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ABSTRACT
The habitable zone (HZ) is a fundamental concept used to guide our search for temperate exoplanets12

with stable surface liquid water that would sustain remotely detectable biosignatures. So far, most13

advanced 3D climate studies and prospective spectral simulations of HZ planets have focused on inner14

HZ planets that receive stellar radiation similar to Earth’s and would consequently maintain relatively15

low (e.g., hundreds of ppm) atmospheric CO2. Here we present a systematic investigation of outer HZ16

(OHZ) planets, which require high CO2 for habitability, using the 3D Generic Planetary Climate Model17

(PCM). Our 3D climate results are compared with previous 1D predictions that show strong agreement18

between models. Simulated spectra of the modeled planets indicate that high overlying CO2 levels19

affect remote signatures of habitability. We also determine substantial spectral differences that would20

distinguish habitable vs. non-habitable high-CO2 worlds with future direct-imaging observations for21

Solar analogs and with transmission and emission spectroscopy for M-dwarfs. Our results demonstrate22

that 3D models that include CO2 condensation are necessary to understand the potential planetary23

habitability and spectral impacts of clouds on terrestrial worlds in the OHZ.24

1. INTRODUCTION25

The search for life outside of the Solar System is26

guided in part by the habitable zone (HZ), a concep-27

tual region around a star where planets with the right28

atmospheric composition could maintain surface liquid29

water in contact with that atmosphere, potentially al-30

lowing for the accumulation of detectable spectroscopic31

biosignatures (J. F. Kasting et al. 1993; R. K. Koppa-32

rapu et al. 2013a; E. W. Schwieterman et al. 2018). The33

most accepted HZ paradigm assumes a N2-CO2-H2O at-34

mosphere with the operation of a negative geochemi-35

cal feedback called the carbonate-silicate cycle, where36

CO2 is regulated over geologic time by the interplay be-37

tween CO2 outgassing and chemical weathering of CO238

into carbonates, which are eventually subducted into the39

planetary interior (J. C. G. Walker et al. 1981; R. K.40

Kopparapu et al. 2013a). The greenhouse warming orig-41

inates from a combination of CO2 and H2O, the latter of42
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which is a condensable gas and on long timescales must43

be controlled by the CO2 abundance. The carbonate-44

silicate cycle predicts that CO2 concentrations will rise45

with increasing distance from the host star and decreas-46

ing instellation until very high CO2 levels are reached at47

the maximum greenhouse limit, which defines the outer48

habitable zone (OHZ) boundary and occurs when ad-49

ditional CO2 becomes a net cooling rather than a net50

warming gas (J. F. Kasting et al. 1993; R. K. Koppa-51

rapu et al. 2013a). This feedback significantly extends52

the OHZ from 1.01 AU (assuming Earth-identical atmo-53

spheric composition) to 1.67 AU, where outer planets54

would need to maintain dense CO2 atmospheres to sup-55

port habitable surface conditions (J. F. Kasting et al.56

1993). The levels of CO2 required to warm a planet at57

the outer edge of the HZ range from several to tens of58

bars depending on the spectral type of the planet’s host59

star (R. K. Kopparapu et al. 2013a). This is well beyond60

the CO2 concentration that Earth’s atmosphere has ever61

maintained, except perhaps for its earliest history (K.62

Zahnle et al. 2007; D. A. Stolper et al. 2016). The ex-63
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tent to which negative geochemical carbon feedbacks are64

a common occurrence in terrestrial exoplanets has not65

yet been empirically demonstrated (O. R. Lehmer et al.66

2020), which will require a survey of nearby HZs and67

their spectral signatures (J. H. Checlair et al. 2019).68

The propensity of a planet to enter or exit an ice-69

covered “Snowball” state is dependent on the spectral70

energy distribution (SED) of its host star, which will dif-71

fer across exoplanetary systems. For example, the large72

fraction of near-IR radiation received by planets orbit-73

ing M-dwarfs renders them less susceptible to snowball74

episodes than planets orbiting stars with higher visible75

and near-UV output (A. L. Shields et al. 2013). When76

considering a fixed level of CO2, M-dwarf aquaplanets77

remain free of global ice cover with 25% less stellar flux78

than F-dwarf aquaplanets and 19% less stellar flux than79

G-dwarf aquaplanets (A. L. Shields et al. 2013). Dis-80

tant planets that orbit beyond the HZ may exit this81

“Snowball” state as a response to the increase in their82

host star’s insolation as a function of the SED (A. L.83

Shields et al. 2014). A planet orbiting an M-dwarf will84

require smaller insolation to initiate deglaciation than85

planets orbiting Sun-like stars (A. L. Shields et al. 2014;86

J. Checlair et al. 2017). As atmospheric CO2 increases,87

this required insolation grows smaller, as M-dwarf snow-88

ball planets demonstrate a stronger radiative response89

and will warm more efficiently than G-dwarf snowball90

planets for the same increase in CO2 (A. L. Shields et al.91

2014). This equilibrium climate response of a planet to92

changes in insolation and stellar type has not yet been93

tested with a 3D climate model that includes CO2 con-94

densation physics.95

Planets around M dwarfs are considered to have an96

advantage in some observation modes due to their fa-97

vorable planet-star size ratios, high planet-star con-98

trasts, relatively small angular separation, and enhanced99

signal-to-noise ratios. M dwarfs make up ∼70% of100

all stars and are expected to have an abundance of101

terrestrial-sized planets (G. D. Mulders et al. 2015) of-102

ten found within the HZ (C. D. Dressing & D. Char-103

bonneau 2015; S. Bryson et al. 2021). These worlds are104

expected to be tidally locked (S. H. Dole 1964; S. J. Peale105

1977; J. F. Kasting et al. 1993; A. R. Dobrovolskis 2009),106

where one side of the planet always faces the star. Al-107

though their HZ boundaries have been calculated (e.g.108

R. K. Kopparapu et al. 2013a, 2014), the climates of109

synchronous rotators are not well approximated by 1D110

globally averaged models. 1D predictions for the OHZ111

have not yet been systematically examined in 3D as has112

been done for IHZ planets, in part because of computa-113

tion time. We expect that planets near the OHZ, hav-114

ing dense CO2 atmospheres, should effectively transport115

heat to their night sides and present a possible case for116

habitability. Evidence suggests that the inner planets,117

TRAPPIST-1 b and TRAPPIST-1 c, have thin or no at-118

mospheres (T. P. Greene et al. 2023; S. Zieba et al. 2023).119

More broadly, recent JWST observations of highly irra-120

diated rocky exoplanets indicate that many are consis-121

tent with bare-rock scenarios, although the presence of122

atmospheres cannot be definitively ruled out (L. Krei-123

dberg & K. B. Stevenson 2025). For TRAPPIST-1 b124

specifically, JWST observations combined with 3D cli-125

mate modeling suggest that the planet may either be a126

bare rock or sustain a CO2-rich atmosphere with hazes127

(A. Maurel et al. 2025). However, coupled atmosphere-128

interior evolution models do not imply that these sub-129

stantial atmospheres are unlikely for the outer planets130

(J. Krissansen-Totton 2023). As TRAPPIST-1 b and c131

are well inside the runaway greenhouse, prolonged ex-132

posure to high radiation likely led to atmospheric ero-133

sion, while the outer planets experienced shorter peri-134

ods of extreme atmospheric loss and are much more135

likely to retain their atmospheres. The best opportu-136

nity to confirm these atmospheres remains with James137

Webb Space Telescope (JWST) transit observations of138

TRAPPIST-1 e and f (J. Krissansen-Totton 2023).139

Potentially habitable planets around M dwarfs can be140

observed in transit with JWST to provide insight on141

whether or not these worlds have atmospheres, but the142

amount of observation time required to detect even the143

strongest spectral features for an Earth-like world is con-144

siderably high (C. V. Morley et al. 2017; V. S. Meadows145

et al. 2023; TRAPPIST-1 JWST Community Initiative146

et al. 2024). This is partially due to the effects of clouds147

dominating the spectrum (T. J. Fauchez et al. 2019a;148

T. D. Komacek et al. 2020; G. Suissa et al. 2020), mak-149

ing CO2 likely the most detectable gas for an Earth-like150

world (T. J. Fauchez et al. 2019a; J. Lustig-Yaeger et al.151

2019; D. Pidhorodetska et al. 2020). Additionally, stel-152

lar contamination may overshadow the planetary signal153

of terrestrial planets around M dwarfs (O. Lim et al.154

2023; M. Radica et al. 2025). However, planets orbit-155

ing "Sun-like" (FGK) stars will be directly imaged with156

NASA’S Habitable Worlds Observatory (HWO). While157

the instrument capabilities are yet to be finalized, we158

expect the design to be motivated by previous mission159

concept reports including those of LUVOIR (L. Team160

et al. 2019) and HabEx (B. S. Gaudi et al. 2020). Other161

future facilities such as the Extremely Large Telescope162

(ELT) will also utilize direct imaging to study terres-163

trial exoplanets. In particular, the Planetary Camera164

and Spectrograph (PCS) is being developed for observa-165

tions of temperate rocky planets around M and K dwarfs166

(M. Kasper et al. 2021).167
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The expansion of traditional HZ boundaries as a func-168

tion of factors such as planetary eccentricity, obliquity,169

rotation rate, and surface albedo is also dependent on170

pCO2 (e.g. E. Bolmont et al. 2016; S. R. Kane & S. M.171

Torres 2017; T. Jansen et al. 2019; I. Z. Palubski et al.172

2020; P. Vervoort et al. 2022). Although other gasses173

such as CH4 and H2 have been suggested to expand the174

HZ (e.g., S. Seager 2013; R. M. Ramirez 2019; M. Mol175

Lous et al. 2022), they lack fully explicated mechanisms176

for the strong abiotic negative feedback cycle to regu-177

late greenhouse warming as a function of surface tem-178

perature and insolation. Hence, while consideration of179

alternative greenhouse gases is important, fully under-180

standing traditional CO2 greenhouse limits is a neces-181

sary first step, and underpinned by empirical evidence182

for the carbonate-silicate cycle on Earth. Thus, that is183

the focus for this work. Determining how these variables184

affect each other is crucial to informing our ability to185

test HZ boundaries derived with simple 1D models with186

more advanced techniques. Previous attempts to char-187

acterize the HZ with GCMs have focused on the inner188

habitable zone (IHZ), where the amount of CO2 is ex-189

pected to be low due to high insolations and the negative190

feedback of the carbonate-silicate cycle (R. K. Koppa-191

rapu et al. 2016; Y. Fujii et al. 2017; G. Chaverot et al.192

2023; M. Turbet et al. 2023). While some GCM studies193

looked at the climates of planets near the OHZ (R. D.194

Wordsworth et al. 2011; M. Turbet et al. 2017b, 2018;195

A. Paradise & K. Menou 2017; A. Paradise et al. 2021;196

K. Taniguchi et al. 2026), none have yet attempted to197

quantify the position of the OHZ as a function of stellar198

type, based on the maximum greenhouse limit.199

The impact of clouds on the climates of terrestrial200

planets is very important as they can invoke the green-201

house effect by trapping the infrared radiation in the202

lower atmosphere or create an albedo effect by scatter-203

ing incident stellar radiation back to space. The ex-204

tent of the HZ around different types of stars is there-205

fore dependent on the presence of clouds (M. S. Marley206

et al. 2013; J. Yang et al. 2014; R. K. Kopparapu et al.207

2016, 2017; M. Turbet et al. 2021, 2023), especially for208

the OHZ boundary which is influenced by the forma-209

tion of CO2 ice clouds. These CO2 ice particles enable210

the scatter of thermal radiation back to the planets sur-211

face, creating a scattering greenhouse effect (F. Forget212

& R. T. Pierrehumbert 1997). This effect could then in-213

crease the surface temperature above the freezing point214

of water (R. D. Wordsworth et al. 2011; F. Forget & S.215

Lebonnois 2013; M. Turbet et al. 2017b). Although the216

climatic effect of CO2 ice clouds in CO2-dominated at-217

mospheres of terrestrial planets around different types of218

main-sequence dwarf stars has previously been explored219

(D. Kitzmann 2017), such a systematic study has not220

yet been performed with a 3D climate model, which is221

necessary to determine the locations of CO2 clouds in222

such an atmosphere, particularly for synchronous rota-223

tors (R. D. Wordsworth et al. 2011; J. Leconte et al.224

2013b).225

The objective of this study is to understand how the226

results of a 3D climate model may (or may not) devi-227

ate from the previous 1D predictions while determin-228

ing the spectral signatures of habitable OHZ worlds and229

how they differ from habitable worlds near the IHZ. Ad-230

ditionally, we establish how habitable worlds near the231

OHZ differ from non-habitable high-CO2 planets. We232

highlight a strong similarity between the behavior of233

water clouds that can form on the day or night side (J.234

Yang et al. 2013; R. K. Kopparapu et al. 2016, 2017; M.235

Turbet et al. 2021, 2023) with those of CO2 ice clouds236

(this work). Section 2 details the climate, spectral, and237

instrumental modeling methods considered in all simu-238

lations. Summarized results for average global tempera-239

tures can be found in Section 3, while an expanded dis-240

cussion of the impacts of clouds, planetary parameters,241

and comparisons to previous 1D and 3D predictions is242

included in Section 4. Conclusions follow in Section 5.243

2. METHODS244

2.1. 3D Climate Modeling245

To test the limits of the OHZ as a function of increas-246

ing atmospheric CO2, we ran a series of experiments us-247

ing the Generic Planetary Climate Model (PCM), for-248

merly known as the Generic LMD GCM, the only 3D249

GCM that includes CO2 condensation physics. The250

Generic PCM has previously been developed and used251

to simulate a wide range of exoplanetary atmospheres252

ranging from that of temperate rocky planets (R. D.253

Wordsworth et al. 2011; J. Leconte et al. 2013a; M.254

Turbet et al. 2018; T. J. Fauchez et al. 2019b) to warm255

mini-Neptunes (B. Charnay et al. 2015a,b; M. Turbet256

et al. 2016; B. Charnay et al. 2021; C. Cadieux et al.257

2024) and even hot Jupiters (L. Teinturier et al. 2024).258

Specifically, the model has been adapted to simulate259

water-rich planetary atmospheres with numerous appli-260

cations including studying runaway greenhouse on Earth261

(J. Leconte et al. 2013a; G. Chaverot et al. 2023) and262

water condensation on early Earth, Venus (M. Turbet263

et al. 2021) and exoplanets (M. Turbet et al. 2023).264

The Generic PCM has used the early Martian climate265

as a laboratory to run 3D simulations of thick, multi-bar266

CO2-dominated atmospheres (F. Forget & S. Lebonnois267

2013; R. Wordsworth et al. 2013; R. D. Wordsworth268

et al. 2015; M. Turbet et al. 2017a, 2020). However,269

early Mars studies are calibrated specifically for Mars,270
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which did not have a global ocean, and are not nec-271

essarily applicable to predicting the climates of larger,272

water-rich Earth-like terrestrial worlds in the OHZ. We273

build on these prior studies by exploring a larger pCO2-274

insolation parameter space to understand how these fac-275

tors jointly modulate planetary climate for Earth-like276

worlds.277

The Generic PCM includes complete radiative trans-278

fer that takes into account absorption and scattering279

by the atmosphere, the clouds, and the surface. The280

radiative transfer calculations, which are based on the281

correlated-k approach (Q. Fu & K. N. Liou 1992), use282

32 spectral bands in the thermal infrared and 35 in the283

visible domain. The opacity tables were calculated as284

described in M. Turbet et al. (2017a) using the HITRAN285

2012 database (L. Rothman et al. 2013). The opacity286

tables also account for continuum absorptions using the287

HITRAN CIA (Collision-Induced Absorption) database288

(T. Karman & J. M. Hutson 2019) and the MT_CKD289

v3.5 database (E. J. Mlawer et al. 2012). Subgrid-290

scale dynamical processes (turbulent mixing and con-291

vection) were parameterized as described in J. Leconte292

et al. (2013b). Moist convection was taken into account293

following a moist convective adjustment scheme that is294

originally derived from S. Manabe & R. T. Wetherald295

(1967) and was later generalized for water-dominated at-296

mospheres in J. Leconte et al. (2013b). Relative humid-297

ity evolves freely and is limited to 100% (no supersatura-298

tion). In practice, when an atmospheric grid cell reaches299

100% saturation and the corresponding atmospheric col-300

umn has an unstable vertical temperature profile, the301

moist convective adjustment scheme is performed to ob-302

tain a stable moist adiabatic lapse rate. When condens-303

ing, water vapor forms liquid water droplets and/or wa-304

ter ice particles, depending on the atmospheric temper-305

ature and pressure, forming clouds.306

We used a fixed number of activated cloud condensa-307

tion nuclei (CCNs) per unit mass of air to determine –308

based on the amount of condensed material – the local,309

effective radii of H2O and CO2 cloud particles (R. D.310

Wordsworth et al. 2011; M. Turbet et al. 2021). The311

effective radius is then used to compute the radiative312

properties and the sedimentation velocity of cloud par-313

ticles. Water precipitation is divided into rainfall and314

snowfall, depending on the nature of the cloud parti-315

cles, determined solely by the atmospheric temperature.316

Rainfall is parameterized to account for the conversion317

of cloud liquid droplets to raindrops by coalescence with318

other droplets (O. Boucher et al. 1995). Rainfall is con-319

sidered to be instantaneous, that is it goes directly to320

the surface, but can evaporate while falling through sub-321

saturated layers (D. Gregory 1995). Ice particles of both322

species were sedimented according to Stokes law (F. For-323

get et al. 1999). The snowfall rate is calculated using the324

sedimentation velocity of particles, assumed to be equal325

to the terminal velocity that we approximate by a Stokes326

law modified with a ’slip-flow’ correction factor (W. B.327

Rossow 1978).328

The simulations presented in this paper were per-329

formed at a spatial resolution of 64 × 48 in longi-330

tude × latitude. The exact number of atmospheric lay-331

ers and the model top pressure vary slightly depending332

on the surface pressure considered. The entire pressure333

field is fully dynamic including the surface boundary.334

The dynamical time step of the simulations is ∼ 120 s,335

and the radiative time step is 30 minutes, but there can336

be minor changes between simulations. The GCM in-337

cludes condensation, evaporation, sublimation, and pre-338

cipitation of water.339

This study considers modeled planets around our Sun340

and TRAPPIST-1 to determine the influence of vary-341

ing spectral energy distributions on atmospheric CO2342

in conjunction with other planetary parameters. Inso-343

lation values were varied to represent the boundaries of344

the outer HZ (0.5-0.1 Seff), and pCO2 from 5-20 bar,345

consistent with estimates of early Mars and OHZ CO2346

estimates (R. K. Kopparapu et al. 2013a,b, 2014). The347

Generic PCM has been used to study planets similar to348

TRAPPIST-1 f with pCO2 values up to 30 bar (R. D.349

Wordsworth et al. 2011; M. Turbet et al. 2018; T. J.350

Fauchez et al. 2019b). This work intends to go beyond351

previous exploratory studies by performing a systematic352

analysis of the limits of the OHZ. As we expect planets353

to form hot due to their initial accretion energy and354

may also have early impact-induced greenhouses (K. J.355

Zahnle et al. 2020), simulations begin with a ’warm356

start’ where the initial surface temperature is equal to357

300 K. Each modeled planet begins with Seff = 0.75; If358

the planet is frozen at such an insolation, further analy-359

sis was not deemed necessary at lower insolation values,360

but if the planet freezes between values considered in the361

parameter grid (Table 1), additional runs were deemed362

necessary to determine the minimum insolation required363

to keep the planet temperate. The planets are modeled364

with anoxic atmospheres containing only CO2 and H2O365

which has a variable mixing ratio. Generic PCM can366

account for changes in ocean salinity by adjusting the367

freezing point of water (M. Turbet et al. 2016). How-368

ever, when testing the range of ocean salinity from 5-50369

ppt to consider estimates of salinity variations in Earth’s370

history (L. P. Knauth 1998), the impact on the freezing371

point of water is negligible (reducing 1-2◦ between 5-50372

ppt) compared to the warming (or cooling) effects of ad-373

justing pCO2 by 1+ bars. Therefore, we set all salinity374
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values to 35 ppt. Each simulation is an aquaplanet with375

a uniform slab ocean.376

Assuming the Sun as the host star, planetary rotation377

periods are set to 24 hours, while obliquity is set to378

Earth’s 23.5◦. All other planetary parameters are fixed379

at their present-day Earth values. When testing the380

influence of planetary obliquity on the average global381

temperature, the differences between 23.5 and 0◦ were382

found to be insignificant, varying by only 1-2 K. For this383

reason, we present only the 23.5◦ obliquity cases in this384

work.385

Planets around TRAPPIST-1 are parameterized by386

TRAPPIST-1 f, a known planet in the outer HZ that387

is tidally locked with 0◦ obliquity. While insolation388

and pCO2 are varied, all other input parameters for389

TRAPPIST-1 f reflect those reported in E. Agol et al.390

(2021), where M⊕ = 1.039 ± 0.031, R⊕ = 1.045+0.013
−0.012,391

and ρ (g/cm3) = 5.02+0.14
−0.16. A full list of the parameter392

space explored can be found in Table 1.393

Table 1. Modeled Planetary Parameters

pCO2 [bar] Seff Obliquity [°] Day Length [hrs]
Sun
5 0.25-0.5 23.5, 0 24

7.5 0.34-0.4 23.5, 0 24
10 0.25-0.39 23.5, 0 24

TRAPPIST-1
5 0.25-0.38 0 Synchronous
10 0.1-0.25 0 Synchronous
20 0.1-0.25 0 Synchronous

2.2. Spectral Modeling394

Transmission, emission, and reflected light spectra395

are simulated using the Planetary Spectrum Generator396

(PSG; G. L. Villanueva et al. 2018, 2022), an online397

radiative-transfer suite that computes synthetic spectra398

for a given planet. For climatological data taken from399

GCMs, PSG has a GlobES (Global Emission Spectra;400

T. J. Fauchez et al. 2025) application that aggregates401

and maps 3D temporal atmospheric data into a 2D pro-402

jected observational grid. This grid is then provided to403

PSG’s radiative transfer modules which are then used404

for all simulations. PSG considers the same stellar and405

planetary parameters as used by the GCM and has mul-406

tiple scattering fully included. Resolving power is de-407

fined as R = λ/∆λ, where ∆λ is the spectral bin width408

at wavelength λ. Reflected light spectra for the Sun409

host are generated over a wavelength range of 0.2-2.0410

µm at R = 200. Transmission spectra for TRAPPIST-1411

planets are generated over a wavelength range of 0.6-12412

µm at R= 200. Emission spectra are generated for both413

stellar types over a wavelength range of 4-20 µm at R =414

200.415

3. RESULTS416

For modeled planets around the Sun, our model in-417

dicates that the OHZ boundary for a pCO2 = 5 bar418

atmosphere as a function of insolation is at Seff = 0.39,419

while both the 7.5 and 10 bar atmospheres are Seff = 0.38420

(Table 2). Any insolation lower than these did not reach421

an equilibrium state in the model, indicating a frozen422

planet. For these non-habitable planets, surface tem-423

peratures drop below the condensation temperature of424

CO2 (at least on the nightside), causing the atmosphere425

to collapse, bringing the surface temperature below the426

melting point of water. In such cases, the pressure is427

steadily dropping, and is presumed to reach 0 bar if con-428

tinued to run indefinitely. To conserve computing time,429

we end these simulations before this point is reached,430

when the planet is completely glaciated with 0% liquid431

H2O and the average surface temperature drops below432

250 K.433

For simulations with TRAPPIST-1, tidally locked434

planets are better able to maintain fractional habitabil-435

ity (i.e., partially glaciated states) at low insolations436

near the OHZ boundary (Table 3). For pCO2 = 5437

bar atmospheres, these include Seff = 0.28-0.35 (Figure438

1). When using a 3D GCM with an active carbon cy-439

cle, tidally locked planets in the HZ do not experience440

limit cycling between warm and snowball states (J. H.441

Checlair et al. 2019). Instead, they settle into an "eye-442

ball" state which is primarily frozen with the exception443

of an unglaciated substellar region (R. T. Pierrehumbert444

2011). We show here that as pCO2 increases, the OHZ445

boundary is pushed out, allowing planets with insola-446

tions as low as Seff = 0.19 where pCO2 = 10 bar to be447

potentially habitable. This indicates that the habitable448

zones of M dwarf systems may be underestimated by 1D449

models when high CO2 values (> 10 bar) are considered.450

3.1. Clouds451

When considering cloud distribution for cold non-452

habitable planets around the Sun and TRAPPIST-1,453

CO2 clouds strongly dominate (due to widespread CO2454

condensation) and overshadow the influence of H2O455

clouds (Figure 2). GCMs that do not include CO2 con-456

densation will not include this effect, creating consider-457

able differences in cloud coverage. Figure 3 illustrates458

this result by showing combined H2O + CO2 cloud cov-459

erage and the resulting surface temperatures. By com-460

bining these effects and looking at the outgoing longwave461
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TRAPPIST-1 / pCO2 = 5 bar 

16%

30%

60%

94%

Figure 1. Surface water ice coverage for planets modeled
around TRAPPIST-1 whose insolation values range from Seff

= 0.28-0.32 where pCO2 = 5 bar. The open ocean fraction
(OOF) is shown as a percentage (white) for each simulation.
Corresponding surface temperatures are noted in Table 3.

Table 2. Average surface temperatures for modeled planets
around the Sun at 23.5 obliquity

pCO2 [bar] S [S⊕] Avg. Temperature [K]
5 0.38 < 250

0.39 284
0.40 294

7.5 0.37 < 250
0.38 294
0.39 301

10 0.37 < 250
0.38 298
0.39 308

radiation, we also find that the CO2 clouds block ther-462

mal radiation and prevent it from escaping, while the463

lack of CO2 clouds for habitable worlds has the oppo-464

site effect (Figure 4). Furthermore, the absence of clouds465

reduces the planetary albedo, making warmer planets466

much darker than frozen worlds, where surface CO2 ice467

is highly reflective. This is consistent with previous work468

suggesting that water clouds have a greater influence on469

the planetary albedo for planets near the IHZ compared470

to the OHZ (F. Selsis et al. 2007). Increased surface471

temperatures near the IHZ lead to stronger convection472

and higher evaporation rates that result in more exten-473

sive water cloud coverage. These clouds typically form474

at higher altitudes, where they are effective at reflecting475

incoming stellar radiation and increasing the planetary476

albedo. In contrast, lower instellations near the OHZ477

can result in cooler surface temperatures, which would478

Table 3. Average surface temperatures and their open ocean
fraction (OOF) for modeled planets around TRAPPIST-1

pCO2 [bar] S [S⊕] Avg. Temperature [K] OOF [%]
5 0.27 < 250 0

0.28 259 16
0.29 263 23
0.30 265 27
0.31 266 30
0.32 270 40
0.33 275 60
0.34 279 94
0.35 285 100
0.38 301 100

10 0.18 < 250 0
0.19 271 71
0.20 282 100

20 0.15 < 250 0
0.20 337 100

reduce evaporation and convection rates. In turn, this479

may result in less extensive water cloud coverage, as480

shown by our simulations. Stratiform clouds that form481

in these colder regions tend to be lower and thinner than482

those near the IHZ, which may reduce their effectiveness483

in reflecting stellar radiation.484

Our simulations of cold non-habitable planets orbit-485

ing TRAPPIST-1 reveal that CO2 ice clouds are con-486

centrated on the night side (Figures 2 and 3). These487

clouds trap outgoing radiation and create a greenhouse488

effect that raises the night-side temperature above what489

it would be in their absence (though not enough to ap-490

proach habitable conditions). On the day side, strong491

heating drives stratospheric winds, transporting warm492

air to the night side, similar to the behavior of water493

vapor described by Y. Fujii et al. (2017). When consid-494

ering only water vapor on hot planets, M. Turbet et al.495

(2023) found that these warm air parcels cool as they496

travel to the night side, losing heat through longwave497

emission. This cooling lowers the temperature to the498

saturation point of water vapor, leading to large-scale499

condensation and the formation of stratospheric clouds500

located on the night side and at the poles.501

The CO2 cloud asymmetry between the day and night502

side of these worlds and their net warming effect indi-503

cate a strong correlation to the H2O cloud asymmetry504

found in M. Turbet et al. (2021) when modeling early505

Venus. In M. Turbet et al. (2021), the formation of506

clouds on the night side is driven by condensation of507

water vapor as the dominant gas, producing a strong508

greenhouse effect that reduces thermal cooling of the509
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Sun / pCO2 = 7.5 bar TRAPPIST-1 / pCO2 = 10 bar 

a) b)

Figure 2. a) H2O cloud (left column) and CO2 cloud (right column) coverage for OHZ "edge cases" around the Sun where pCO2

= 7.5 bar. The top row indicates the minimum insolation that converges to a potentially habitable planet in these conditions.
The bottom row shows the slightly lower insolation where the planet continues to cool over time ultimately becoming frozen.
b) H2O cloud (left column) and CO2 cloud (right column) coverage for OHZ edge cases around TRAPPIST-1 where pCO2 =
10 bar. The top row indicates the minimum insolation value that results in a potentially habitable planet whose liquid H2O
fraction = 100%. The bottom row shows a lower insolation value where the planet is frozen.

Sun / pCO2 = 7.5 bar TRAPPIST-1 / pCO2 = 10 bar 

a) b)

Figure 3. H2O cloud coverage combined with CO2 cloud coverage (left column) and average surface temperatures (right
column) for edge cases around the Sun (a) and TRAPPIST-1 (b) shown in Figure 2. In all simulations, CO2 clouds strongly
dominate the effects of H2O clouds.

space. On the planetary dayside, water vapor strongly510

absorbs shortwave radiation and warms the upper lay-511

ers of the atmosphere, further inhibiting the convection.512

The resulting atmospheric warming breaks moist con-513

vection and inhibits dayside cloud formation. As in-514

solation increases, nightside temperatures rise, leading515

to a reduction in cloud coverage and resulting green-516

house warming. While upper-level shortwave heating517

suppresses convection in temperate planets, intense sur-518

face cooling plays the same role for planets in a snowball519

state. CO2 similarly contributes to the moist convection520

subroutine through the inclusion of CO2 condensation521

physics. Our results indicate that this same pattern ap-522

plies to CO2 clouds in a CO2 dominated atmosphere for523

non-habitable planets around M dwarfs.524

For planets that enter a snowball state, extensive ice525

coverage significantly increases planetary albedo (Fig-526

ure 4), reflecting incoming stellar radiation and lower-527

ing dayside surface temperatures. Cold surface temper-528

atures prevent warm air from rising, further suppressing529

convection. Although M. Turbet et al. (2021) shows530

that this mechanism can be found in a wide range of531
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Sun / pCO2 = 7.5 bar TRAPPIST-1 / pCO2 = 10 bar 

a) b)

Figure 4. For edge cases around both stars, the outgoing longwave radiation (left column) for the cold planet scenarios is
blocked by the presence of CO2 clouds which dominate the influence of H2O clouds (Figure 3). For the potentially habitable
scenarios, the lack of CO2 clouds has the opposite effect. Habitable planets are substantially darker than non-habitable planets
(right column) due to the lower albedo of the ocean compared to the highly reflective H2O and CO2 ices and differences in cloud
cover.

Sun / pCO2 = 7.5 bar / Seff = 0.38 
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Figure 5. CO2 cloud coverage (left), H2O surface ice (middle), and average surface temperatures (right) for a warm planet
around the Sun where pCO2 = 7.5 bar and Seff = 0.38. The top row shows the planet with CO2 condensation included, as it is
for all other simulations within this work, aside from the bottom row, where simulations do not include CO2 condensation. In
such cases, the average surface temperature may increase ∼10-20 K.

planetary rotation periods, cloud and atmospheric cir-532

culation feedbacks may vary with rotation period (T.533

Jansen et al. 2019), highlighting the need for a sensitiv-534

ity study to confirm this effect.535

Beyond "eyeball" climates, other studies have shown536

that the deglaciated substellar region of temperate,537

tidally locked planets around M-dwarfs display a lobster-538

like pattern of surface H2O. Previously, this pattern has539

only been seen in simulations that include Ocean Heat540

Transport (OHT), which extends the area of open wa-541

ter along the equator (Y. Hu & J. Yang 2014; A. D.542

Del Genio et al. 2019). However, the Generic PCM543

does not include a dynamic ocean in the version of the544

model used here, but we note that the CO2 clouds in545

cold simulations form a similar pattern (Figure 2). Yet,546

this pattern does not become apparent until the average547

surface temperature of the planet is below the condensa-548

tion temperature of CO2. The recent implementation of549

an improved dynamic slab ocean model (S. Bhatnagar550

et al. 2026) provides an opportunity to further investi-551

gate these observations.552
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Although OHT broadens the region of the surface liq-553

uid H2O, our CO2 clouds (or lack thereof) extend the554

area of the planet with an increase in surface tempera-555

ture. Unfortunately, the temperature values where this556

pattern occurs (< 250 K) are not high enough to form557

potential areas of habitability where the planet is oth-558

erwise frozen. We note that these temperatures are559

just below the freezing temperature of saturated NaCl560

brines, but brines with other types of salts such as FeCl3561

and NaClO4 would be stable (V. F. Chevrier & R. A.562

Slank 2024), so in principle we could not exclude the563

possibility of local habitable refugia.564

Figure 5 shows a comparison between simulations per-565

formed with and without CO2 condensation for a habit-566

able OHZ planet around a Sun-like star. When CO2 con-567

densation is included, widespread CO2 cloud formation568

limits greenhouse warming and maintains lower global569

temperatures. In simulations that neglect CO2 conden-570

sation, this cooling mechanism is absent, causing aver-571

age surface temperatures to be ∼10–20 K warmer. This572

result demonstrates that neglecting CO2 condensation573

can lead to an overestimation of warming in high–CO2574

atmospheres.575

3.2. Spectral Signatures of Planets in the OHZ576

Figure 6 shows the reflected light and thermal emis-577

sion spectra for the modeled OHZ boundary of the Sun578

(red) compared to a colder planet that does not reach579

equilibrium (blue). In reflected light, habitable and non-580

habitable OHZ planets are distinguished by broadband581

albedo and the presence or absence of H2O absorption582

bands. Habitable planets are substantially darker than583

nonhabitable planets due to the darkness of liquid water584

oceans contrasted with the high reflectivity of H2O and585

CO2 ices.586

Frozen planets are dominated by CO2 features from587

the overlying atmosphere and surface ice. The habitable588

planets contain H2O features including strong features589

at 0.94 µm, 1.15 µm, and 1.4 µm. However, these fea-590

tures are measured against a much darker continuum591

brightness. As a result, muted H2O lines in this region592

may be challenging to detect, requiring more integration593

time to characterize habitable planets than frozen ones.594

While UV-Vis-NIR direct imaging would not be possi-595

ble for a system as compact and distant as TRAPPIST-1596

due to inner-working-angle considerations, transmission597

and emission spectra can be used to study modeled plan-598

ets in the OHZ around TRAPPIST-1 (and extrapolated599

to similar systems). Figure 7 shows these spectra for a600

range of potentially habitable worlds while comparing601

them to a colder planet. Clouds are highly opaque in602

the visible and infrared, causing the spectral continuum603

to be elevated above the cloud deck where the atmo-604

sphere is semi-transparent. A higher continuum reduces605

the transit depth of molecular absorption features, di-606

minishing the detectability of H2O vapor, as it is mainly607

cold-trapped below the cloud deck. For planets where608

surface liquid water fraction varies between 0-100%, this609

is particularly important, as the detection of H2O vapor610

is critical in determining planetary habitability. In con-611

trast, for planets whose liquid water fraction is 100%612

(such as Seff = 0.38 for pCO2 = 5 bar), the atmosphere613

is warm enough to mitigate this issue, allowing for more614

reliable detection of water vapor. Here, the disappear-615

ance of CO2 clouds and resulting changes in atmospheric616

temperature and scale height reduce the baseline contin-617

uum.618

Planetary thermal emission spectra could be obtained619

by future space-based interferometers such as the LIFE620

mission concept (S. P. Quanz et al. 2018, 2022; E. Alei621

et al. 2022; D. Angerhausen et al. 2024). Direct imag-622

ing in the thermal infrared could also be feasible for623

select systems using 30-meter class ground-based tele-624

scopes (Y. Fujii et al. 2018; M. Lopez-Morales et al.625

2019). As the specifications and parameters of future626

reflected light and thermal emission observations have627

not yet been defined, we do not attempt to quantify the628

detectability of specific atmospheric features. However,629

we believe that these simulations will serve as valuable630

input for future studies focused on planetary characteri-631

zation of planets throughout the HZ, including the OHZ.632

We note that any future observations would have to con-633

tend with lower thermal emission signatures for habit-634

able OHZ planets than for more Earth-like targets. To635

briefly quantify, the thermal emission of our habitable636

pCO2 = 5 bar atmosphere (Figure 6) is about a factor637

of 3 dimmer than Earth at 11-12 µm (T. D. Robinson638

& C. T. Reinhard 2018).639

4. DISCUSSION640

To summarize the climatic and observational implica-641

tions of high-CO2 planets near the OHZ, we present a642

conceptual illustration in Figure 8. The figure contrasts643

a potentially habitable world (right) in the OHZ with a644

globally frozen planet (upper left) located just beyond645

the OHZ. Frozen planets exhibit higher apparent albe-646

dos driven by reflective CO2 ice, while habitable planets647

with surface oceans appear darker and exhibit spectral648

signatures of atmospheric water vapor. These differ-649

ences highlight how future direct-imaging observations650

could distinguish temperate OHZ planets from colder651

high-CO2 worlds that lie beyond the habitable zone.652
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Figure 6. Modeled reflection (left column) and emission (right column) spectra for planetary "edge cases" around the Sun. Each
row represents a different pCO2 value of 5, 7.5, and 10 bar, respectively. Blue spectral lines indicate the highest insolation for
each pCO2 considered that does not reach equilibrium. Red spectral lines denote the lowest insolation that reaches equilibrium
and is considered to be a habitable planet. H2O features are noted with black lines. All unlabeled features correspond to CO2.
Temperature values that correspond to these insolation values can be found in Table 2.

4.1. Comparison to 1D Predictions653

Our simulations of high pCO2 atmospheres for planets654

orbiting the Sun demonstrate strong consistency with655

the 1D predictions of the OHZ (J. F. Kasting et al. 1993;656

R. K. Kopparapu et al. 2013b, 2014). The maximum657

greenhouse limit for each star corresponds to a mini-658

mum Seff for the pCO2 that provides maximum warming659

(i.e., increased planetary albedo with pCO2 does not net660

counteract greenhouse warming). The ideal pCO2 cor-661

responding to the maximum greenhouse limit will vary662

depending on the SED of the host star, with higher plan-663

etary albedos and therefore lower maximum pCO2 val-664

ues for earlier type stars, and much shallower "turnover"665

for late type stars (R. K. Kopparapu et al. 2013a, 2014).666

The OHZ maximum greenhouse limit for the Sun found667

by R. K. Kopparapu et al. (2013a,b) is 1.67 AU where668

Seff = 0.36 and where atmospheric pCO2 = 7.5 bar,669

while our results suggest that it is closer to 1.64 AU670

with Seff = 0.37 (Table 4). This is a remarkable consis-671

tency given the numerous differences in model assump-672

tions and complexity, validating past HZ assumptions673

for Sun-like stars.674

1D models predict the pCO2 vs. Seff curve for cooler675

stars is relatively flat at high pCO2, suggesting habitable676

planets orbiting cool stars at OHZ limits cannot have677

"too much" CO2 to remain habitable at the limiting Seff,678

unlike planets orbiting Sun-like stars. We tested this re-679

lationship between pCO2 and Seff for TRAPPIST-1, an680

ultracool dwarf, with our 3D model. Our results indi-681

cate a habitability boundary of Seff = 0.28 for pCO2 =682



CO2 in the Outer Habitable Zone 11

wavelength [um] 

sp
e
ctra

l ra
d
ia

nce
 [W

/
sr/

m
2
/μ

m
]

transmission emission

5 bar
co

n
tr
a

st
 [
p

p
m

]
H2O

Figure 7. Modeled transmission (left column) and emission (right column) spectra for planetary "edge cases" around TRAP-
PIST-1 at pCO2 = 5 bar. Blue spectral lines indicate the highest insolation considered that does not reach equilibrium. Red,
orange, and yellow spectral lines denote insolation values that reach equilibrium and are considered to be habitable planets.
Temperature values that correspond to these insolation values can be found in Table 3.

Figure 8. Simulated climates and observables for CO2-rich planets near the outer edge of the habitable zone. The illustration
on the right depicts a potentially habitable world orbiting a Sun-like star. The teal point in the lower-left panel marks the
orbital location of such a planet within the OHZ, and the corresponding reflected light spectrum that could be observed via
direct imaging is shown in teal in the middle panel. The upper-left panel shows an illustration of the same planet in a globally
frozen state located just beyond the habitable zone. Its orbital position (lower-left) and reflected light spectrum (middle) are
shown in white.
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5 bar, compared to the 1D prediction of Seff = 0.24 from683

R. K. Kopparapu et al. (2013a, 2014). At pCO2 = 10-20684

bar, our results suggest a limit around Seff = 0.16-0.20,685

whereas R. K. Kopparapu et al. (2013b, 2014) predicts686

a slightly more conservative value of Seff = 0.22. This687

difference may be attributable to differences in cloud688

feedback, radiative transfer, or atmospheric dynamics689

captured in 3D models that are not considered in 1D690

calculations. While our results are generally consistent691

with previous 1D studies, the inclusion of multidimen-692

sional climate effects may extend the OHZ boundary for693

late type stars, especially ultracool dwarfs.694

While equilibrium temperature has formerly been695

used as a metric to determine potential habitability696

(W. J. Borucki et al. 2011; N. M. Batalha et al. 2013),697

J. Leconte et al. (2013b) demonstrates that 1D mod-698

els cannot predict night side temperatures or mean699

temperatures accurate enough to draw strong conclu-700

sions around these planetary climates. Modeled planets701

around TRAPPIST-1 show many instances where hab-702

itability can be overlooked by 1D models. An analysis703

of the open ocean fraction (OOF) indicates strong ex-704

amples of fractional habitability. In many cases, tidally705

locked planets whose global average temperatures are706

lower than 273 K may still have up to 40% OOF (Table707

3). As there is currently no lower threshold value agreed708

upon for a fractionally habitable planet, we include all709

simulated results ranging from 0-100%.710

4.2. Comparison to 3D Simulations711

Previous attempts to understand the potential habit-712

ability of TRAPPIST-1 f with a 3D GCM showed that713

at 0.382 Seff, TRAPPIST-1 f can maintain a global mean714

surface temperature of 284 K with pCO2 = 2 bar and715

334 K with pCO2 = 5 bar (E. T. Wolf 2018). Although716

model instabilities prevented us from exploring scenar-717

ios where pCO2 < 5 bar, we note agreement with the718

conclusions made for pCO2 = 5 bar, where our planet is719

habitable, but our surface temperature is lower (301 K720

compared to 334 K). One distinction between our study721

and that of E. T. Wolf (2018) is the inclusion of CO2 con-722

densation physics in our 3D climate model. Simulations723

in E. T. Wolf (2018) do not account for CO2 condensa-724

tion, potentially overestimating greenhouse warming at725

high atmospheric pCO2. Our results indicate that when726

CO2 condensation physics are included, atmospheric col-727

lapse occurs at lower average temperatures, and OHZ728

boundaries derived from models neglecting CO2 con-729

densation may overestimate planetary habitability. Ad-730

ditionally, the planetary parameters for TRAPPIST-1731

f have since been updated to reflect those in E. Agol732

et al. (2021), with the most significant change being733

made to planetary mass, increasing from 0.68 to 1.039734

M⊙. Lastly, the opacity tables in E. T. Wolf (2018)735

are sourced from HITRAN 2004 (L. S. Rothman et al.736

2005), while ours are taken from HITRAN 2012 (L.737

Rothman et al. 2013) along with additional databases for738

CIAs and other continuum absorptions. Additionally,739

K. Taniguchi et al. (2026) investigated atmospheric col-740

lapse in CO2-dominated atmospheres on a tidally locked741

planet using Generic PCM with planetary parameters742

representative of TRAPPIST-1f. Consistent with our743

results, they found that CO2 condensation and atmo-744

spheric collapse play a fundamental role in determining745

the climates of cold, CO2-rich terrestrial planets and746

should therefore be explicitly included in 3D climate747

simulations. While atmospheric collapse is often con-748

sidered detrimental to habitability, K. Taniguchi et al.749

(2026) demonstrates that local dayside liquid water can750

persist after collapse as the reduction in atmospheric751

mass weakens day-night heat transport. Our studies752

help provide a more comprehensive picture of the cli-753

mates of cold CO2-dominated terrestrial planets by con-754

necting the physical processes that lead to atmospheric755

collapse with their implications for HZ boundaries and756

observable atmospheric signatures.757

Each simulation in this study represents an aqua-758

planet with a uniform slab ocean and no OHT. While759

this approach simplifies the model, future simulations760

may benefit from the addition of a dynamic ocean com-761

ponent that has a dynamic sea ice model (M. J. Way762

et al. 2018; J. Yang et al. 2019), since sea-ice drift763

can strongly reduce open ocean fraction (J. Yang et al.764

2020), and OHT can significantly influence the thermal765

structure and potential habitability of various terrestrial766

aquaplanets (M. J. Way et al. 2017, 2018; A. D. Del Ge-767

nio et al. 2019). Efficient OHT can redistribute heat768

more evenly, potentially extending the OHZ by prevent-769

ing polar regions from freezing. However, in the case770

of our simulations, which are characterized by a CO2-771

dominated, high pressure atmosphere, the influence of772

OHT may be less critical. High atmospheric pCO2 en-773

hances the atmospheric heat capacity and the ability to774

transport heat efficiently even in the absence of OHT.775

In contrast, for planets with low pressure, N2-dominated776

atmospheres, the lack of OHT could present a significant777

limitation as atmospheric circulation would not be an778

effective mechanism for heat transport. Further stud-779

ies incorporating dynamic ocean models would help re-780

fine these conclusions, particularly for scenarios involv-781

ing lower-pressure or N2-dominated atmospheres.782

The representation of convection in GCMs plays783

an important role in shaping the climate of tidally784

locked exoplanets. While a moist convective adjustment785
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Table 4. OHZ Limits from our 3D GCM

pCO2 [bar] Model Max Greenhouse [Seff] Max Greenhouse [AU]
Sun
5 This work 0.39 1.60

R. K. Kopparapu et al. (2014) 0.38 1.62
7.5 This work 0.37 1.64

R. K. Kopparapu et al. (2014) 0.36 1.67
10 This work 0.37 1.64

R. K. Kopparapu et al. (2014) 0.36 1.67

TRAPPIST-1
5 This work 0.28 0.0432

R. K. Kopparapu et al. (2013a, 2014) 0.24 0.0466
10 This work 0.19 0.0524

R. K. Kopparapu et al. (2013a, 2014) 0.22 0.0487
20 This work 0.16-0.20 0.0511-0.0571

R. K. Kopparapu et al. (2013a, 2014) 0.22 0.00487

scheme is computationally efficient and widely used in786

exoplanet climate modeling, it presents limitations com-787

pared to more advanced schemes such as mass-flux para-788

materizations and convection-resolving models (CRMs).789

A simplified convection adjustment scheme has been790

shown to lead to a > 60% decrease in cloud albedo,791

increasing the mean dayside temperature by ∼10 K792

for TRAPPIST-1 e and Proxima Centauri b compared793

to a mass-flux paramaterization (D. E. Sergeev et al.794

2020), which is implemented in GCMs including Exo-795

CAM, ROCKE-3D, UM, and MITGCM. However, both796

convection regimes still indicate habitable conditions for797

each planet (D. E. Sergeev et al. 2020). When con-798

sidering potentially Earth-like worlds, GCMs may over-799

estimate planetary heat transport efficiency and cloud800

coverage (D. E. Sergeev et al. 2020; M. Lefèvre et al.801

2021). While we do not expect our overall findings to802

change based on the selected convection scheme, we note803

that future studies should consider higher CRMs to re-804

fine our climate predictions, particularly for interpret-805

ing telescope observations (D. E. Sergeev et al. 2020; M.806

Lefèvre et al. 2021).807

The Generic PCM employs a two stream radiative808

transfer scheme, which may result in an overestimation809

of CO2 cloud warming, as discussed by D. Kitzmann810

(2016). Although more sophisticated radiative transfer811

schemes may be better suited for accurately capturing812

the effects of CO2 clouds, the Generic PCM is uniquely813

suited to this study given the inclusion of CO2 conden-814

sation physics. Further investigation using a more ad-815

vanced radiative transfer scheme would be a valuable816

direction for future work.817

4.3. Planetary Parameters818

The climate of planets is affected by the reflective819

properties of their surfaces. The results presented in820

this work are based on simulations of aquaplanets, where821

the entire surface is covered by water. Water has a822

low albedo and high heat capacity, making this a some-823

what optimistic assumption. Planets dominated by land824

are generally cooler and more reflective than those with825

higher fractional ocean coverage, though the magnitude826

of this effect is dependent on host star spectral type827

(A. J. Rushby et al. 2019). Changes in land fraction828

can result in differences of up to 20 K in globally av-829

eraged surface temperature (E. Macdonald et al. 2022).830

Nonetheless, ocean-dominated worlds are one plausible831

outcome of planet evolution, as Earth itself was likely832

free of continental landmass in its early history (C.833

Hawkesworth et al. 2019).834

Colder simulations conducted outside the OHZ ex-835

perience atmospheric collapse that prevents them from836

reaching equilibrium. If these simulations were able837

to progress to equilibrium without collapsing, the fi-838

nal atmospheric pCO2 would likely be significantly re-839

duced, altering the cloud formation patterns and result-840

ing spectral signatures of these worlds. A decrease in841

pCO2 could also affect cloud distribution and planetary842

albedo. However, our cold simulations do not reach equi-843

librium as a result of our fixed pCO2 values. Therefore,844

the current cloud maps and spectra derived from these845

cold simulations might not accurately represent the ac-846

tual equilibrium state of such planets. We consider the847

effects of atmospheric collapse when interpreting these848

results, as they may lead to an overestimation of atmo-849

spheric pCO2. Further studies aimed at stabilizing these850

cold simulations could provide further constraints on the851
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plausible atmospheric properties of planets beyond the852

OHZ.853

The outer HZ boundaries calculated herein were de-854

termined considering an anoxic, CO2-dominated atmo-855

sphere. The presence of stronger greenhouse gases such856

as CH4 could also trap more heat, warming the planet857

and maximizing the greenhouse effect across the infrared858

spectrum. This would lead to further extension of the859

OHZ beyond what high pCO2 alone would allow. How-860

ever, the climatic impact of CH4 depends strongly on861

the spectral type of the host star (R. M. Ramirez & L.862

Kaltenegger 2018). While this study explores a range863

of CO2 partial pressures, it does not determine whether864

those CO2 inventories are geochemically attainable for865

planets orbiting the Sun or TRAPPIST-1. Coupled866

geochemical and climate modeling will therefore be re-867

quired to determine which atmospheric CO2 abundances868

can be sustained over geologic timescales and, conse-869

quently, to establish the true extent of the OHZ for870

a given planetary system. Other geochemical weath-871

ering processes beyond the carbonate-silicate cycle may872

contribute to negative temperature feedbacks, such as873

seafloor weathering and reverse weathering (T. T. Isson874

& N. J. Planavsky 2018), but this will not change the875

maximum greenhouse limit. We intend to explore this876

in future work.877

The opacity tables based on HITRAN 2012 (L. Roth-878

man et al. 2013; M. Turbet et al. 2017a) include H2O879

continuum absorption but do not account for the re-880

cently characterized CO2 continuum absorption of dense881

CO2 atmospheres (G. Chaverot et al. 2025). Inclusion882

of this continuum would increase the infrared opacity883

of CO2-dominated atmospheres, leading to somewhat884

stronger greenhouse warming, particularly for the 10-20885

bar atmospheres. As a result, the surface temperatures886

may be slightly underestimated in our high CO2 atmo-887

spheres, but this effect is expected to be limited to sev-888

eral K and would likely not change our overall findings.889

4.4. Stellar Considerations for Habitability890

Although planets around M dwarfs can be observed891

with JWST, the habitability of these worlds may be in-892

hibited by high X-ray luminosities (E. L. Shkolnik &893

T. S. Barman 2014; R. O. P. Loyd et al. 2016; B. A.894

Binder et al. 2024), extreme water loss in the pre-main895

sequence phase (R. Luger & R. Barnes 2015; R. M.896

Ramirez & L. Kaltenegger 2014; F. Tian 2015), and897

energetic flares that can lead to atmospheric loss (K.898

Garcia-Sage et al. 2017; L. N. R. do Amaral et al. 2022).899

Planets around "Sun-like" stars will likely not be inhib-900

ited by such processes, providing a stronger case for the901

existence of habitable worlds, which will also be more ac-902

cessible for imaging with the upcoming Habitable Worlds903

Observatory and Extremely Large Telescope. While this904

work considers the expected OHZ for a G star, we note905

that K dwarfs may offer even more advantages for hab-906

itable planet hosts due to their abundance, extended907

lifetimes, and increased planet-star contrast ratio that908

makes them easier to observe in direct imaging (M.909

Cuntz & E. F. Guinan 2016; G. N. Arney 2019). For910

stars hotter than a mid-K dwarf (∼4500 K), CH4 en-911

hances greenhouse warming by several tens of degrees,912

whereas planets around cooler stars exhibit a significant913

anti-greenhouse response (R. M. Ramirez & L. Kalteneg-914

ger 2018). While K-dwarf aquaplanets near the IHZ are915

at higher risk of water vapor escape and nightside cold-916

trapping, the mid and outer HZ offer stronger prospects917

for the detection of water-rich worlds, especially for sys-918

tems with reduced nightside snow rates (A. H. Lobo &919

A. L. Shields 2024). We intend to expand this study to920

include planets around both K and F stars in upcoming921

work.922

5. CONCLUSION923

This study investigated the climates and spectral ob-924

servables of planets in the OHZ with high atmospheric925

pCO2 using a 3D GCM that includes CO2 conden-926

sation. Our results for planets around Sun-like stars927

show strong (but not necessarily expected) agreement928

with previous 1D OHZ calculations by R. K. Koppa-929

rapu et al. (2014), where both studies find similar max-930

imum greenhouse OHZ limits. However, notable dif-931

ferences arise due to our inclusion of 3D atmospheric932

circulation with CO2 condensation, which weakens the933

greenhouse effect and leads to a slightly reduced OHZ934

boundary of 1.64 AU compared to 1.67 AU. In contrast,935

for planets around stars identical to the ultracool dwarf936

TRAPPIST-1 (M8V), we find a somewhat more favor-937

able maximum greenhouse limit, with a limiting Seff of938

0.19 or below for pCO2 = 10-20 bars, compared to 0.22939

in R. K. Kopparapu et al. (2013b, 2014). This climate940

response cannot be captured with 1D models, empha-941

sizing the importance in using 3D GCMs to more ac-942

curately determine the limits of the OHZ, especially at943

high pressures.944

Spectral simulations reveal that high pCO2 atmo-945

spheres in the OHZ produce unique features in trans-946

mission, emission, and reflected light. In cold atmo-947

spheres, CO2 surface ice and clouds cause the planet948

to appear much brighter than temperate worlds, which949

may allow us to distinguish them from habitable worlds950

with direct imaging observations. However, for planets951

orbiting M dwarf stars such as TRAPPIST-1, transit ob-952

servations may struggle to identify between spectral fea-953
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tures on cold, non-habitable or planets with limited frac-954

tional habitability due to the presence of a high-altitude955

CO2 cloud deck. These clouds raise the continuum level956

and make the atmosphere appear more opaque at most957

wavelengths, muting the absorption features from H2O958

and CO2. This could make it difficult to distinguish be-959

tween a thick or thin atmosphere. On the other hand,960

warm planets with temperate regions near the termi-961

nator can possess deep atmospheric features with lim-962

ited CO2 clouds. Future transit observations should be963

complemented by other assets, such as high-resolution964

ground-based observations, to overcome these limita-965

tions and better characterize the atmospheres of planets966

around M dwarfs in the OHZ. Direct-imaging thermal967

infrared observations of OHZ planets is not yet well ex-968

plored, but we find that significant differences between969

habitable and non-habitable CO2 dominated worlds may970

be an important objective for follow up work.971
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