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Abstract

Eccentric planets may spend a significant portion of their orbits at large distances from their host stars, where low
temperatures can cause atmospheric CO2 to condense out onto the surface, similar to the polar ice caps on Mars.
The radiative effects on the climates of these planets throughout their orbits would depend on the wavelength-
dependent albedo of surface CO2 ice that may accumulate at or near apoastron and vary according to the spectral
energy distribution of the host star. To explore these possible effects, we incorporated a CO2 ice-albedo parame-
terization into a one-dimensional energy balance climate model. With the inclusion of this parameterization, our
simulations demonstrated that F-dwarf planets require 29% more orbit-averaged flux to thaw out of global water
ice cover compared with simulations that solely use a traditional pure water ice-albedo parameterization. When
no eccentricity is assumed, and host stars are varied, F-dwarf planets with higher bond albedos relative to their
M-dwarf planet counterparts require 30% more orbit-averaged flux to exit a water snowball state. Additionally,
the intense heat experienced at periastron aids eccentric planets in exiting a snowball state with a smaller increase
in instellation compared with planets on circular orbits; this enables eccentric planets to exhibit warmer conditions
along a broad range of instellation. This study emphasizes the significance of incorporating an albedo parameter-
ization for the formation of CO2 ice into climate models to accurately assess the habitability of eccentric planets,
as we show that, even at moderate eccentricities, planets with Earth-like atmospheres can reach surface tempera-
tures cold enough for the condensation of CO2 onto their surfaces, as can planets receiving low amounts of instel-
lation on circular orbits. Key Words: Extrasolar planets—Stars—Ice. Astrobiology 25, 42–59.

1. Introduction

T he interaction of the host star spectral energy distribu-
tion (SED) with surface ice can significantly affect the

planetary climate (Joshi and Haberle, 2012; Shields et al.,
2013, Shields et al., 2014). While water ice has strong
absorption at infrared (IR) wavelengths (3–150 mm), CO2 ice

is largely reflective at these wavelengths. These radiative dif-
ferences are especially significant when considering the hab-
itability of M-dwarf planets that emit strongly at near-IR
wavelengths, where water ice absorbs strongly, which results
in a warmer climate on M-dwarf planets than on planets
orbiting stars with a higher ratio of visible/ultraviolet (UV)
output (Shields et al., 2013, Shields et al., 2014; Shields
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et al., 2016). The radiative effects of CO2 ice on the climate
of eccentric planets orbiting stars of different spectral types
may be significant and have not previously been explored.

Planets with eccentricities e ‡ 0.1 comprise 20% of all dis-
covered exoplanets with confirmed eccentricity1 (Brady
et al., 2018; Hugh et al., 2006; Kane et al., 2016; Kanodia
et al., 2020; Korzennik et al., 2000; Naef et al., 2001;
Schanche et al., 2022; Tamuz et al., 2008; Wittenmyer et al.,
2017). Additionally, some rocky exoplanet candidates are also
on eccentric orbits (Astudillo-Defru et al., 2020; Dreizler
et al., 2020; Stock et al., 2020; Winters et al., 2022). At large
orbital distances from their host stars, eccentric planets
exhibit colder surface temperatures that may allow for the
condensation of atmospheric species. Water vapor, having a
high condensation temperature, would be the first species to
condense at large distances. At even colder temperatures,
“exotic” ices—ices other than water ice—could potentially
condense on planetary surfaces. Carbon dioxide, nitrogen,
ammonia, and hydrocarbon ices such as methane and ethane
exist on planetary bodies within our own solar system, includ-
ing Mars (Jones et al., 1979; Phillips et al., 2011), Triton
(Cruikshank et al., 1993), and Pluto (Tegler et al., 2010) and
its moon Charon (Brown and Calvin, 2000). On highly eccen-
tric cold planets, bulk atmospheric constituents may condense
onto the surface, resulting in the formation of large CO2 ice
deposits, similar to those observed on the polar regions of
Mars (Smith et al., 2022). Water and CO2 condensation on
the surface can increase its reflectivity, which also increases
planetary bond albedo and intensifies the water and CO2 ice-
albedo feedback. If the feedback is sufficiently strong, it could
cause a planet to enter into a fully glaciated water snowball
state, akin to snowball Earth (Hoffman et al., 1998; Kirsch-
vink, 1992) or a fully glaciated CO2 snowball state.

In some cases, eccentric rocky planets can support liquid
water only for a portion of their orbit as they move to perias-
tron due to the higher stellar flux they receive (Bolmont
et al., 2016), while remaining in a frozen state at apoastron.
However, the long-term climate stability of Earth-like plan-
ets depends on the orbit-averaged stellar flux received rather
than their time spent within the habitable zone (HZ) (Kasting
et al., 1993; Williams and Pollard, 2002). The HZ has an
inner edge known as the moist greenhouse limit, where high
atmospheric temperatures lead to an ineffective cold trap,
which causes a moist stratosphere. At its extreme, the moist
greenhouse limit of the HZ leads to a runaway greenhouse
(RGH), resulting in uncontrolled warming due to the closure
of the H2O window region. The outer edge is defined by the
maximum CO2 greenhouse limit, where the increased Ray-
leigh scattering in the multibar CO2 atmosphere balances its
greenhouse effect and prevents any further CO2-induced
warming of the planet (Kasting et al., 1993; Kopparapu
et al., 2013, Kopparapu et al., 2014). However, Turbet et al.
(2017) have shown that CO2 surface ice condensation is
more prominent at high solar constants than CO2 maximum
greenhouse limits. This study focuses on the RGH limit for
planets. It utilizes the parameterization from Palubski et al.
(2020) as it focuses on eccentric planets that may reach
beyond the moist greenhouse limit and into the RGH regime
at periastron.

Eccentric rocky planets, even outside the traditional HZ,
may exhibit fractional habitability, and maintain liquid water
on their surface during a portion of their orbits (Dressing
et al., 2010; Linsenmeier et al., 2015; Palubski et al., 2020).
In most studies, the mean flux approximation can be used to
assess the overall climate (Bolmont et al., 2016), considering
the average flux based on the orbital radius within the eccen-
tric HZ, the region around a star where a planet on an eccen-
tric orbit can maintain surface liquid water (Barnes et al.,
2008). In certain cases, atmospheric condensation may occur
at apoastron while intense stellar heating could potentially
drive moist greenhouse conditions at periastron (Palubski
et al., 2020). Using three-dimensional (3D) global climate
model (GCM) studies, Bolmont et al. (2016) found that
eccentric aquaplanets can freeze over at apoastron but
recover their liquid water oceans at periastron. Research by
Graham et al. (2022) indicates that at low instellation (stellar
flux from the host star), rocky planets within the circumstel-
lar HZ can have condensed CO2 oceans in addition to water
oceans and that these CO2 oceans can be present even in the
presence of negative feedback due to silicate weathering.
This might also be relevant for planets on eccentric orbits.
Therefore, investigating the varying climates of eccentric
planets throughout their orbits, from atmospheric condensa-
tion at apoastron to perhaps reaching RGH states imposed
by the orbit-averaged flux, is crucial for enhancing our
understanding of their long-term habitability.

Previous studies employing 1D energy balance models
(EBMs) (Ramirez et al., 2020; Simonetti et al., 2024), 2D
EBMs (Ramirez, 2024), and 3D General Circulation Models
9GCMs) (Forget et al., 2013; Soto et al., 2015; Urata and
Toon, 2013; Wordsworth et al., 2013) have explored CO2 con-
densation on Mars and select terrestrial exoplanets (Bonati and
Ramirez, 2021; Turbet et al., 2017, Turbet et al., 2018). How-
ever, these studies neglected eccentric planets. Similarly, while
EBM studies have examined the effects of water ice, salt, and
land albedo feedback (Rushby et al., 2019, Rushby et al.,
2020; Shields et al., 2013; Shields and Carns, 2018), the radia-
tive impacts of CO2 ice on the long-term climate stability of
eccentric exoplanets have not been investigated.

In this study, we quantify the influence of the H2O and CO2

ice-albedo feedbacks on eccentric and cold planets. The article
is structured as follows: Section 2 explains the modifications
made to incorporate a CO2 ice-albedo parameterization into an
EBM. In Section 3, we describe our multitiered approach to
model the climate of cold and eccentric planets using our
EBM, and we validate our model. In Section 4, we present the
results obtained by varying eccentricity, host star SED, and
CO2 ice-grain size. Our findings and their implications are dis-
cussed in Section 5; conclusions follow in Section 6.

2. Methods

2.1. Model description

A 1D EBM from North and Coakley (1979) was used to
simulate the potential climates of planets orbiting a range of
stars at varying eccentricities. The EBM calculates the
zonally averaged surface temperatures of the planet at each
latitude and incorporates as input the albedos of ocean, land,
and water ice surfaces, assuming the presence of an overly-
ing atmosphere. We modified the EBM to also include an1NASA Exoplanet Archive.
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albedo parameterization for the formation of CO2 ice that
may form on these planets’ surfaces. The EBM equates the
incoming shortwave radiation from the host star with the
outgoing longwave radiation (OLR) from the planet using
the following equation from North and Coakley (1979):

C xð Þ vT
vt

x; tð Þ�D0D
2T x; tð ÞþAþBT x; tð Þ

¼QS x; tð Þ 1� S x; tð Þð Þ; (1)

In this equation, x is the sine of the latitude, and t is the
time. The first term on the left-hand side of Eq.1 represents
the time evolution of temperature, accounting for the thermal
inertia or heat capacity per unit area of the surface of the
planet. The second term captures the transport of heat across
the planet, where D0 serves as the diffusion parameter. The
third and fourth terms jointly express the OLR emitted by the
planet. The right-hand side of the equation describes the short-
wave radiation absorbed by the planet. Here, Q represents the
globally averaged incident flux (*340 Wm-2), S(x, t) denotes
the latitude-dependent normalized flux received by the planet,
and A(x, t) signifies the albedo of the planet.

EBMs have been extensively used to study the ice-albedo
feedback mechanism and its implications for Earth’s paleo-
climate (Budyko, 1969; Feldl and Merlis, 2021; Lindzen and
Farrell, 1977). These models utilize the incoming shortwave
radiation, OLR, and horizontal heat transport to determine
the global mean temperature and mean iceline latitude of the
planet (North and Coakley, 1979).

An Earth-like atmosphere was assumed, with a CO2 concen-
tration of 400 parts per million (ppm), typical of present-day
levels. Additionally, we used a mid-latitude average water
vapor concentration of 1% of the atmosphere at a constant sur-
face pressure of 1 bar with a modern-day continental distribu-
tion. In this distribution, some portions of the latitude band are
assigned the albedo of land, while others are assigned ocean
albedos. The parameterization of A and B is determined by the
linearization of the equations described by Spiegel et al. (2010).
Additionally, the model has distinct heat capacities for land and
ocean, and heat is allowed to flow between them. This is con-
sistent with other studies, such as that by Wilhelm et al. (2022).
The albedo values for land and ocean were calculated as
weighted averages based on the fractions of land and ocean in
each latitude band, taking into account the SED of the host star.

In our model, the term “broadband planetary albedo/bond
albedo” refers specifically to the broadband (integrated across
the full spectrum of wavelengths covered by the albedo values)
albedo of the planet. The bond albedo, calculated using the
Spectral Mapping Atmospheric Radiative Transfer Model
(SMART) (Crisp et al., 1996) in Shields et al. (2013), includes
the effects of atmospheric gases, clouds, and Rayleigh scatter-
ing. This definition therefore follows the traditional concept of
“top-of-atmosphere (TOA) albedo” found in some radiative-
convective model articles that follow this approach to include
the contribution of clouds (Williams and Kasting, 1997). In our
model, atmospheric effects have been incorporated into the
water ice, ocean, and land surface bond albedos, as described
by Shields et al. (2013). Hence, we refer to them as bond albe-
dos. However, we used albedo values for pure CO2 ice with no
overlying atmosphere when the relevant CO2 condensation
temperature was reached on our simulated planets’ surfaces;

thus we refer to the albedo when CO2 ice is present as “surface
albedo.” This approach has been followed in other studies such
as those by Palubski et al. (2020), Deitrick et al. (2018), and
Wilhelm et al. (2022). Once the condensation temperature for
CO2 is reached, it is presumed that the entire atmosphere,
including water vapor, has condensed onto the surface, with
CO2 ice on the topmost layer of the surface (overlying water
ice or snow). While N2 and O2 would still be present in the
atmosphere, their condensation points (70 and 90 K) are far
lower than the condensation limit of CO2 at its assumed partial
pressure, and their contribution to the planetary bond albedo is
minimal Ahrens et al. (2022); thus their radiative effects were
neglected.

In a warm-start scenario, as the flux decreases, the temper-
atures on land decrease to 273 K, and in the ocean to 271 K,
the freezing point of salt water on Earth, and the albedo val-
ues for land and ocean are increased to those for water ice.
Thus, it is assumed that the land and ocean surfaces are
becoming snow-covered and glaciated. For a partial pressure
of CO2 of 400 ppmv as used in this study, the condensation
temperature is 131.06 K, at which point in the model CO2 is
presumed to condense, and the albedo values are then
increased to those of CO2 ice. For our cold-start cases, the
model with the albedo values for CO2 ice were initialized every-
where on the planet, since it is presumed that the atmospheric
CO2 has condensed on both land and ocean surfaces. As the
instellation increases, the albedo values of CO2 ice are decreased
to that of water ice when the temperature reaches 271 K in the
ocean and 273 K on land. As the planet thaws out of ice cover,
the water ice-albedo values are decreased to those of ocean and
land. In our model, the freezing point of water is depressed by
salinity, which leads us to consider it as 271 K rather than the
standard 273 K for the ocean. The obliquity was set to 0, while
the instellation, eccentricity, host star SED, and CO2 ice-grain
size were varied to explore and isolate their climate effects. The
complete set of model inputs is provided in Table 1.

TABLE 1. MODEL PARAMETERS

Parameter Type/value

Ice surface CO2, H2O
Stellar type F2V, G2V, K2V, M3V
Rotation period 24 h (F, G, K, M)
Dominant atmospheric
species

N2, CO2, H2O

Atmospheric pressure 1 bar
Amount of CO2 400 ppmv
Stellar flux 5–150%, varied by 5%
Obliquity 0�
Argument of periastron 102.07
Eccentricity 0.0, 0.5, 0.9
Semi-major axis 1 AU
Heat diffusion (D) 0.44 Wm2 K-1

Land configuration modern Earth
CO2 ice grain 2, 20, 200, 2000 mm
Water ice grain snow (S), 50% mixture of S + BM,

blue marine (BM)
Heat capacity, land (Cl) 0.45 Wm2yr K-1

Heat capacity, ocean
mixed layer (Cw)

9.8 Wm2yr K-1

Ocean mixed layer
depth

70 m
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2.2. Model inputs

The stellar spectra for F2V Star HD128167, the Sun, K2V
Star HD22049, and M3V star AD Leo were retrieved from
the Virtual Planet Laboratory’s database (Chance and Kur-
ucz, 2010; Reid et al., 1995; Segura et al., 2003; Segura
et al., 2005). These stellar spectra are shown in Figure 1.
The surface albedo files for water ice were obtained from
Joshi and Haberle (2012). Snow corresponds to the conden-
sation of water vapor from the atmosphere, blue marine ice
forms from the freezing of liquid water and exhibits bubbles
and cracks due to thermal stress (Warren et al., 2002), and
the 50% mixture combines both snow and blue marine ice.

To examine the impact of ice-grain size on the climate sta-
bility of exoplanets, the CO2 ice spectra of 2, 20, 200, and
2000 mm ice-grain sizes were obtained from Hansen (1997).
These ice grains were grown under a partial pressure of CO2

(35–40 mmHg) at a temperature of 150 K. Figure 2 show-
cases the surface spectra for snow, blue marine ice, the 50%
mixture, and carbon dioxide ices, highlighting their different
characteristics.

The bond albedo values for land, ocean, and water ice were
obtained from Shields et al. (2013), derived from SMART
which calculates the radiative physics between the planet’s
ocean, land, ice, and instellation based on the characteristics of
the host star. The land and ocean grid cells exhibit a zenith
angle dependence following Deitrick et al. (2018), which
includes a Legendre polynomial to calculate the increased
reflectance at high latitudes due to higher zenith angle. The
bond albedo for water ice, land, and ocean includes the effect
of Earth-like gases, clouds, and Rayleigh scattering. To simu-
late the CO2 condensation on the planet’s surface, the surface
albedos were computed using the following equation:

a¼
Ð
ak ·Fdn kð ÞdkÐ
Fdn kð Þdk ; (2)

Here, a is the bond albedo; Fdn is the downwelling instel-
lation reaching the surface, also known as “shortwave radia-
tion,” which is expressed as ak = Fup/Fdn, where Fup is the
amount of flux that is scattered upwards and away from the
planet’s surface. The atmospheric effects were not included
for CO2 ices; hence, we refer to them as surface albedos.

The input bond albedos and surface albedos are illustrated
in Figure 3 and summarized in Table 2. These bond albedo
values were utilized as input parameters for the EBM. We
then used the EBM to examine the influence of eccentricity,
host star spectral type, and ice-grain size on the climate sen-
sitivity of planets at a range of eccentricities throughout the
course of their orbits.

3. Introducing a Multitiered Approach to the EBM

The seasonal EBM computed the temperature and albedo
for each latitude band at each time step throughout the year.
The temporally resolved instellation representing the instan-
taneous flux at each time step was used for these calcula-
tions. To obtain annual mean temperatures and albedos, the
time-varying values were averaged over the orbital period.
To simulate cold planets, the seasonal EBM was modified to
use a multi-layer approach. Starting with an Earth-like land
and ocean configuration, and the OLR parameterization from
Spiegel et al. (2010), the following traditional albedo param-
eterization was used for surface water ice when temperatures
were below 273 K for land and below 271 K for ocean,

T ¼ � 271 K & 273K;water ice albedo
>271 K & 273K; ocean and land albedo

�
(3)

Once the daily temperatures dropped below the condensa-
tion temperature of CO2 (131.06 K), the same OLR parame-
terization from Spiegel et al. (2009) was used, and the EBM
was upgraded to include a parameterization for the formation
of CO2 ice, ice albedo

T ¼ � 131:06K; CO2

>131:06K;water ice albedo

�
(4)

Additionally, the RGH parameterization from Palubski
et al. (2020) was incorporated, where the OLR was linearly
parameterized based on surface temperatures,

OLR¼ AþBT; T � 319K
300Wm� 2; T>319K

�
(5)

where A is 203.3 Wm-2, B is 2.08 Wm-2, and T is the zonally
averaged surface temperature. For context, the OLR value
for Earth is 239 – 3 Wm-2 (Stevens and Schwartz, 2012)
compared with the RGH limit seen in the work of Palubski
et al. (2020). Thus, these different parameterizations were
applied to every latitude band.

Simulations were conducted in two scenarios: a “warm-
start” case and a “cold-start” case. These cases are defined
based on the orbit-averaged amount of instellation received
by the planets from their host star. At higher eccentricities,
the amount of instellation received by the planet averaged
over the entire orbit increases by (1 - e2)-1/2, as demon-
strated by past studies (Adams et al., 2019; Bolmont et al.,
2016; Dressing et al., 2010; Laskar et al., 1993). We have
incorporated this factor in our simulations and defined it as
the orbit-averaged solar constant. For the cold-start case, the
planet started in the globally ice-covered “CO2 snowball”
state with a global mean temperature below 131.06 K, and
the instellation was increased by increments of 5% starting
from 5% of the orbit-averaged solar constant. In these cases,

FIG. 1. SEDs for F-, G-, K-, and M-dwarf stars are nor-
malized by integrated flux based on Wolf et al. (2017).
SEDs, spectral energy distributions.
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it was assumed that the planets started out with CO2 ice
given their temperature regime and gradually warmed such
that only water ice or liquid water was present, eventually
transitioning into an RGH state when high values of instella-
tion were reached.

In contrast, for the warm-start cases, it was assumed that
there was no ice on the planets at an instellation of 150% of
the orbit-averaged solar constant. The instellation was then
decreased in intervals of 5% until the planets reached fully
glaciated, snowball states. As the instellation was further
decreased, these planets transitioned from water ice snow-
ball planets into CO2 ice snowball planets. The RGH

parameterization accounted for high temperatures, while water
ice-albedo and CO2 ice-albedo parameterizations were incor-
porated at lower temperatures that corresponded to the forma-
tion of water and CO2 ice. The difference in the latitudinal
extent of the ice line between the warm start and cold start is a
measure of the planet’s climate hysteresis (see, e.g., Broecker
and Denton, 1989; Lenton et al., 2008). While our study
focused on varying instellation while keeping the orbital
period constant and Earth-like, research indicates that changes
in the orbital period also influence climate hysteresis (Wilhelm
et al., 2022). Figure 4 illustrates an example of this climate
hysteresis curve and demonstrates the climate sensitivity to
changes in instellation. A wider hysteresis loop suggests
greater climate stability across a range of instellation. In
contrast, a narrower loop indicates heightened sensitivity
to changes in incoming stellar radiation, potentially leading
to significant shifts in climate states.

The model determined the annual percent surface coverage
based on the resulting surface temperature output. Assuming
a cold-start scenario, the model assigned the planet a surface
albedo value characteristic of CO2 ice since the surface tem-
perature is below 131.06 K. As the instellation increased and
the surface temperature rose above 131.06 K, the model
switched to the albedo parameterization of water ice and the
corresponding surface albedo for that surface type was used.
As the planet thawed out of water ice, from 273 to 319 K, it
was assumed that liquid water was present on the planet. A
simple temperature-dependent albedo was used to simulate
an ice sheet that started with an initial thickness of 2 m when
the temperatures reached below -2�C. While the model
tracks the thickness of water ice, it does not track the thick-
ness of carbon dioxide ice. Given the lower condensation
limit for CO2 ice, any ice thickness output from this model,
therefore, can be assumed to be a lower limit on what might
actually accumulate on these planets’ surfaces. Above 319 K,

FIG. 2. CO2 ice-albedo spectra were provided by Hansen (1997). Snow, blue marine ice, and the 50% mixture
between the snow and blue marine ice spectra are from Joshi and Haberle (2012).

FIG. 3. Planetary bond albedo and surface albedo values
are used as input to the EBM. Shown are bond albedos for
snow, blue marine ice, and a 50% mixture of the two end-
members, from Shields et al. (2013). Surface albedos for pure
CO2 ice of different ice-grain sizes are also shown. A fully
condensed atmosphere is assumed at a surface temperature of
131.06 K when CO2 forms, rendering these surface albedos
equivalent to TOA albedos in that temperature regime,
although N2 and O2 are still present in the atmosphere. EBM,
energy balance model; TOA, top-of-atmosphere.
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the onset of an RGH state is presumed, following (Palubski
et al., 2020) parameterization. Thus, at any given instellation,
the percent surface coverage for the different states can be
determined on the planet.

3.1. Model validation

The model output was validated by reproducing the global
mean temperature and ice lines for Earth and Mars. To vali-
date the albedo effects of water ice, a 50% mixture of snow
and blue marine ice on surfaces was assumed where tempera-
tures fell below the freezing point of liquid water, as was
done in previous studies (Rushby et al., 2019; Shields et al.,
2013). The resulting ice line of 64� and a global mean

temperature of 293 K were within 5 K of the results reported
in previous studies (Rushby et al., 2019; Shields et al., 2013).
The parameters used to validate Earth’s OLR were taken
from Spiegel et al. (2010), whose parameters are consistent
with those of other studies (Deitrick et al., 2018; Palubski
et al., 2020; Rushby et al., 2019; Shields et al., 2013;
Shields and Carns, 2018; Wilhelm et al., 2022). A compar-
ison between the TOA albedo and annual global mean tem-
perature for our model versus Earth data is illustrated
in Figure 5. Although there is a good agreement between
our model and the Earth data, the TOA albedo appeared
higher in our model. This difference is attributed to our
consideration of a 50% mixture between snow and blue
marine ice for surface ice, compared with sea ice used in
their data. The transient increase observed in the Earth data
corresponds to the presence of clouds. Our study used the
same Spiegel OLR parameterization for Mars and Earth.
However, we considered a 200 mm grain size of CO2 ice
and assumed that the planet received 43% of the orbit-
averaged solar constant. Previous studies, such as that by
Cross et al. (2020), have examined CO2 ice samples on
Mars with sizes ranging between ‡200 and 2000 mm. This
study assumed that our simulated planets harbor a CO2 ice-
grain size of 200 mm. The model yielded a global mean
temperature of 211 K, which aligns with current estimates
of the surface temperature on Mars (Atri et al., 2022).

We also followed the approach of Bonati and Ramirez
(2021) and computed the northward heat flux for our model to
validate our atmospheric heat transport parameter. The north-
ward heat flux was calculated using the following equation:

F¼ � 2pR2Dcos2 kð Þ dT
dx

; (6)

where F is the meridional heat transport flux, R is Earth’s
radius (6371 Km), k is the latitude, D is the heat coefficient

FIG. 4. A schematic diagram of a climate hysteresis
curve. The two stable states—a globally glaciated snow-
ball state and ice-free states—are shown in the figure. A
warm-start case refers to a simulation that assumes the
initial condition to be ice-free, whereas a cold-start case
assumes the initial condition to be a snowball state.

TABLE 2. BOND ALBEDO VALUES

Host star CO2 ice Surface albedo H2O ice
Input albedo

(Shields et al., 2013)

F2V 2000 [mm] 0.905 Snow 0.668
200 [mm] 0.960 50% mixture 0.536
20 [mm] 0.983 Blue marine 0.425
2 [mm] 0.993 Land 0.414

Ocean 0.329
G2V 2000 [mm] 0.901 Snow 0.646

200 [mm] 0.954 50% mixture 0.514
20 [mm] 0.979 Blue marine 0.401
2 [mm] 0.993 Land 0.415

Ocean 0.319
K2V 2000 [mm] 0.886 Snow 0.604

200 [mm] 0.944 50% mixture 0.447
20 [mm] 0.974 Blue marine 0.369
2 [mm] 0.988 Blue marine 0.401
2 [mm] 0.991 Blue marine 0.401
2 [mm] 0.993 Land 0.401

Ocean 0.302
M3V 2000 [mm] 0.790 Snow 0.398

200 [mm] 0.881 50% mixture 0.315
20 [mm] 0.936 Blue marine 0.243
2 [mm] 0.970 Blue marine 0.401
2 [mm] 0.991 Blue marine 0.401
2 [mm] 0.993 Land 0.331

Ocean 0.233
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and we used a fixed value of 0.44W m-2 K-1, T is the surface
temperature, and x = sink represents the grid for each latitude
band. The meridional heat flux as a function of obliquity at
0�, 23.3�, 45�, and 90� is depicted in Figure 6.

While our results are largely consistent with previous
studies conducted by Williams and Pollard (2003), Linsen-
meier et al. (2015), and Bonati and Ramirez (2021), a
small anomaly at -40� latitude was observed, and a flat
meridional heat transport pattern is present at an obliquity
of 90�. These anomalies arise due to the modern-day land
distribution assumed for the planet across latitudes. When
the obliquity is 90�, the southern polar region is the sub-
stellar point so no gradient in temperature is observed at
this point, resulting in a flux of 0 between -60� and -80�
latitude. The -40� latitude coincides with the lowest frac-
tion of land (5%), and the albedo is dominated by the
ocean, which is darker than our land surface. This leads to
higher temperatures at these points, resulting in a spike in
the meridional heat transport. Although we tested different
obliquities for model validation, all simulated planets in
this study were assumed to have an obliquity of 0�. The
validation of our Earth-based model, water ice parameter-
ization, CO2 ice-albedo parameterization, and zero obliq-
uity studies of eccentric planets confirms the robustness of
the model.

4. Results

First, we compare simulations using our new CO2 ice-
albedo parameterization with those employing a traditional
water ice-albedo parameterization. We determine the instel-
lation threshold for CO2 condensation on planets orbiting a
range of different types of stars, and we examine how CO2

and H2O climate hysteresis is affected by eccentricity, host
star SED, and different ice-grain sizes in exoplanets. Addi-
tionally, we investigate the instellation at which planets tran-
sition into RGH states.

Figure 7 presents the instellation at which CO2 condensa-
tion occurs for warm-start planets orbiting F-, G-, K-, and
M-dwarf stars. Warm-start planets with an eccentricity of
0.9 do not reach temperatures low enough to harbor CO2 ice
on their surface. M-dwarf planets with an eccentricity of 0.5
also fail to reach temperatures corresponding to the CO2 con-
densation limit, even when the instellation is lowered to 5%

FIG. 5. A comparison between the results of our 1D EBM and observed data of Earth’s top-of-atmosphere (TOA)
albedo (left) and global mean surface temperature (right) is presented. The Earth’s TOA albedo data are sourced from
Energy balance and filled (CERES EBAF) (Loeb et al., 2018), while the annual surface temperature data were obtained
from ERA5 reanalysis (Hersbach et al., 2020).

FIG. 6. The meridional energy transport as a function of
latitude is shown for different obliquities. Different obliq-
uities were tested for model validation; however, a 0�
obliquity was considered for all simulations in our work.

FIG. 7. The cross and Y markers quantify the instella-
tion at which CO2 condensation occurs for warm-start
planets that get cold enough to harbor CO2 ice on their
surface. On the contrary, the instellation at which cold-
start planets exit the CO2 condensation limit is repre-
sented by circles, squares, and triangles.
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of the orbit-averaged solar constant, the lowest limit we have
used for the instellation. In a warm-start scenario, F-, G-, K-,
and M-dwarf planets on circular orbits require 5% of the
orbit-averaged solar constant, equivalent to 68 W/m2, for the
formation of CO2. With an increase in eccentricity from 0 to
0.5, the instellation levels for CO2 condensation are 5% of
the orbit-averaged solar constant for F-, G-, and K-dwarf
planets, respectively. This trend can be attributed to the lon-
ger wavelength emissions associated with the SEDs of
cooler stars, which align with the strong absorption charac-
teristics of CO2 ice in those spectral regions.

In Figure 7, we also display the instellation at which cold-
start planets exit the CO2 condensation limit. Cold-start plan-
ets begin with CO2 ice and require a higher flux to melt the
CO2 ice on their surfaces due to increased albedos versus
land and ocean surfaces. F-, G-, K-, and M-dwarf planets on
circular orbits need 75%, 65%, 55%, and 30% of the orbit-
averaged solar constant, respectively, to surpass the CO2

condensation limit. Similarly, for F-, G-, K-, and M-dwarf
planets with an eccentricity of 0.5, the required flux is
80.83%, 69.28%, 57.74%, and 28.87% to melt the CO2 ice.
However, highly eccentric planets (e = 0.9) can surpass the
CO2 condensation limit at higher flux levels. For instance,
F-, G-, K-, and M-dwarf planets need 91.77%, 80.30%,
68.8%, and 34.4% of the orbit-averaged solar constant to
melt CO2 ice on their surfaces.

Figure 8 illustrates the latitudinal extent of water ice as a
function of the orbit-averaged solar constant (1360 W/m2)
for an F-dwarf planet and an M-dwarf planet, comparing the
traditional water ice-albedo parameterization (teal) with the
addition of a CO2 ice-albedo parameterization (gray) in a
cold-start scenario. Simulations assume a mixture of 50%
snow and blue marine water ice, 200 mm CO2 ice, and an
orbital eccentricity of 0.5. With the inclusion of the CO2 ice-
albedo parameterization, climate simulations of M-dwarf
planets require no difference in flux to exit global water ice
cover than simulations that use solely a water ice-albedo
parameterization. However, F-dwarf planets are significantly
more resistant to thawing and require an additional 29%
increase in instellation to exit global ice cover. The higher

percentages of visible and near-UV flux emitted by F-dwarf
stars interact with CO2 and water ice on planetary surfaces;
this results in higher bond albedos and a much larger requi-
site flux to thaw out of global ice cover than for M-dwarf
planets. This demonstrates that including the CO2 ice-albedo
parameterization increases the instellation required for thaw-
ing in F-dwarf planets compared with the water ice-albedo
parameterization.

4.1. The effect of eccentricity

The hysteresis curves as a function of eccentricity for F-,
G-, K-, and M-dwarf planets at e = 0, 0.5, and 0.9 are shown
in Figure 9. These simulations included a 50% water ice mix-
ture and 200 mm CO2 ice-grain size. The width between
warm- and cold-start conditions can be interpreted as a mea-
sure of climate sensitivity, where a narrower hysteresis indi-
cates a higher climate sensitivity and a broader hysteresis
implies a lower sensitivity to changes in instellation. Initialized
in warm-start conditions, a G-dwarf planet on a circular orbit
required 85% of the orbit-averaged solar constant to transition
into a snowball state, with the lowest ice line latitude migrating
from 40.41� to 0�. However, G-dwarf planets with eccentric-
ities of e = 0.5 and e = 0.9 did not appear to enter a fully glaci-
ated condition unless the flux was reduced to 40% and 11.47%
of the orbit-averaged solar constant, respectively. These planets
also tended to have lower mean ice line latitudes. The periodic
seasonal heating due to the high eccentricity orbit, coupled
with the significant thermal inertia of the oceans, permits
waterbelt states to remain stable.

In contrast, a fully glaciated Earth-like planet on a circular
orbit required 110% of the orbit-averaged solar constant to exit
a snowball state; the mean ice line latitude transitioned from 0�
to 70.57�. Meanwhile, the planets with e = 0.5 and
e = 0.9 required 69.28% and 80.30% of the orbit-averaged
solar constant to thaw out of a globally ice-covered state.
While the minimum ice line latitude changed from 0� to
10.91� for the e = 0.5 case, it switched from 0� to 18.4� in the
case of the e = 0.9 simulations. Eccentric planets had a higher
sensitivity to changes in instellation, as seen in the data pre-
sented in Figure 9. Figure 10 displays the evolution of latitude
distribution of heat flux received at periastron by a planet on a
circular orbit compared with an eccentric planet (e = 0.9) such
that highly eccentric planets received two orders of magnitude
more flux, *40,000 W/m2, than a planet on a circular orbit,
with implications for climate stability and long-term habitabil-
ity, as discussed in the next section.

The climate sensitivity of eccentric planets was also corre-
lated with the annual percent surface cover on the planet.
The percentage of surface coverage by CO2 ice, water ice,
and liquid water for cold-start G-dwarf planets at different
eccentricities is illustrated in Figure 11. When a G-dwarf
planet is in a circular orbit, CO2 ice is present up to 65% of
the orbit-averaged solar constant. Between 65% and 100%
instellation, the planet has water ice on its surface, and
in between 100% and 130% of the orbit-averaged solar
constant, the planets are amenable to surface liquid water.
However, above an instellation of 130%, the planets enter a
RGH state. If the eccentricity is increased to 0.5, CO2 ice
exists up to 68.5% of the orbit-averaged solar constant.
Between 68.5% and 86.6% instellation, the planet has tem-
peratures amenable to the existence of water ice; and in

FIG. 8. Cold-start simulations are shown for an F-dwarf
planet and an M-dwarf planet with an eccentricity of 0.5.
The water ice-albedo parameterization is shown in teal, and
the CO2 ice-albedo parameterization is shown by dark gray.
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between 86.6% and 121.24%, it can host liquid water,
beyond which it enters an RGH state. Similarly, CO2 ice is
found on a planet with an eccentricity of 0.9 even at 80% of
the orbit-averaged solar constant; between 80% and 137.6%
of the orbit-averaged solar constant, it is possible for the
planet to host either water ice or surface liquid water. How-
ever, beyond an orbit-averaged flux of 137.6%, the planet
enters an RGH state. A similar trend emerges for F-, K-, and
M-dwarf planets, where increasing eccentricity leads to a

decrease in the annual ice fraction on planets, but the range
of instellations that exhibit surface conditions that support
the presence of surface liquid water or water ice increases.

4.2. The effect of host star SED

The instellation required for F-, G-, K-, and M-dwarf
planets with e = 0, 0.5, and 0.9 to enter ice free or snowball
conditions is shown in Figure 12. In the warm-start scenario,

FIG. 9. The mean iceline latitude as a function of orbit-averaged solar constant for planets in warm-start and cold-
start scenario orbiting F-, G-, K-, and M-dwarf host stars are shown. The warm-start cases are represented by dotted
lines, and the cold-start cases are shown by solid lines. The green, blue, and orange lines correspond to eccentricities of
0, 0.5, and 0.9, respectively.

FIG. 10. The latitude distribution of received flux at periastron is shown for M-dwarf planets. A planet with an orbital
eccentricity of 0.9 receives two orders of magnitude more flux than a planet on a circular orbit. While the simulations
were run for 360 days, only the first 50 days of the orbit are displayed here to magnify the flux values for the e = 0.9
planet.
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an F-dwarf and G-dwarf planet on a circular orbit requires
85% of the orbit-averaged solar constant to transition into a
snowball state. The mean ice line latitude collapses to the
equator from 36.4� to 39.7� for exoplanets hosted by F
dwarfs and G dwarfs, respectively. K-dwarf and M-dwarf
planets require 5% and 15% less flux than F-dwarf and
G-dwarf planets to become globally glaciated.

In the cold-start scenario, the effect of the CO2 ice-
albedo parameterization becomes especially prominent for
planets orbiting brighter stars. An F-dwarf planet and a
G-dwarf planet on a circular orbit require 115% and 110%
of the orbit-averaged solar constant to transition from an
water ice line of 0� to 77� and 70.57�, respectively. Like-
wise, K-dwarf and M-dwarf planets switched from a mean
ice line latitude of 0� to 67.4� and 46.5� at 105% and 80%
of the orbit-averaged solar constant, respectively, confirm-
ing a general trend that planets orbiting hotter, brighter
stars are more resistant to thawing out of global ice cover,
which applies to planets across all eccentricities. This trend
is due to the larger percentages of visible and near-UV flux
received from the host stars, which water ice (see, e.g.,
Shields et al., 2013, 2014) reflects strongly, and to the
increased Rayleigh scattering on planets orbiting these
stars (see, e.g., Kasting et al., 1993). The additional inclu-
sion of CO2 ice as we have done here, which is highly

reflective at shorter wavelengths, also contributes to higher
planetary bond albedos relative to planets orbiting cooler,
less luminous stars.

4.3. Runaway greenhouse

Figure 13 displays the orbit-averaged flux at which the
RGH transition occurs for F-, G-, K-, and M-dwarf planets
with eccentricities of 0, 0.5, and 0.9, assuming an initial
cold-start scenario. While F-, G-, and K-dwarf planets with
an eccentricity of 0 require 125%, 120%, 120% of the orbit-
averaged solar constant, respectively, to trigger an RGH,
M-dwarf planets could enter an RGH state with 10% less
instellation (110% S) than G-dwarf and K-dwarf planets. A
50% increase in eccentricity does not significantly change
the orbit-averaged flux required for planets to enter an RGH
state. For example, the model suggests that F-, G-, K-, and
M-dwarf planets require an instellation of 121.24%,
121.24%, 121.24%, and 109.69% of the orbit-averaged solar
constant to initiate the RGH feedback, respectively. F-, G-,
K-, and M-dwarf planets on a highly eccentric orbit (e = 0.9)
require considerably less instellation, that is, 126.18%,
126.18%, 126.18%, and 114.7% of the orbit-averaged solar
constant, respectively, to trigger an RGH. Overall, planets
orbiting cooler stars required a smaller increase in instellation

FIG. 11. Annual percent surface coverage for CO2 ice, water ice, and liquid water are shown for G-dwarf planets
with eccentricities e = 0, e = 0.5, and e = 0.9, respectively. Only the white region between purple and blue corresponds
to water ice. The onset of the RGH effect is indicated by black dotted lines.
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to trigger an RGH feedback loop than planets with an eccen-
tricity of 0 or 0.9, or planets orbiting brighter stars.

4.4. Sensitivity to ice-grain size

CO2 ices have been found on the poles of Mars in various
forms, from fresh snow to thick ice deposits that have vary-
ing grain sizes (Hansen, 2005). The radiative properties of
these different ice-grain sizes have been extensively studied
in terrestrial laboratory settings (Chinnery et al., 2019; Han-
sen, 1997). In this study, simulations with ice-grain sizes of
2000, 200, 20, and 2 mm were performed to test the effect of
varying ice-grain sizes on overall climate sensitivity. As the
simulations attain an ice-free state for a cold-start case with
a smaller instellation, this suggests larger ice grains aid in
thawing, as also demonstrated in Figure 14. Figure 14 dis-
plays the effect of varying grain size on the climate hystere-
sis of an G-dwarf planet with an eccentricity of 0.5.

The warm-start case (not shown here) is not affected by
the ice-grain size of CO2 ice since it primarily depends on
water ice-albedo parameterization, but the cold-start scenario,
as shown in Figure 14, is strongly dependent on the CO2 ice-
albedo parameterization. Given simulations with cold-start
conditions, planets with surface CO2 ice with grain sizes of 2,

20, 200, and 2000 mm required 340.6%, 150.11%, 69.28%,
and 46.19% of the orbit-averaged solar constant and transi-
tioned from a mean iceline latitude of 0� to 90�, 90�, 10.91�,
1.06�, respectively, to enter an ice free state. This suggests a
strong connection between climate sensitivity and ice-grain
size. The trend of larger ice-grain sizes requiring less instella-
tion to exit a globally glaciated snowball state persists across
planets orbiting F-, G-, K-, and M-dwarf stars, and across all
eccentricities.

5. Discussion

Our simulation study demonstrated that as eccentric plan-
ets experience cold enough temperatures for the condensa-
tion of atmospheric CO2 and the formation of both CO2 ice
and water ice on their surfaces, such planets experience a
significant climatic impact when a CO2 ice-albedo parame-
terization is included in a 1D energy balance climate model.
This finding underscores the importance of incorporating
albedo parameterizations for the formation of surface CO2

ice into climate simulations for planets with non-zero eccen-
tricities. Such parameterizations in modeling can yield more
accurate insights into the potential climates of these diverse
worlds. Moreover, this parameterization can extend to the

FIG. 12. The instellations required for warm-start planets to transition into a snowball state are shown in Ys, pluses,
and crosses. The instellations required by cold-start planets to deglaciate at e = 0, 0.5, and 0.9 are displayed by circles,
squares, and triangles. The orbit-averaged flux currently received by Earth and Mars, which is 100% and 43% of the
orbit-averaged solar constant, respectively, is also shown for context.
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analysis of Mars, cold exoplanets, and planets positioned at
substantial distances from their host stars, where conditions
permit CO2 surface ice formation.

Our simulations that included a CO2 ice-albedo parame-
terization reveal an amplified climate hysteresis for all plan-
ets compared with the simulations that only used a water ice-
albedo parameterization. This amplification is attributed to
the higher bond albedo of CO2 ice compared with that of
water ice. Studies on Mars typically utilize an albedo value
of approximately 0.6 for CO2 ice (Turbet et al., 2018). How-
ever, it is important to note that the observed CO2 ice albedo
values on Mars can vary significantly due to dust presence,

with dust notably decreasing the albedo of pure CO2 ice
(Kieffer, 1990; Kieffer et al., 2000). Consequently, the val-
ues reported in the literature are often lower than estimates
for pure CO2 ice. A mixture of dust and ice would lead to a
lower albedo and a narrower climate hysteresis. However, in
this study, it is presumed that all atmospheric constituents
that would have an appreciable effect on the TOA albedo
have condensed out onto the surface if the condensation
point of CO2 is reached. Our albedo values and spectra align
with studies by Singh and Flanner (2016), where the authors
utilized an albedo model for pure dust-free carbon dioxide
snow albedo and applied it to Mars.

FIG. 13. The instellations at which planets enter an RGH state for cold-start planets at different eccentricities are
shown in circles, squares, and triangles. Planets orbiting M-dwarf stars require less instellation to enter an RGH state
than planets orbiting F-, G-, or K-stars.

FIG. 14. The flux required for cold-start G-dwarf planets with an eccentricity of 0.5 and with ice-grain sizes of 2000,
200, 20, and 2 mm, respectively, to transition out of global ice cover is shown.
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Kadoya and Tajika (2019) argue that the value of the CO2

ice albedo should not affect the onset of snowball states on
planets because it depends primarily on water ice and not on
CO2 ice, and we found that this is true for warm-start plan-
ets. However, our CO2 ice-albedo values affect the amount
of instellation required to exit global ice cover on cold-start
planets, when one assumes CO2 is already condensed across
the surface. For example, Figure 14 illustrates the significant
change in instellation required for G-dwarf planets in cold-
start scenarios to transition out of a snowball state. Although
the difference in values is relatively small (0.79 and 0.97 for
2000 and 2 mm endmembers, respectively) the increase in
instellation required to exit global CO2 ice cover is signifi-
cant (250%). The higher stellar flux threshold requirements
as ice-grain sizes reduce is a direct consequence of the
intense ice-albedo feedback. We have modeled the planets
assuming that the atmospheric CO2 does not change because
it is assumed that there is no carbon-silicate cycle present on
these planets, which adjusts the silicate weathering rate with
temperature (Walker et al., 1981). Including this effect will
reduce the greenhouse effect when CO2 condenses, leading
to even colder climates and even greater instellations needed
to exit a snowball state. Conversely, we have only studied one
(low) value of CO2. A 1 bar CO2 atmosphere, for instance,
would have a condensation temperature of 194 K and also fea-
ture a much stronger greenhouse effect, both of which would
alter our results. These are an interesting topic for a future
study.

The increased radiation received by eccentric planets at
periastron promotes the melting of ice and impedes further
ice growth on a planet’s surface. As demonstrated in Fig-
ure 11, a planet with an eccentricity of 0.9 receives two
orders of magnitude more flux at periastron than a planet on
a circular orbit, as described by F } (1 - e2)-1/2. On these
planets, CO2 ice only forms on the surface once the instella-
tion has been lowered to 5% of the orbit-averaged solar con-
stant, which is our lower limit for instellation. In contrast,
planets with e = 0.5 form CO2 ice with an instellation of
20% of the modern solar constant.

As eccentricity increases, annual ice fraction for CO2 ice
decreases, as shown in Figure 11, but the range of instella-
tions that exhibit surface conditions that support the presence
of surface liquid water or water ice increases, which is in
accordance with Palubski et al. (2020). Thus, highly eccen-
tric planets may exhibit warmer surface conditions along a
broader range of instellations. This is because the intense
heat received at periastron aids these planets in melting the
ice and maintains an overall warm climate. This also sug-
gests that planets with extreme eccentricity are less likely to
enter a snowball state due to a weaker ice-albedo feedback.
This results in a narrower hysteresis curve, which allows for
deglaciation with a smaller increase in instellation. Further-
more, it implies that eccentric planets are less prone to being
trapped in a snowball state compared with planets on a circu-
lar orbit.

An RGH state is observed for all planets at a comparable
orbit-averaged instellation of around 120% of the orbit-
averaged solar constant. M-dwarf planets receive about two
orders of magnitude higher orbit-averaged flux compared
with planets with eccentricities of 0.9. Still, they enter an
RGH state at about similar instellation as their counterparts.

This propensity is attributed to the strong absorption of CO2

in the IR, where M dwarfs emit strongly. Notably, eccentric
M-dwarf planets have also exhibited habitable surface condi-
tions for a larger portion of their orbits compared with plan-
ets orbiting stars of different spectral types (Palubski et al.,
2020). This suggests that eccentric M-dwarf planets might
experience longer periods of fractional habitability during
their orbits and maintain favorable conditions for life.

The CO2 ice-albedo parameterization increases the amount
of stellar flux required for planets orbiting F-, G-, and K-stars
to exit a snowball state, compared with those orbiting
M-dwarf stars. This distinction arises because M dwarfs
exhibit strong IR emission, which corresponds to IR absorp-
tion and the subsequent melting of CO2 ice on the surface. In
contrast, F- and G-dwarf stars have a higher UV output,
which causes CO2 ice to be more reflective, thereby reducing
surface temperatures and increasing the ice growth on these
planets. Turbet et al. (2017) suggested that CO2 condensation
can impede the carbonate-silicate cycle on planets orbiting
Sun-like stars, depleting atmospheric CO2 and raising the
likelihood of the planet entering a permanent snowball state.
Our findings add an additional complication, as CO2 ice
increases the amount of flux required to thaw out of global
ice cover for F- and G-dwarf planets more than for K- and
M-dwarf planets.

While the significance of the CO2 ice-albedo parameter-
ization is evident, an associated challenge in incorporating it
into every climate model lies in its strong dependence on
grain size. In this study, it is demonstrated that planets with
larger CO2 ice grains may be able to deglaciate from a snow-
ball state at lower levels of equivalent stellar flux due to their
reduced efficiency of light scattering, which results in a
lower surface albedo (Hansen, 2005). This behavior weakens
the ice-albedo feedback, a critical factor in the formation and
maintenance of a snowball state. Consequently, planets with
larger CO2 ice grains may undergo thawing and transition
out of a globally glaciated state with a relatively small
increase in instellation.

The analysis also reveals that the warm-start planets
remain unaffected by changes in the grain size of the CO2

ice due to the higher albedo of water ice on these planets. As
discussed, F-, G-, K-, and M-dwarf planets with can eccen-
tricity of e = 0.5 do not form CO2 ice. This implies that the
average instellation effect ((1 - e2)-1/2) is more significant

than the seasonal apoastron effect Fmax

Fmin ¼ 1þ eð Þ2
1� eð Þ2

� �
for highly

eccentric planets.
The ability of cold-start planets to escape a global ice

cover is heavily influenced by the albedo values of CO2 ice.
For example, a cold-start G-dwarf planet with e = 0.5 con-
sisting of a 2000 mm CO2 ice-grain size requires a flux
equivalent to 40% of the orbit-averaged solar constant to
emerge from a snowball state, while a similar planet com-
posed of 2-mm grains requires 295% of the orbit-averaged
solar constant.

In this study, it was assumed that CO2 ice forms when the
temperature drops below its condensation point and accumu-
lates on top of water ice. While this approximation is suita-
ble for an EBM study, it is important to note that CO2 ice
deposits may be less stable than water ice due to the former’s
higher density, so it could potentially remain beneath the
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water ice layer for up to 104 years (Turbet et al., 2018).
Given that we focus on simulations over an annual cycle
(360-day orbit), our assumption is reasonable. This longevity
could slow or even prevent deglaciation on these planets.
Additionally, our research made the assumption of an Earth-
like rotation and orbital period for all planets. Synchronously
rotating warm-start planets are likely to undergo intense
cloud formation on the day side, which would raise the
albedo significantly (Yang et al., 2013). Including this effect
for warm-start planets in our study would increase the
amount of flux required for M-dwarf planets to exit a glob-
ally covered snowball planet. Note that these results only
test a single value of CO2, 400 ppm, which provides very lit-
tle greenhouse warming and also results in a very low con-
densation temperature of CO2. Outside of this study, we also
tested simulations (not included in the article) where a 1 bar
CO2 atmosphere was assumed, and we found that it would
lead to a broader climate hysteresis for all planets since the
amount of instellation required to exit a globally glaciated
planet would increase. We employed spectra of pure CO2 ice
for our work. While surface ice may include constituents
such as continental and volcanic dust (Abbot and Pierrehum-
bert, 2010), the results that use these idealized spectra pro-
vide a reasonable approximation. Last, we did not use a
dynamic evolution of OLR in our study. When CO2 begins
to condense onto the surface, the amount of CO2 in the
atmosphere will decrease with time, leading to changes in
the OLR coefficients as the greenhouse effect decreases.
This dynamic evolution in OLR would be beneficial to
explore in future work.

It is crucial to incorporate our ice-albedo parameterization
for the formation of surface CO2 ice into simulations of cold
planets, especially given the recent James Webb Space Tele-
scope (JWST) results which suggest the possible absence of
atmospheres for inner M-dwarf planets like Trappist 1b and
c (Greene et al., 2023; Zieba et al., 2023). These cold
M-dwarf planets are in the Outer edge of habitable zone
(OHZ) and are intriguing targets for characterization. Fur-
thermore, characterizing planetary bond albedo could lead to
the differences in the phase curves (Kane and Gelino, 2010)
on these planets, which can be amenable to reflected light
observations via the Habitable Worlds Observatory (Engi-
neering National Academies of Sciences and Medicine,
2021) and Large Interferometer for Exoplanets (Defrère
et al., 2018).

Despite the extreme cold temperatures experienced by our
simulated planets, such conditions might not be detrimental,
particularly during the transition from apoastron to perias-
tron. Notably, episodes of global glaciation, like the Neopro-
terozoic snowball Earth events occurring between 750 and
635 million years ago, have been associated with the emer-
gence of multicellular life on Earth (Planavsky et al., 2010).
These environments can harbor a range of purple bacteria
that are found in cold environments on Earth and could
potentially survive on a snowball Earth orbiting a cooler star
(Fonseca Coelho et al., 2024).

Thus, eccentric planets, planets at the OHZ and large dis-
tances from their host stars could host these exotic ice surfa-
ces and provide exciting prospects for future observation,
characterization, and habitability.

6. Conclusions

In this work, we used a 1D EBM with a novel ice-albedo
parameterization for surface CO2 ice formation to explore its
radiative effects on the climates of Earth-like planets orbiting
F-, G-, K-, and M-dwarf stars. Our findings highlight the need
for more accurate albedo parameterizations for the formation
of exotic ices into climate model simulations of eccentric plan-
ets, which can reach temperatures conducive to the condensa-
tion of atmospheric CO2, leading to CO2 ice forming on their
surfaces. Our model simulations indicate that incorporating
parameterization for the formation of CO2 ice significantly
impacts planetary climate. These climate effects are sensitive
to eccentricity, host star spectral type, and ice-grain size. We
demonstrated that ice-covered planets require higher instella-
tion levels to thaw from global CO2 ice cover when incorporat-
ing the CO2 ice-albedo parameterization, particularly for F-,
G-, and K-dwarf planets compared with M-dwarf planets. The
inclusion of radiative CO2 ice-albedo effects in our simulations
amplifies the extended climate hysteresis trend of a larger
increase in instellation to deglaciate for planets around F-dwarf
stars in contrast to M-dwarf planets. Eccentric planets thaw out
of global ice cover with a smaller relative increase in flux than
planets on circular orbits because the intense flux (2 orders of
magnitude higher) at periastron renders eccentric planets less
susceptible to a snowball state. A larger ice-grain size of 2000
mm reduces the instellation required to exit global ice-covered
conditions, due to reduced light scattering and lower overall
planetary albedo. Our work highlights the importance of inte-
grating a CO2 ice-albedo parameterization into climate simula-
tions of diverse planetary environments, such as those found
on Mars, cold and eccentric exoplanets, as well as those at
large orbital distances from their host stars. Future investiga-
tions, using EBMs and GCMS, are anticipated to explore the
climates of these cold worlds, especially those at the OHZ.
This offers exciting observational prospects for current and
upcoming telescopes.

Acknowledgments

Cecilia Bitz originally coded the EBM. Special thanks to
current Shields Center for Exoplanet Climate and
Interdisciplinary Education team member Ana Lobo and for-
mer members Igor Palubski and Nick Duong. V.V. is grate-
ful to Aaron Donohoe from the University of Washington
Seattle for providing the TOA albedo and annual surface
temperature data for the Earth. A.L.S. is grateful to the
Virtual Planetary Laboratory at the University of Washington
for fostering long-term collaborations that resulted in this arti-
cle. The authors would like to thank the two anonymous
reviewers at Astrobiology for their invaluable feedback that
improved this article.

Data Availability Statement

All data products and spectra used in this study are
available via the Exoclimates Database maintained by the
Shields Center for Exoplanet Climate and Interdisciplinary
Education (SCECIE) at UC Irvine.

Author Disclosure Statement

No competing financial interests exist.

EXTRASOLAR PLANETS 55



Funding Information

This material is based upon work supported by the NASA
FINESST fellowship Grant no. 80NSSC21K1852 and NSF
Award no. 1753373.

References

Abbot DS, Pierrehumbert RT. Mudball: Surface dust and Snowball
Earth deglaciation. Journal of Geophysical Research (Atmos-
pheres) 2010;115(D3):D03104; doi: 10.1029/2009JD012007

Adams AD, Boos R, Wolf ET. Aquaplanet models on eccentric
orbits: Effects of the rotation rate on observables. AJ 2019;
157(5):189; doi: 10.3847/1538-3881/ab107f

Adolph AC, Albert MR, Lazarcik J, et al. Dominance of grain
size impacts on seasonal snow albedo at open sites in New
Hampshire. JGR Atmospheres 2017;122(1):121–139; doi: 10
.1002/2016JD025362

Ahrens C, Meraviglia H, Bennett C. A geoscientific review on
CO and CO2 ices in the outer solar system. Geosciences
2022;12(2):51; doi: 10.3390/geosciences12020051

Ahrer EM, Alderson L., et al; The JWST Transiting Exoplanet
Community Early Release Science Team. Identification of
carbon dioxide in an exoplanet atmosphere. 2022, arXiv
e-prints, art. arXiv:2208.11692.

Altwegg K, Balsiger H, Fuselier SA. Cometary chemistry and
the origin of icy solar system bodies: The view after Rosetta.
Annu Rev Astron Astrophys 2019;57(1):113–155; doi: 10
.1146/annurev-astro-091918-104409

Angelo I, Naoz S, Petigura E, et al. Kepler-1656b’s extreme
eccentricity: Signature of a gentle giant. AJ 2022;163(5):227;
doi: 10.3847/1538-3881/ac6094

Astudillo-Defru N, Cloutier R, Wang SX, et al. A hot terrestrial
planet orbiting the bright M dwarf L 168-9 unveiled by TESS.
A&A 2020;636:A58; doi: 10.1051/0004-6361/201937179

Atri D, Abdelmoneim N, Dhuri DB, et al. Diurnal variation of
the surface temperature of Mars with the Emirates Mars Mis-
sion: A comparison with Curiosity and Perseverance rover
measurements. arXiv 2022;518(1):L1–L6; doi: 10.1093/
mnrasl/slac09410.48550/arXiv.2204.12850

Barnes R, Raymond SN, Jackson B, et al. Tides and the evolution
of planetary habitability. Astrobiology 2008;8(3):557–568; doi:
10.1089/ast.2007.0204

Berger AL. Obliquity and precession for the last 5000000 years.
Astronomy and Astrophysics 1976;51(1):127–135.

Bolmont E, Libert A-S, Leconte J, et al. Habitability of planets
on eccentric orbits: Limits of the mean flux approximation.
A&A 2016;591:A106; doi: 10.1051/0004-6361/201628073

Bonati I, Ramirez RM. The influence of surface CO2 condensa-
tion on the evolution of warm and cold rocky planets orbiting
Sun-like stars. Monthly Notices of the Royal Astronomical
Society 2021;504(1):1029–1038; doi: 10.1093/mnras/stab891

Brady MT, Petigura EA, Knutson HA, et al. Kepler-1656b: A
dense sub-saturn with an extreme eccentricity. AJ 2018;
156(4):147; doi: 10.3847/1538-3881/aad773

Broecker WS, Denton GS. The role of ocean-atmosphere reor-
ganizations in glacial cycles. Quaternary Science Reviews
1989;53(10):2465–2501; doi: 10.1016/0016-7037(89)90123-3

Brown ME, Barkume KM, Blake GA, et al. Methane and ethane
on the bright kuiper belt object 2005 FY9. AJ 2007;133(1):
284–289; doi: 10.1086/509734

Brown ME, Calvin WM. Evidence for crystalline water and
ammonia ices on Pluto’s satellite Charon. Science 2000;
287(5450):107–109; doi: 10.1126/science.287.5450.107

Budyko MI. The effect of solar radiation variations on the cli-
mate of the earth. Tellus 1969;21(5):611–661; doi: 10.3402/
tellusa.v21i5.10109

Chance K, Kurucz RL. An improved high-resolution solar refer-
ence spectrum for earth’s atmosphere measurements in the
ultraviolet, visible, and near infrared. Journal of Quantitative
Spectroscopy and Radiative Transfer 2010;111(9):1289–1295.

Chinnery HE, Hagermann A, Kaufmann E, et al. The penetra-
tion of solar radiation into water and carbon dioxide snow,
with reference to Mars. J Geophysical Research (Planets)
2019;124(2):337–348; doi: 10.1029/2018JE005771

Cockell S, Bush T, Bryce C, et al. Habitability: A review. Astro-
biology 2016;16(1):89–117; doi: 10.1089/ast.2015.1295

Crisp D, Meadows VS, B’ezard B, et al. Ground-based near-
infraredobservations of the Venus nightside: 1.27-mm O2
(aDg) airglow from the upper atmosphere. J Geophysical Res
(Planets) 1996;101(E2):4577–4594; doi: 10.1029/95JE03136

Cross AJ, Goldsby DL, Hager TF, et al. The rheological behav-
ior of CO2 ice: Application to glacial flow on Mars. Geo-
physical Research Letters 2020;47(22):e90431; doi: 10.1029/
2020GL090431

Cruikshank DP, Roush TL, Owen TC, et al. Ices on the surface
of triton. Science 1993;261(5122):742–745; doi: 10.1126/
science.2615122.742

Damasso M, Perger M, Almenara JM, et al. A quarter century
of spectroscopic monitoring of the nearby M dwarf Gl 514. A
super-Earth on an eccentric orbit moving in and out of the
habitable zone. arXiv e-Prints, Art. arXiv 2022 2204.06376.

Defrère D, Léger A, Absil O, et al. Space-based infrared inter-
ferometry to study exoplanetary atmospheres. Exp Astron
2018;46(3):543–560; doi: 10.1007/s10686-018-9613-2

Deitrick R, Barnes R, Bitz C, et al. Exo-Milankovitch cycles. II.
Climates of G-dwarf planets in dynamically hot systems. AJ
2018;155(6):266; doi: 10.3847/1538-3881/aac214

Deitrick R, Haqq-Misra J, Kadoya S, et al. Functionality of ice line
latitudinal EBM Tenacity (FILLET). protocol version 1.0. A
CUISINES Intercomparison project. Planet Sci J 2023;4(2):39;
doi: 10.3847/PSJ/acba05

Delitsky ML, Lane AL. Ice chemistry on the Galilean satellites.
J Geophys Res 1998;103(E13):31391–31403; doi: 10.1029/
1998JE900020

Ding F, Pierrehumbert RT. Convection in Condensible-rich atmos-
pheres. ApJ 2016;822(1):24; doi: 10.3847/0004-637X/822/1/24

Ding F, Pierrehumbert RT. Global or local pure condensible
atmospheres: Importance of horizontal latent heat transport.
ApJ 2018;867(1):54; doi: 10.3847/1538-4357/aae38c

Dobrovolskis AR. Insolation on exoplanets with eccentricity
and obliquity. Icarus 2013;226(1):760–776; doi: 10.1016/j
.icarus.2013.06.026

Dole SH. Habitable Planets for Man. Blaisdell: New York; 1964.
Dreizler S, Jeffers SV, Rodrıguez E, et al. RedDots: A temper-

ate 1.5 Earth-mass planet candidate in a compact multiterres-
trial planet system around GJ 1061. Monthly Notices of the
Royal Astronomical Society 2020;493(1):536–550; doi: 10
.1093/mnras/staa248

Dressing CD, Spiegel DS, Scharf CA, et al. Habitable climates:
The influence of eccentricity. ApJ 2010;721(2):1295–1307;
doi: 10.1088/0004-637X/721/2/1295

Engineering National Academies of Sciences and Medicine. Path-
ways to Discovery in Astronomy and Astrophysics for the 2020s.
The national Academic Press; 2021; doi: 10.17226/26141

56 VENKATESAN ET AL.

http://dx.doi.org/10.1029/2009JD012007
http://dx.doi.org/10.3847/1538-3881/ab107f
http://dx.doi.org/10.1002/2016JD025362
http://dx.doi.org/10.1002/2016JD025362
http://dx.doi.org/10.3390/geosciences12020051
http://dx.doi.org/10.1146/annurev-astro-091918-104409
http://dx.doi.org/10.1146/annurev-astro-091918-104409
http://dx.doi.org/10.3847/1538-3881/ac6094
http://dx.doi.org/10.1051/0004-6361/201937179
http://dx.doi.org/10.1093/mnrasl/slac09410.48550/arXiv.2204.12850
http://dx.doi.org/10.1093/mnrasl/slac09410.48550/arXiv.2204.12850
http://dx.doi.org/10.1089/ast.2007.0204
http://dx.doi.org/10.1051/0004-6361/201628073
http://dx.doi.org/10.1093/mnras/stab891
http://dx.doi.org/10.3847/1538-3881/aad773
http://dx.doi.org/10.1016/0016-7037(89)90123-3
http://dx.doi.org/10.1086/509734
http://dx.doi.org/10.1126/science.287.5450.107
http://dx.doi.org/10.3402/tellusa.v21i5.10109
http://dx.doi.org/10.3402/tellusa.v21i5.10109
http://dx.doi.org/10.1029/2018JE005771
http://dx.doi.org/10.1089/ast.2015.1295
http://dx.doi.org/10.1029/95JE03136
http://dx.doi.org/10.1029/2020GL090431
http://dx.doi.org/10.1029/2020GL090431
http://dx.doi.org/10.1126/science.261
http://dx.doi.org/10.1126/science.261
http://dx.doi.org/10.1007/s10686-018-9613-2
http://dx.doi.org/10.3847/1538-3881/aac214
http://dx.doi.org/10.3847/PSJ/acba05
http://dx.doi.org/10.1029/1998JE900020
http://dx.doi.org/10.1029/1998JE900020
http://dx.doi.org/10.3847/0004-637X/822/1/24
http://dx.doi.org/10.3847/1538-4357/aae38c
http://dx.doi.org/10.1016/j.icarus.2013.06.026
http://dx.doi.org/10.1016/j.icarus.2013.06.026
http://dx.doi.org/10.1093/mnras/staa248
http://dx.doi.org/10.1093/mnras/staa248
http://dx.doi.org/10.1088/0004-637X/721/2/1295
http://dx.doi.org/10.17226/26141


Fauchez TJ, Turbet M, Sergeev DE, et al. TRAPPIST habitable
atmosphere Intercomparison (THAI) workshop report. Planet
Sci J 2021;2(3):106; doi: 10.3847/PSJ/abf4df

Feldl N, Merlis TM. Polar amplification in idealized climates:
The role of ice, moisture, and seasons. Geophysical Research
Letters 2021;48(17):e94130; doi: 10.1029/2021GL094130

Fonseca Coelho L, Kaltenegger L, Zinder S, et al. Purple is the
new green: Biopigments and spectra of Earth-like purple
worlds. Monthly Notices of the Royal Astronomical Society
2024;530(2):1363–1368; doi: 10.1093/mnras/stae601

Forget F, Wordsworth R, Millour E, et al. 3D modelling of the
early martian climate under a denser CO2 atmosphere: Tem-
peratures and CO2 ice clouds. Icarus 2013;222(1):81–99;
doi: 10.1016/j.icarus.2012.10.019

Gardner JP, Mather JC, Clampin M, et al. The James Webb
space telescope. Space Sci Rev 2006;123(4):485–606; doi: 10
.1007/s11214-006-8315-7

Gent PR, Yeager SG, Neale RB, et al. Improvements in a half
degree atmosphere/land version of the CCSM. Clim Dyn
2010;34(6):819–833; doi: 10.1007/s00382-009-0614-8

Graham RJ, Lichtenberg T, Pierrehumbert R. CO2 ocean bist-
ability on terrestrial exoplanets. 2022, arXiv e-prints, art.
arXiv:2210.00149, September.

Greene TP, Bell TJ, Ducrot E, et al. Thermal emission from the
Earth-sized exoplanet TRAPPIST-1 b using JWST. Nature
2023;618(7963):39–42; doi: 10.1038/s41586-023-05951-7

Grundy WM, Young LA, Young EF. Discovery of co 2 ice and
leading-trailing spectral asymmetry on the uranian satellite
ariel. Icarus 2003;162(1):222–229; doi: 10.1016/S0019-
1035(02)00075-1

Hansen GB. The infrared absorption spectrum of carbon dioxide
ice from 1.8 to 333 mm. J Geophys Res 1997;102(E9):
21569–21587; doi: 10.1029/97JE01875

Hansen GB. Ultraviolet to near-infrared absorption spectrum of car-
bon dioxide ice from 0.174 to 1.8 mm. J Geophysical Research
(Planets) 2005;110(E11):E11003; doi: 10.1029/2005JE002531

Hapke B. Bidirectional reflectance spectroscopy. I - Theory.
J Geophys Res 1981;86(B4):3039–3054; doi: 10.1029/
JB086iB04p03039

Haqq-Misra J, Kopparapu RK, Batalha NE, et al. Limit cycles
can reduce the width of the habitable zone. Astrophys J 2016;
827(2):120; doi: 10.3847/0004-637X/827/2/120

Hersbach H, Bell B, Berrisford P, et al. The ERA5 global rean-
alysis. Quarterly J Royal Meteorological Society 2020;
146(730):1999–2049; doi: 10.1002/qj.3803

Hoffman PF, Kaufman AJ, Halverson GP, et al. A neoprotero-
zoic snowball Earth. Science 1998;281(5381):1342–1346;
doi: 10.1126/science.281.5381.1342

Hugh RA, Jones R, Butler P, et al. High-eccentricity planets
from the Anglo-Australian Planet Search. Monthly Notices of
the Royal Astronomical Society 2006;369(1):249–256; doi:
10.1111/j.1365-2966.2006.10298.x

Jernigan J, Laflèche É, Burke A, et al. Superhabitability of high-
obliquity and’ high-eccentricity planets. ApJ 2023;944(2):
205; doi: 10.3847/1538-4357/acb81c

Ji X, Bailey N, Fabrycky D, et al. Inner habitable zone boundary
for eccentric exoplanets. arXiv e-Prints 2022; doi: 10.48550/
arXiv.2211.07883art. arXiv:2211.07883

Jones KL, Arvidson RE, Guinness EA, et al. One Mars year:
Viking Lander imaging observations. Science 1979;204(4395):
799–806; doi: 10.1126/science.204.4395.799

Jones BM, Kaiser RI, Strazzulla G. Carbonic acid as a reserve
of carbon dioxide on icy Moons: The formation of carbon
dioxide (CO2) in a polar environment. ApJ 2014;788(2):170;
doi: 10.1088/0004-637X/788/2/170

Joshi MM, Haberle RM. Suppression of the water ice and snow
albedo feedback on planets orbiting red dwarf stars and the
subsequent widening of the habitable zone. Astrobiology
2012;12(1):3–8.

Kadoya S, Tajika E. Outer limits of the habitable zones in terms
of climate mode and climate evolution of Earth-like planets.
ApJ 2019;875(1):7; doi: 10.3847/1538-4357/ab0aef

Kalirai J. Scientific discovery with the James Webb Space Tele-
scope. Contemporary Physics 2018;59(3):251–290; doi: 10
.1080/00107514.2018.1467648

Kane SR, Gelino DM. Photometric phase variations of long-
period eccentric planets. ApJ 2010;724(1):818–826; doi: 10
.1088/0004-637X/724/1/818

Kane SR, Wittenmyer RA, Hinkel NR, et al. Evidence for
reflected light from the most eccentric exoplanet known. ApJ
2016;821(1):65; doi: 10.3847/0004-637X/821/1/65

Kanodia S, Cañas CI, Stefansson G, et al. TOI-1728b: The
habitable-zone planet finder confirms a warm super-neptune
orbiting an M-dwarf host. ApJ 2020;899(1):29; doi: 10.3847/
1538-4357/aba0a2

Kasting JF, Whitmire DP, Reynolds RT. Habitable zones
around main sequence stars. Icarus 1993;101(1):108–128;
doi: 10.1006/icar.1993.1010

Kieffer HH. H2O grain size and the amount of dust in Mars’
residual north polar cap. J Geophys Res 1990;95(B2):
1481–1493; doi: 10.1029/JB095iB02p01481

Kieffer HH, Titus TN, Mullins KF, et al. Mars south polar
spring and summer behavior observed by TES: Seasonal cap
evolution controlled by frost grain size. J Geophys Res 2000;
105(E4):9653–9699; doi: 10.1029/1999JE001136

Kirschvink JL. Late proterozoic low-latitude global glaciation:
The snowball earth. International Journal of Astronomy and
Astrophysics 1992.

Knutti R, Sedlacek J. Robustness and uncertainties in the new
CMIP5. Nature Clim Change 2013;3(4):369–373; doi: 10
.1038/nclimate1716

Kopparapu RK, Ramirez R, Kasting JF, et al. Habitable zones
around main-sequence stars: New estimates. ApJ 2013;
765(2):131; doi: 10.1088/0004-637X/765/2/131

Kopparapu RK, Ramirez RM, SchottelKotte J, et al. Habitable
zones around main-sequence stars: Dependence on planetary
mass. ApJ 2014;787(2):L29; doi: 10.1088/2041-8205/787/2/L29

Korzennik SG, Brown TM, Fischer DA, et al. A higheccentric-
ity low-mass companion to HD 89744. Astrophys J 2000;
533(2):L147–L150; doi: 10.1086/312611

Laskar J, Joutel F, Boudin F. Orbital, precessional, and insola-
tion quantities for the earth from -20 Myr to +10 Myr.
Astronomy and Astrophysics 1993;270:522–533.

Lenton TM, Held H, Kriegler E, et al. Inaugural article: Tipping
elements in the Earth’s climate system. Proceedings of the
National Academy of Science 2008;105(6):1786–1793; doi:
10.1073/pnas.0705414105

Lindzen RS, Farrell B. Some realistic modifications of simple
climate models. J Atmos Sci 1977;34(10):1487–1501.

Linsenmeier M, Pascale S, Lucarini V. Climate of Earth-like
planets with high obliquity and eccentric orbits: Implications
for habitability conditions. Planetary and Space Science
2015;105:43–59; doi: 10.1016/j.pss.2014.11. 003

EXTRASOLAR PLANETS 57

http://dx.doi.org/10.3847/PSJ/abf4df
http://dx.doi.org/10.1029/2021GL094130
http://dx.doi.org/10.1093/mnras/stae601
http://dx.doi.org/10.1016/j.icarus.2012.10.019
http://dx.doi.org/10.1007/s11214-006-8315-7
http://dx.doi.org/10.1007/s11214-006-8315-7
http://dx.doi.org/10.1007/s00382-009-0614-8
http://dx.doi.org/10.1038/s41586-023-05951-7
http://dx.doi.org/10.1016/S0019-1035(02)00075-1
http://dx.doi.org/10.1016/S0019-1035(02)00075-1
http://dx.doi.org/10.1029/97JE01875
http://dx.doi.org/10.1029/2005JE002531
http://dx.doi.org/10.1029/JB086iB04p03039
http://dx.doi.org/10.1029/JB086iB04p03039
http://dx.doi.org/10.3847/0004-637X/827/2/120
http://dx.doi.org/10.1002/qj.3803
http://dx.doi.org/10.1126/science.281.5381.1342
http://dx.doi.org/10.1111/j.1365-2966.2006.10298.x
http://dx.doi.org/10.3847/1538-4357/acb81c
http://dx.doi.org/10.48550/arXiv.2211.07883
http://dx.doi.org/10.48550/arXiv.2211.07883
http://dx.doi.org/10.1126/science.204.4395.799
http://dx.doi.org/10.1088/0004-637X/788/2/170
http://dx.doi.org/10.3847/1538-4357/ab0aef
http://dx.doi.org/10.1080/00107514.2018.1467648
http://dx.doi.org/10.1080/00107514.2018.1467648
http://dx.doi.org/10.1088/0004-637X/724/1/818
http://dx.doi.org/10.1088/0004-637X/724/1/818
http://dx.doi.org/10.3847/0004-637X/821/1/65
http://dx.doi.org/10.3847/1538-4357/aba0a2
http://dx.doi.org/10.3847/1538-4357/aba0a2
http://dx.doi.org/10.1006/icar.1993.1010
http://dx.doi.org/10.1029/JB095iB02p01481
http://dx.doi.org/10.1029/1999JE001136
http://dx.doi.org/10.1038/nclimate1716
http://dx.doi.org/10.1038/nclimate1716
http://dx.doi.org/10.1088/0004-637X/765/2/131
http://dx.doi.org/10.1088/2041-8205/787/2/L29
http://dx.doi.org/10.1086/312611
http://dx.doi.org/10.1073/pnas.0705414105
http://dx.doi.org/10.1016/j.pss.2014.11. 003


Lobo AH, Shields AL, Palubski IZ, et al. Terminator habitabil-
ity: The case for limited water availability on M-dwarf plan-
ets. ApJ 2023;945(2):161; doi: 10.3847/1538-4357/aca970

Loeb NG, Doelling DR, Wang H, et al. Clouds and the Earth’s
Radiant Energy System (CERES) Energy Balanced and Filled
(EBAF) Top-of-Atmosphere (TOA) Edition-4.0 data product. J
Climate 2018;31(2):895–918; doi: 10.1175/JCLI-D-17-0208.1

M’endez A, Rivera-Valent’ın EG. The equilibrium temperature
of planets in elliptical orbits. The Astrophysical Journal Let-
ters 2017;837(1):L1; doi: 10.3847/2041-8213/aa5f13

Micheels A, Montenari M. A snowball Earth versus a slushball
Earth: Results from Neoproterozoic climate modeling sensi-
tivity experiments. Geosphere 2008;4(2):401; doi: 10.1130/
GES00098.1

Naef D, Latham DW, Mayor M, et al. HD 80606 b, a planet on
an extremely elongated orbit. A&A 2001;375(2):L27–L30;
doi: 10.1051/0004-6361:20010853

North GR. Theory of energy-balance climate models. J Atmos Sci
1975;32(11):2033–2043; doi: 10.1175/1520-0469(1975)032\text
lessfg2033:TOEBCM\textgreaterfg2.0.CO;2

North GR, Coakley JA., Jr., Differences between seasonal and
mean annual energy balance model calculations of climate
and climate sensitivity. J Atmos Sci 1979;36(7):1189–1204.

O’Toole SJ, Tinney CG, Jones HRA, et al. Selection functions
in doppler planet searches. Monthly Notices of the Royal
Astronomical Society 2009;392(2):641–654; doi: 10.1111/j
.1365-2966.2008.14051.x

Palubski IZ, Shields AL, Deitrick R. Habitability and water loss
limits on eccentric planets orbiting main-sequence stars. ApJ
2020;890(1):30; doi: 10.3847/1538-4357/ab66b2

Phillips RJ, Davis BJ, Tanaka KL, et al. Massive CO2 Ice depos-
its sequestered in the south polar layered deposits of Mars. Sci-
ence 2011;332(6031):838–841; doi: 10.1126/science.1203091

Pierrehumbert RT. Principles of Planetary Climate. Cambridge
University Press: Cambridge, UK; 2010.

Planavsky NJ, Rouxel OJ, Bekker A, et al. The evolution of
the marine phosphate reservoir. Nature 2010;467(7319):
1088–1090; doi: 10.1038/nature09485

Ramirez RM. A more comprehensive habitable zone for finding
life on other planets. Geosciences 2018;8(8):280; doi: 10
.3390/geosciences8080280

Ramirez RM. A new 2D energy balance model for simulating
the climates of rapidly and slowly rotating terrestrial planets.
Planet Sci J 2024;5(1):2; doi: 10.3847/PSJ/ad0729

Ramirez RM, Craddock RA, Usui T. Climate simulations of
early Mars with estimated precipitation, runoff, and erosion
rates. Journal of Geophysical Research (Planets) 2020;
125(3):e06160; doi: 10.1029/2019JE006160

Ramirez RM, Kaltenegger L. A volcanic hydrogen habitable
zone. ApJL 2017;837(1):L4; doi: 10.3847/2041-8213/aa60c8

Reid IN, Hawley SL, Gizis JE. The palomar/msu nearby-star
spectroscopic survey. i. the northern m dwarfs-bandstrengths
and kinematics. The Astronomical Journal 1995;110:1838.

Richey-Yowell T, Shkolnik EL, Parke Loyd RO, et al. HAZ-
MAT. VIII. A spectroscopic analysis of the ultraviolet evolu-
tion of K Stars: Additional evidence for K dwarf rotational
stalling in the first Gigayear. ApJ 2022;929(2):169; doi: 10
.3847/1538-4357/ac5f48

Roe GH, Baker MB. Notes on a catastrophe: A feedback analy-
sis of snowball Earth. Journal of Climate 2010;23(17):
4694–4703; doi: 10.1175/2010JCLI3545.1

Rushby AJ, Shields AL, Joshi M. The effect of land fraction
and host star spectral energy distribution on the planetary
albedo of terrestrial worlds. ApJ 2019;887(1):29; doi: 10
.3847/1538-4357/ab4da6

Rushby AJ, Shields AL, Wolf ET, et al. The effect of land
albedo on the climate of land-dominated planets in the
TRAPPIST-1 system. ApJ 2020;904(2):124; doi: 10.3847/
1538-4357/abbe04

Schanche N, Pozuelos FJ, G€unther MN, et al. TOI-2257 b: A
highly eccentric long-period sub-Neptune transiting a nearby M
dwarf. A&A 2022;657:A45; doi: 10.1051/0004-6361/202142280

Seager S. Exoplanet habitability. Science 2013;340(6132):
577–581; doi: 10.1126/science.1232226

Segura A, Kasting JF, Meadows V, et al. Biosignatures from
Earth-Like planets around M dwarfs. Astrobiology 2005;5(6):
706–725; doi: 10.1089/ast.2005.5.706

Segura A, Krelove K, Kasting JF, et al. Ozone concentrations
and ultraviolet fluxes on earth-like planets around other stars.
Astrobiology 2003;3(4):689–708.

Shields AL, Ballard S, Johnson JA. The habitability of planets
orbiting m-dwarf stars. Physics Reports 2016;663:1–38; doi:
10.1016/j.physrep.2016.10.003

Shields AL, Bitz CM, Meadows VS, et al. Spectrum-driven
planetary deglaciation due to increases in stellar luminosity.
ApJ 2014;785(1):L9; doi: 10.1088/2041-8205/785/1/L9

Shields AL, Bitz CM, Palubski I. Energy budgets for terrestrial
extrasolar planets. ApJL 2019;884(1):L2; doi: 10.3847/2041-
8213/ab44ce

Shields AL, Carns RC. Hydrohalite Salt-albedo feedback could
cool M-dwarf planets. ApJ 2018;867(1):11; doi: 10.3847/
1538-4357/aadcaa

Shields AL, Meadows VS, Bitz CM, et al. The effect of host
star spectral energy distribution and Ice-Albedo feedback on
the climate of extrasolar planets. Astrobiology 2013;13(8):
715–739; doi: 10.1089/ast.2012.0961

Simonetti P, Vladilo G, Ivanovski SL, et al. Seasonal thaws
under mid- to low-pressure atmospheres on early Mars. ApJ
2024;960(1):27; doi: 10.3847/1538-4357/acffba

Singh D, Flanner MG. An improved carbon dioxide snow spec-
tral albedo model: Application to Martian conditions. Journal
of Geophysical Research (Planets) 2016;121(10):2037–2054;
doi: 10.1002/2016JE005040

Smith IB, Schlegel NJ, Larour E, et al. Carbon dioxide ice glaciers
at the south pole of Mars. Journal of Geophysical Research
(Planets) 2022;127(4):e07193; doi: 10.1029/2022JE007193

Soto A, Mischna M, Schneider T, et al. Martian atmospheric
collapse: Idealized GCM studies. Icarus 2015;250:553–569;
doi: 10.1016/j.icarus.2014.11.028

Spiegel DS, Menou K, Scharf CA. Habitable climates: The
influence of obliquity. ApJ 2009;691(1):596–610; doi: 10
.1088/0004-637X/691/1/596

Spiegel DS, Raymond SN, Dressing CD, et al. Generalized
Milankovitch cycles and long-term climatic habitability. ApJ
2010;721(2):1308–1318; doi: 10.1088/0004-637X/721/2/1308

Stern SA, Bagenal F, Ennico K, et al. The Pluto system: Initial
results from its exploration by New Horizons. Science 2015;
350(6258):aad1815; doi: 10.1126/science.aad1815

Stevens B, Schwartz S. Observing and modeling earth’s energy
flows. Surv Geophys 2012;33(3–4):779–816; doi: 10.1007/
s10712-012-9184-0

58 VENKATESAN ET AL.

http://dx.doi.org/10.3847/1538-4357/aca970
http://dx.doi.org/10.1175/JCLI-D-17-0208.1
http://dx.doi.org/10.3847/2041-8213/aa5f13
http://dx.doi.org/10.1130/GES00098.1
http://dx.doi.org/10.1130/GES00098.1
http://dx.doi.org/10.1051/0004-6361:20010853
http://dx.doi.org/10.1175/1520-0469(1975)032	extless&hx007B;&hx007D;2033:TOEBCM	extgreater&hx007B;&hx007D;2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1975)032	extless&hx007B;&hx007D;2033:TOEBCM	extgreater&hx007B;&hx007D;2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2966.2008.14051.x
http://dx.doi.org/10.1111/j.1365-2966.2008.14051.x
http://dx.doi.org/10.3847/1538-4357/ab66b2
http://dx.doi.org/10.1126/science.1203091
http://dx.doi.org/10.1038/nature09485
http://dx.doi.org/10.3390/geosciences8080280
http://dx.doi.org/10.3390/geosciences8080280
http://dx.doi.org/10.3847/PSJ/ad0729
http://dx.doi.org/10.1029/2019JE006160
http://dx.doi.org/10.3847/2041-8213/aa60c8
http://dx.doi.org/10.3847/1538-4357/ac5f48
http://dx.doi.org/10.3847/1538-4357/ac5f48
http://dx.doi.org/10.1175/2010JCLI3545.1
http://dx.doi.org/10.3847/1538-4357/ab4da6
http://dx.doi.org/10.3847/1538-4357/ab4da6
http://dx.doi.org/10.3847/1538-4357/abbe04
http://dx.doi.org/10.3847/1538-4357/abbe04
http://dx.doi.org/10.1051/0004-6361/202142280
http://dx.doi.org/10.1126/science.1232226
http://dx.doi.org/10.1089/ast.2005.5.706
http://dx.doi.org/10.1016/j.physrep.2016.10.003
http://dx.doi.org/10.1088/2041-8205/785/1/L9
http://dx.doi.org/10.3847/2041-8213/ab44ce
http://dx.doi.org/10.3847/2041-8213/ab44ce
http://dx.doi.org/10.3847/1538-4357/aadcaa
http://dx.doi.org/10.3847/1538-4357/aadcaa
http://dx.doi.org/10.1089/ast.2012.0961
http://dx.doi.org/10.3847/1538-4357/acffba
http://dx.doi.org/10.1002/2016JE005040
http://dx.doi.org/10.1029/2022JE007193
http://dx.doi.org/10.1016/j.icarus.2014.11.028
http://dx.doi.org/10.1088/0004-637X/691/1/596
http://dx.doi.org/10.1088/0004-637X/691/1/596
http://dx.doi.org/10.1088/0004-637X/721/2/1308
http://dx.doi.org/10.1126/science.aad1815
http://dx.doi.org/10.1007/s10712-012-9184-0
http://dx.doi.org/10.1007/s10712-012-9184-0


Stock S, Nagel E, Kemmer J, et al. The CARMENES search for exo-
planets around M dwarfs. Three temperate-to-warm super-Earths.
A&A 2020;643:A112; doi: 10.1051/0004-6361/202038820

Tamuz O, Śegransan D, Udry S, et al. The CORALIE survey for
southern extra-solar planets. XV. Discovery of two eccentric
planets orbiting <ASTROBJ>HD 4113</ASTROBJ> and
<ASTROBJ>HD 156846</ASTROBJ>. A&A 2008;480(3):
L33–L36; doi: 10.1051/0004-6361:20078737

Tegler SC, Cornelison DM, Grundy WM, et al. Methane and
nitrogen abundances on Pluto and Eris. ApJ 2010;725(1):
1296–1305; doi: 10.1088/0004-637X/725/1/1296

The LUVOIR Team. The LUVOIR Mission Concept Study
Final Report. 2019, arXiv e-prints, art. arXiv:1912.06219.

Turbet M, Bolmont E, Leconte J, et al. Modeling climate diversity,
tidal dynamics and the fate of volatiles on TRAPPIST-1 planets.
A&A 2018;612:A86; doi: 10.1051/0004-6361/201731620

Turbet M, Forget F. 3-D Global modelling of the early martian
climate under a dense CO2+H2 atmosphere and for a wide
range of surface water inventories. 2021, arXiv e-prints, art.
arXiv:2103.10301, March.

Turbet M, Forget F, Leconte J, et al. CO2 condensation is a seri-
ous limit to the deglaciation of Earth-like planets. Earth and
Planetary Science Letters 2017;476:11–21; doi: 10.1016/j
.epsl.2017.07.050

Urata RA, Toon OB. Simulations of the martian hydrologic
cycle with a general circulation model: Implications for the
ancient martian climate. Icarus 2013;226(1):229–250; doi: 10
.1016/j.icarus.2013.05.014

Walker JCG, Hays PB, Kasting JF. A negative feedback mecha-
nism for the long-term stabilization of the earth’s surface
temperature. J Geophys Res 1981;86(C10):9776–9782; doi:
10.1029/JC086iC10p09776

Wang Y, Tian F, Hu Y. Climate patterns of habitable exoplanets
in eccentric orbits around M dwarfs. ApJ 2014;791(1):L12;
doi: 10.1088/2041-8205/791/1/L12

Warren SG, Brandt RE, Grenfell TC, et al. Snowball Earth: Ice
thickness on the tropical ocean. Journal of Geophysical Research
(Oceans) 2002;107(C10):3167; doi: 101029/2001JC001123

Way NJ, Aleinov I, Amundsen DS, et al. Resolving orbital and
climate keys of Earth and extraterrestrial environments with
dynamics (ROCKE-3D) 1.0: A general circulation model for
simulating the climates of rocky planets. ApJS 2017;231(1):
12; doi: 10.3847/1538-4365/aa7a06

Way MJ, Georgakarakos N. Effects of variable eccentricity on
the climate of an Earth-like World. ApJL 2017;835(1):L1;
doi: 10.3847/2041-8213/835/1/L1

Wilhelm C, Barnes R, Deitrick R, et al. The ice coverage of
Earth-like planets orbiting FGK stars. Planet Sci J 2022;3(1):
13; doi: 10.3847/PSJ/ac3b61

Williams DM, Kasting JF. Habitable planets with high obliquities.
Icarus 1997;129(1):254–267; doi: 10.1006/icar.1997.5759

Williams DM, Pollard D. Earth-like worlds on eccentric
orbits: Excursions beyond the habitable zone. International
Journal of Astrobiology 2002;1(1):61–69; doi: 10.1017/
S1473550402001064

Williams DM, Pollard D. Extraordinary climates of Earth-like
planets: Three-dimensional climate simulations at extreme
obliquity. International Journal of Astrobiology 2003;2(1):
1–19; doi: 10.1017/S1473550403001356

Winters JG, Cloutier R, Medina AA, et al. A second planet tran-
siting LTT 1445A and a determination of the masses of both
worlds. AJ 2022;163(4):168; doi: 10.3847/1538-3881/ac50a9

Wittenmyer RA, Jones MI, Horner J, et al. The Pan-Pacific
planet search. VII. The most eccentric planet orbiting a Giant
Star. AJ 2017;154(6):274; doi: 10.3847/1538-3881/aa9894

Wolf ET, Shields AL, Kopparapu RK, et al. Constraints on cli-
mate and habitability for Earth-like exoplanets determined
from a general circulation model. ApJ 2017;837(2):107; doi:
10.3847/1538-4357/aa5ffc

Wordsworth R, Forget F, Millour E, et al. Global modelling of
the early martian climate under a denser CO2 atmosphere:
Water cycle and ice evolution. Icarus 2013;222(1):1–19; doi:
10.1016/j.icarus.2012.09.036

Wordsworth RD, Forget F, Selsis F, et al. Is Gliese 581d habitable?
Some constraints from radiative-convective climate modeling.
A&A 2010;522:A22; doi: 10.1051/0004-6361/201015053

Xie J-W, Dong S, Zhu Z, et al. Exoplanet orbital eccentricities
derived from LAMOST-Kepler analysis. Proc Natl Acad Sci U
S A 2016;113(41):11431–11435; doi: 10.1073/pnas.1604692113

Yang J, Cowan NB, Abbot DA. Stabilizing cloud feedback dra-
matically expands the habitable zone of tidally locked planets.
ApJ 2013;771(2):L45; doi: 10.1088/2041-8205/771/2/L45

Zieba S, Kreidberg L, Ducrot E, et al. No thick carbon dioxide
atmosphere on the rocky exoplanet TRAPPIST-1 c. 2023, arXiv
e-prints, art. arXiv:2306.10150. doi:10.48550/arXiv.2306.10150

Address correspondence to:
Vidya Venkatesan

Department of Physics and Astronomy
University of California

4129 Frederick Reines Hall
Irvine

CA 92697-4575
USA

E-mail: vidyav1@uci.edu

Submitted August 22, 2023
Accepted December 15, 2024

Associate Editor: Timothy W. Lyons

Abbreviations Used

EBM ¼ Energy Balance model
EBAF ¼ Energy balanced and filled
GCMs ¼ General Circulation models

HZ ¼ Habitable Zone
IHZ ¼ Inner Habaitable Zone

JWST ¼ James Webb Space Telescope
OHZ ¼ Outer Habitable Zone
OLR ¼ Outgoing Longwave Radiation
RGH ¼ Runaway Greenhouse

SMART ¼ Spectral Mapping Atmospheric Radiative Transfer
Model

TOA ¼ top-of-atmosphere
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