. The most prominent features are observed in
the case Tyrpitar = 30 days with & 1.5 kg, with a
higher surface temperature range. In general, scenarios
characterized by the same value of the vertical diffusion
coeflicient will present a stronger signal for the slow rota-
tion scenario (Figure 2 and Figure 5a). In these scenar-
ios, the stellar forcing travels slowly across the surface,
the host star illuminates the same spot on the planet for
longer periods of time, and the effect of stellar forcing
dominates. Scenarios characterized by the same rota-
tion period will present a stronger signal for the low
diffusion scenario, as warm water at the surface is not
rapidly diffused downwards, and more heat is retained
in the upper ocean.

In all scenarios, the effect of surface heating domi-
nates, with moisture building up in the lower atmo-
sphere and condensing into clouds, triggering rainfall.
Rainfall peaks with a ~ 60° longitudinal shift with re-
spect to the substellar point (see Figure 5b), coincident
with the highest surface temperature. The rainfall is
significantly more intense in the case T, pitq; = 30 days

so with k = 1.5 kg, associated with the stronger temper-
ature forcing, reaching a maximum of ~ 30 mm day '
over the equatorial band. Rainfall exhibits significant
variability over each stellar period. At any fixed loca-
tion, while the passage of the star overhead is followed
by a clear maximum in the signal averaged in time, the
non-composited signal is noisy. An example of this is
shown in Figure 6, for the longitude ~ 120° + 10° in the
equatorial band. As expected, the signal to noise ratio
increases for slower rotations, where a general similar be-
haviour is maintained even for the non-averaged signal.
si2 The case Torpitar = 30 days with k = 1.5 kg, presents the
s13 most consistent peak in rainfall for each stellar period,
s1s with an average maximum value of ~ 22 mm day * at
s15 this specific location, as expected from the biggest tem-
s16 perature contrast observed in this scenario. The above
si7 shift in surface temperature, and consequently in rain-
si fall, is generally observed with both the dynamic and
s19 the thermodynamic ocean models.

The surface temperature in the equatorial band is
sz higher in the thermodynamic ocean scenario for all cases
522 except the Torpita; = 30 days with x = 1.5 case, which
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Figure 3: Temperature profiles of dynamic vs thermodynamic ocean at longitude 120° and between latitudes of
5°S and 5°N. For each profile, a spread of daily averaged temperatures is plotted, showcasing the variability of the
temperature in the upper ocean layers with the shifting position of the substellar point.

exhibits slightly warmer temperatures in the dynamic
ocean scenario, associated with more abundant rainfall.
The peak in total rainfall is generally sharper in the case
of the thermodynamic ocean than in that of the dynamic
ocean. In particular, the higher diffusion scenarios show
a bigger relative increase in the maximum value of to-
tal rainfall, in accordance with a bigger relative increase
in surface temperature (see Figure 3). In general, the
signal still exhibits significant variability with time even
in the thermodynamic ocean cases. The distribution of
clouds, not shown here, does not perfectly correspond to
the rainfall pattern. This is due to a delay between the
formation of clouds and highest precipitation. At any
instant, significant shallow convection is present west-
ward of the substellar point.

Figure 7a depicts the convergence/divergence of equa-
torial zonal winds through the alternating bands of east-
erly and westerly winds. As mentioned in the previous
section, equatorial zonal winds at 850 hPa generally con-
verge towards the hot spot on the planetary surface, and
diverge from the diametrically opposite point. This pat-
tern is evident for the slow rotation cases, while is less
demarcated in the faster rotation cases, as a consequence
of the weaker surface temperature gradients associated
with the position of the substellar point.

The interactions of the wind patterns with the bar-
rier triggers oceanic Rossby (Kelvin) waves that prop-
agate westward (eastward) from the barrier at depth
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(Figure 4). Observing the case T,rpitar = 30 days with
k = 1.5 kg at the location of the barrier (longitude
240°), the convergence of eastward and westward zonal
winds at the beginning of the stellar period (Figure 7a)
results in oceanic downwelling. The warmer lighter wa-
ter in the upper layers of the ocean is forced down-
wards into deeper layers ocean, resulting in the nega-
tive anomaly depicted in Figure 4. At the same loca-
tion, about halfway through the stellar period, the di-
vergence of westward and eastward zonal winds (Figure
7a) results in oceanic upwelling. Cold dense water re-
siding at depth is forced upward, leading to a positive
anomaly. The anomalies then propagate westward as
Rossby waves and eastward as Kelvin waves.

Figure 7b depicts the zonal wind at 850 hPa at the
fixed location of 120° as a function of latitude. As
expected, the wind at the equator exhibits alternating
eastward and westward directions depending on the time
during the stellar period. The pattern is more latitu-
dinally extended in the slow rotation scenarios, while
it is constrained to lower latitudes in the fast rota-
tion cases owing to weaker divergence associated with
a smaller heating anomaly. For the same rotation rate,
k = 150 kg cases exhibit weaker high-latitude wester-
lies than kK = 1.5 kg cases, due to reduced meridional
temperature gradients. This behaviour can be described
as a moving Walker circulation that follows the shifting
position of the peak surface temperature. Similarly, in
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Figure 4: Hovmoller diagram showing density anomaly at 482 m of depth, between latitudes of 5°S and 5°N. White
dashed lines represent the location of the substellar point. Composite quantities at the equator have been averaged
either over the last 100 stellar periods either into one composited stellar period (plots on the right) or into ten

composited stellar periods (plot on the left).

the case of slowly rotating 1:1 SOR exoplanets, atmo-
spheric circulation models predict a global overturning
circulation centered on the substellar point; air rises at
the substellar point in the permanent day hemisphere,
travels towards the colder night hemisphere in the up-
per atmosphere, and sinks at a location that depends
on the strength of the circulation (Hammond & Lewis
2021). Equatorial zonal winds at 250 hPa (not shown)
have a superrotating westerly wind jet in all scenarios.
In general, the results of the thermodynamic ocean sim-
ulations show a similar behaviour. However, asymme-
tries with respect to the equator and/or with respect to
the position of the substellar point depicted in Figure 7
are introduced by dynamical features that are obviously
absent in the case of the thermodynamic ocean.

In slow rotation cases, the meridional circulation in
the hemisphere centered on the hot spot on the plan-
etary surface consists of a single Hadley cell extending
from the equator to the poles (Haqqg-Misra et al. 2018),

whereas in fast rotation cases the Hadley circulation is
restricted to low latitudes.

3.3. Observables

Mapping terrestrial exoplanets involves constraining
temporal and spatial properties in order to gain further
insight into the planetary characteristics, therefore al-
lowing us to develop an understanding of their climate
dynamics. Possible photometric signals are the plane-
tary top-of-atmosphere outgoing longwave radiation, or
thermal emission, and the top-of-atmosphere outgoing
shortwave radiation, or reflected light. Thermal orbital
phase curves are a simple method to infer information
regarding the planetary temperature and heat trans-
port efficiency from the disk-integrated emitted thermal
flux. On the other hand, reflected light orbital phase
curves provide crucial insight into surface composition
and cloud coverage. Together, photometric phase curves
are crucial for understanding exoplanetary climate dy-
namics and potential habitability.
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Figure 5: Hovmoller diagram showing composite quantities averaged over the equatorial band (5°S - 5°N) and over
the last 100 stellar periods. White dashed lines represent the location of the substellar point. (a) Surface temperature,

(b) total rainfall.

The planet top-of-atmosphere outgoing radiation is
split into longwave (> 4 pum) and shortwave (UV-
Vis-NIR, between 0.12 — 0.4 pm) in the atmospheric
model output. We assume an edge on orientation, so
that orbital phases of +£0.5 correspond to secondary
eclipses, where only the day hemisphere of the planet
is visible to the observer, and orbital phases of +0, 1 are
transit events, where only the night hemisphere of the
planet is visible to the observer. In order to focus on the
climatic features of each case, we exclude the contribu-
tion of the star to the total observed flux in each orbital
configuration, effectively separating the planetary sig-
nal. The light curves depicted in this section in Figure
9 simulate daily observations for a total of 1800 days,
corresponding to 100 stellar period for the faster rota-
tion cases, and 30 stellar periods for the slow rotation
scenario. Each plot show the daily visible hemisphere
integrated flux, the 10th and 90th percentile and the
composited signal.

Previous studies of 3:2 SORs circular orbits scenar-
ios adopted an “Aquaplanet” setup with no meridional
barriers, which is completely zonally uniform. Observ-
ing different areas of the planet would not imply any
longitude-specific feature: excluding transient events,
the potential observables would not exhibit any variabil-
ity between consecutive orbits. In our modelling config-
uration, it is crucial to consider the full orbital phase
curves over two consecutive orbits, or equivalently over
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one full stellar period. This is because in two consecutive
orbits, the same orbital configuration is associated with
different portions of the planet in the field of view of the
observer. The configuration depicted in Figure 1 shows
how the position of a reference meridian (blue arrow)
with respect to the observer changes in time: when con-
sidering equivalent orbital phases for consecutive orbits,
the observed signal originates from different portions of
the planet. The white transparent bands in Figures 8
highlight the planetary hemisphere that is visible to the
observer at all times during a stellar period.

The top-of-atmosphere shortwave radiation repre-
sented in Figure 8 exhibits a slight asymmetry with re-
spect to the substellar point (white dashed line) in all
cases: the signal peaks eastward from the position of the
substellar point, as we would expect from the previous
considerations regarding the rainfall longitudinal shift.
The reasons for the small amount of asymmetry because
the amount of reflected light is highly dependent on the
cloud amount. As mentioned in the previous section (see
Atmosphere), the significant asymmetry in the rainfall
signal with respect to the substellar point does not nec-
essarily correspond to an equally evident asymmetry in
the cloud coverage. The second reason stems from sys-
tem geometry: incoming stellar flux scales with the co-
sine of the zenith angle, so the amount of potentially re-
flected light decreases moving longitudinally away from
the substellar point. Although the precipitation peak is
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Figure 6: Variability of total rainfall at longitude 120° and averaged between latitudes of 5°S and 5°N. For each case,
the thick black solid line represent the composited average over the last 100 stellar periods, while light gray solid lines
represent rainfall during each of these stellar periods. Black dashed lines represent the instant that corresponds to the

passage of the star overhead at this location.

evident, its ~ 60° offset implies a reduced reflected flux.
Consequently, while Figure 8a shows slight asymmetry,
the disc-integrated signal in Figure 9 remains largely
symmetric about transits/secondary eclipses midpoints,
with only minor deviations in slow rotation cases.

The top-of-atmosphere longwave radiation repre-
sented in Figure 8b clearly shows that the minimum
thermal emission to space is co-located with the maxi-
mum rainfall, as the latter is associated with deep con-
vective cloud having cold cloud tops. As expected,
the equatorial band signal is more prominent for the
Torvitat = 30 days with k = 1.5 kg case, that exhibits
the strongest rainfall signal. The thermal emission ap-
pears to be generally more muted and less spatially con-
strained for the Ty, pitq; = 9 days cases that exhibit the
noisiest rainfall signal. In these cases, the hemisphere-
integrated top-of-atmosphere outgoing longwave radia-
tion depicted in the phase curves shows no strong corre-
lation with different orbital phases, as shown by the top
panels of Figure 9a. This is the result of a more zon-
ally uniform thermal emission from the planet, yielding
a more homogeneous signal. In the cases of slower ro-
tation, the disc-integrated top-of-atmosphere outgoing
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longwave radiation depicted in the light curves show evi-
dent asymmetries with respect to the transits/secondary
eclipses midpoints. A sinuisoidal curve is clearly iden-
tifiable, with evident peaks occurring before the transit
phase, during which the entirety of the dark hemisphere
is facing the observer. Both emitted light curves shown
in the bottom panels of Figure 9a are negatively shifted
as a result of the longitudinal asymmetry introduced by
the rainfall signal. This negative shift appears to be
smaller for the high diffusion case with respect to the
low diffusion case, as a consequence of the weaker asym-
metry in outgoing longwave radiation at the top of the
atmosphere in this scenario due to a weaker rainfall sig-
nal (as mentioned in Atmosphere).

Figure 9 highlights the reflected and emitted light vari-
ability, by specifically showcasing the 10th and 90th per-
centiles of the distribution of data from each stellar pe-
riod, as well as the composite average. As expected,
cases of fast rotation present bigger uncertainties, with a
significant spread for the thermal emission phase curve.
Between the two cases characterized by slow rotation,
the low diffusion case is noticeably less noisy, as a con-
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Figure 7: Hovmoller diagram showing composite quantities averaged over the last 100 stellar periods. White dashed
lines represent the location of the substellar point. (a) Zonal wind at 850 hPa, averaged over the equatorial band (5°S
- 5°N), as a function of longitude. (b) Zonal wind at 850 hPa, at longitude 120°, as a function of latitude.

sequence of the previously mentioned stronger rainfall
signal.

The results relative to the thermodynamic ocean simu-
lations, depicted in Figure 9b, show comparable results
regarding the reflected light curve. The emitted light
curves present asymmetry with respect to the midpoint
of the transit, with a comparable shift than their coun-
terparts in Figure 9a. The similarity of these feature
indicates that the general climate response is not espe-
cially affected by ocean dynamics, and that the surface
temperature offset - and therefore rainfall and thermal
emission offsets - are a direct consequence of the thermal
inertia of the ocean and not a result of horizontal ocean
heat transport.

Ocean dynamics plays a role in determining the am-
plitude of the thermal emission phase curve. In the slow
rotation case, the thermodynamic ocean emission phase
curve has a slightly larger amplitude with respect to its
dynamic counterpart. Compared to the dynamic ocean,
the thermodynamic scenario, in which circulation is ab-
sent, presents higher temperatures at the equator, but
significantly lower temperature at mid- and high- lati-
tudes. This results in lower rainfall and generally more
abundant thermal emission. This is especially evident
for the higher diffusion case, in which meridional surface
temperature gradients are starker.

An additional interesting feature of the emitted light
curves depicted in the bottom panels of Figure 9a is
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the unequal magnitude of successive maxima and min-
ima, as most evidently shown for the case k=150 kg,
P,rpitat = 30 days. This is a direct consequence of how
ocean dynamics interact with the barrier, as this feature
is non existent in the thermodynamic counterpart.

More specifically, taking as an example the consecu-
tive maxima of the dynamical case k=150 kg, Pyrbital =
30 days, it is evident that the first peak is marginally
smaller than the second. Given our observational con-
figuration set up, the orbital phase associated with the
first peak corresponds to observing the hemisphere east
of the barrier, while the second peak corresponds to ob-
serving the hemisphere west of the barrier, with the bar-
rier having just crossed the eastern terminator. The
visible hemisphere associated with the first peak ex-
hibits warmer temperatures, a more prominent rainfall
and consequently a smaller amount of thermal emission.
This is due to the fact that the barrier allows the for-
mation of gyres, that transport heat from the equator
to the mid latitudes, analogous to what happens with
western boundary currents on Earth (Atkinson 2010).

The time-dependency of the curve amplitude is more
evident in the high diffusion case, because the enhanced
ocean circulation results in higher mid- and high- lati-
tude surface temperatures compared to the low diffusion
scenario, exacerbating the zonal asymmetry introduced
by the barrier.
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Figure 8: Hovmoller diagram showing composite quantities averaged over the equatorial band (5°S - 5°N) and over
the last 100 stellar periods. White dashed lines represent the location of the substellar point, thin dotted
lines correspond to the main phases of transits and secondary eclipses, starting with the first secondary
eclipse in all cases. Transparent white stripes indicate the regions of the planet that fall within the
observer’s field of view, as determined by the system geometry, and correspond to the turquoise
hemispheres schematically illustrated in Figure 1. (a) Outgoing shortwave radiation at the top of the
atmosphere. The portion of the planet observable in reflected light lies within the transparent white
bands on the dayside of the planet, where the TOA upward shortwave flux is non zero. (b) Outgoing
longwave radiation at the top of the atmosphere, with the longitudes observable in thermal emission

falling within the transparent white bands.

For both the reflected and emitted light, the ther-
modynamic ocean simulations present a slightly smaller
spread of the 80th percentile compared to the dynamic
ocean simulations, consistent with the muted rainfall
variability observed in these scenarios, as mentioned in
the Atmosphere section.

4. DISCUSSION AND CONCLUSIONS

In this paper we employ a 3D coupled atmosphere-
ocean general circulation climate model to investigate
climate features of water-rich terrestrial exoplanets cap-
tured into 3:2 SORs in the habitable zone of low-mass
stars. We explore the interplay between climate, or-
bital configuration, and therefore rotation regime, and
oceanic tidal regime. We address the issue of estimating
potential observational characteristics of such planets by
analyzing reflectance and thermal emission phase curves,
in an effort to establish a criterion that would allow us
to discriminate between two possible outcomes of tidal
locking - 1:1 and 3:2 SORs - for potentially habitable
planets orbiting low-mass stars. This work is primar-
ily motivated by the lack of previous research using a
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climate model with a dynamic ocean to focus on the
evolution of climatic features during a stellar period for
planets captured into higher order SORs. While the
1:1 SOR scenario has been extensively studied, 3:2 SOR,
cases are still relatively unexplored.

The aim of our study is to offer an insight on how
both atmosphere and ocean dynamics shape planetary
climate and affect potentially observable quantities for
the duration of a stellar period in this scenario. In or-
der to present a valuable tool of comparison between
two possible SOR scenarios we conducted an idealized
study, focusing on varying two parameters - associated
with rotation and tidal regimes - of the multidimensional
parameter space. This choice resulted in fixing other pa-
rameters, such as the stellar radiation forcing at the top
of the atmosphere and the orbital eccentricity, to spe-
cific values. For instance, the instellation is assumed
to be Earth-like, and the orbit is presumed to be cir-
cular. While exploring other values of the parameter
space would be interesting, it would also be computa-
tionally expensive and would introduce multiple degen-
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Figure 9: Emitted and refleced light phase curves for the dynamic ocean scenario (a) and the thermodynamic ocean
scenario (b). Scatter plot: daily hemisphere integrated emitted (red) and reflected (blue) flux. Thick line plot:
composited emitted (red) and reflected (blue) signal. Shaded region: 10th to 90th percentile range of the emitted
(red) and reflected (blue) signal.
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eracies that would render a direct comparison of differ-
ent scenarios more complicated. The choice of a null
orbital eccentricity, even if idealized, is particularly con-
venient, as non-null values would introduce the question
of having to additionally establish the planet’s longi-
tude at perihelion, introducing yet another dimension
to the parameter space. Moreover, the specific choice of
adopting a “Ridgeworld” configuration is motivated by
the intent of representing a continental setup that would
allow a more Earth-like ocean circulation compared to
an “Aquaplanet” configuration, while being as general
as possible at the same time.

The ocean response is a combination of downward
propagating signals and dynamical waves that depend
on boundary conditions. Due to the thermal inertia of
the ocean, the surface temperature exhibits a 60° longi-
tudinal shift with respect to the position of the substellar
point. This results in a similar shift of the position of
the maximum rainfall on the planetary surface, with a
consequent asymmetry of the thermal emission of the
planet, which instead of being centered on the substel-
lar point is shifted westward. This pattern, although
present in all analyzed scenarios, is more evident for the
slow rotation regime, as the ocean - and consequently
the atmosphere - have more time to respond to the heat-
ing caused by the slowly shifting stellar forcing. For
the same rotation case, tidal scenarios characterized by
weaker ocean vertical diffusion present more clearer cli-
mate patterns, as the temperature signal resulting from
the stellar forcing is not efficiently mixed in the vertical
but persists strongly in the upper ocean layers.

In order to fully characterize exoplanetary properties,
a combination of thermal emission and reflected light
observations would be necessary (Cowan et al. 2012).
We simulate phase curves for both emitted and reflected
light for all analyzed scenarios, assuming the orbit to be
edge-on with respect to a potential observer. Reflected
light phase curves do not present any substantial asym-
metry with respect to the midpoint of the transit, in
any of the analyzed scenarios. Therefore, there is no
discernible difference between a 1:1 and a 3:2 scenario,
as observed reflected light would peak at full phase (dur-
ing secondary eclipses) and drop to minima at transits,
with no noticeable offset or asymmetry in both cases.

Thermal emission phase curves present more interest-
ing features. The top-of-atmosphere outgoing thermal
radiation is a result of the interplay between surface
temperature, cloud formation and atmospheric dynam-
ics. In the case of a 1:1 SOR dry exoplanet, with no
thick atmosphere, the planet would be characterized by
stark thermal contrast between its permanent day and
night sides. This would result in a sharp thermal emis-
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sion peak near secondary eclipse and minimal thermal
emission near transit (Koll & Abbot 2015). In the case
of a simulated 1:1 SOR exoplanet with a coupled slab
ocean, the amplitude of the phase curve would be re-
duced, as the temperature contrast between the day and
the night side would be less stark with respect to the
dry case. While the maximum surface temperature co-
incides with the substellar point, the day hemisphere is
shrouded in thick symmetric clouds, which would cause
reduced observed thermal emission at the top of the at-
mosphere. This results in peaks corresponding to tran-
sits and troughs corresponding to secondary eclipses (for
instance, broadband thermal emission phase curves cal-
culated for temperate aquaplanets shown in Wolf et al.
(2019)). These simplified examples of phase curves,
shown in the top panels of Figure 10, assume no sig-
nificant horizontal heat transport - simulated in coarse
GCMs with no meridional barriers by unrealistically
strong equatorial jets - and no appreciable cloud advec-
tion due to strong atmospheric circulation. These would
result in a longitudinal shift of the planetary outgoing
longwave emission. Moreover, we assume a temperate
mean state of the climate, comparable to the one simu-
lated in our cases, and associated with a planet orbiting
in the middle range of the habitable zone.

We compare our results, obtained for a 3:2 SOR sce-
nario by employing a coupled atmosphere-ocean general
circulation model equipped with a full-depth dynamic
ocean, to 1:1 SOR idealized results in Figure 10. We
find that both a fast and a slow rotation regime result
in phase curves characterized by significantly different
features compared with the synchronous rotation sce-
nario, meaning that discerning between the two SORs
might be possible from thermal emission observations.
In the case of a fast rotation regime, the more homo-
geneous atmosphere results in a smoother phase curve,
with little evidence of peak and troughs. In the case of
a slow rotation regime, the longitudinal shift of outgo-
ing longwave radiation as a consequence of the shifted
position of the peak in rainfall results in an offset of the
thermal emission phase curve. With respect to the 1:1
SOR slab ocean scenario, the phase curve in this case
presents a negative shift, with an evident asymmetry
with respect to the mid point of the transit. Moreover,
the impact of ocean dynamics in combination with a
“Ridgeworld” continental configuration results in an or-
bital phase-dependent amplitude of the curve. The im-
portance of ocean circulation in shaping planetary cli-
mates, and therefore potential observables, is evident:
this appreciable effect is triggered by a submerged con-
tinental barrier, and would undoubtedly be even more
pronounced for actual continents, that could introduce
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Figure 10: Thermal emission phase curve schematics
for idealised 1:1 SOR - based on previous works, for
instance (Koll & Abbot 2015; Wolf et al. 2019) -
and our 3:2 SOR scenarios.

an additional longitudinal asymmetry linked to different
surface types.

Climate simulations of similar scenarios differing ex-
clusively for the initial position of the barrier with re-
spect to the substellar point would present the same lon-
gitudinal shift in maximum surface temperature, peak
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rainfall and minimum outgoing longwave radiation. The
initial position of the barrier with respect to the observer
would influence the shape of the thermal emission phase
curve (for instance, the amplitude of consecutive peaks
and troughs), but not its offset. This is a consequence
of different portions of the planetary surface being in
the field of view of the observer. As mentioned in the
Observables section, the longitude specific feature of the
barrier introduces asymmetries in the planetary thermal
emission associated with the same orbital configuration
during consecutive orbits.

We note that, although several climate studies regard-
ing 1:1 SOR exoplanets simulate the position of the sur-
face temperature maximum to roughly correspond to the
substellar point location, numerous papers have demon-
strated how a hot spot offset is highly sensitive to several
different factors. Efficient atmospheric/oceanic horizon-
tal heat transport and robust equatorial jet streams can
cause an eastward shift of the hot spot with respect to
the substellar point (for instance, Hammond & Lewis
(2021)). Ocean dynamics influence surface temperatures
and atmospheric patterns, and can result in lobster-like
spatial pattern instead of eyeball configurations (for in-
stance, (Del Genio et al. 2019)). Various other parame-
ters play an important role in determining climate pat-
terns in this scenario, such as stellar flux, atmospheric
composition, planetary rotation rate, surface gravity,
planetary radius, and cloud particle size (for instance,
Komacek & Abbot (2019)). An additional factor to
consider is the host star spectrum, as the in-
teraction of incident stellar radiation with at-
mospheric gases and aerosols, and subsequently
with the ocean, can potentially affect key climate
features and thereby impact both reflected light
and thermal phase curves. The extreme sensi-
tivity not only to the choice of parameter values, but
also to physical parameterizations and model architec-
ture complexity and resolution, warrant a vast range of
further study of planetary climate states. This issue
has prompted the development of a model intercompar-
ison study specifically for synchronous planets orbiting
low-mass stars Haqq-Misra et al. (2024), in an ongo-
ing effort to systematically evaluate model performance
and achieve a consistent framework that would allow a
realistic interpretation of planetary environments from
future observational data.

The feasibility of relying on this kind of study to in-
fer information from observational data is still currently
under development and is subject to continuous and fur-
ther refinement. Theoretically, variations in reflectiv-
ity and outgoing longwave radiation may be leveraged
to distinguish between different orbital configurations.
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However, for the case of temperate Earth-sized plan-
ets orbiting low-mass stars, this will require the capa-
bilities of the next generation of observatories including
the Large Interferometer For Exoplanets (LIFE) (Quanz
et al. 2022b) and the Planetary Camera and Spectro-
graph (PCS) for the Extremely Large Telescope (ELT)
(Kasper et al. 2021). We estimate the photometric flux
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