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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74
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-
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cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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ABSTRACT

We report the first unambiguous detection of cannabinoid molecules in an exoplanetary atmosphere.
Using 420 hours of JWST observations combining NIRSpec and MIRI instruments, we identify spec-
troscopic signatures of tetrahydrocannabinol (THC; !9-C21H30O2) and cannabidiol (CBD; C21H30O2)
in the transmission spectrum of the temperate sub-Neptune K2-18b. The THC feature at 2.42 µm
is detected at 9.2ω significance, while CBD absorption at 3.69 µm reaches 7.8ω. We additionally re-
port a mysterious feature at exactly 4.20 µm detected at 4.20ω (the probability of this coincidence
is discussed extensively). Our atmospheric retrievals using the novel TerpeneRetrieval code indi-
cate a CBD-to-THC ratio of 0.40±0.08, classifying K2-18b as a “balanced hybrid” world according to
standard terrestrial cannabis taxonomy. We introduce the Cannabis Habitable Zone (“Green Zone”)
framework and demonstrate that K2-18b lies squarely within it. We explore multiple production mech-
anisms including biogenic synthesis, abiotic photochemistry, exogenous delivery via “space nuggets,”
and deliberate atmospheric engineering by an advanced civilization. These findings suggest that K2-
18b may host conditions suitable for advanced photochemistry, atmospheric relaxation processes, and
possibly the most chill civilization in the galaxy. If confirmed by independent observations, this repre-
sents a paradigm shift in our understanding of biosignatures and the prevalence of recreational organic
chemistry in the cosmos.

Keywords: exoplanets — astrobiology — planetary atmospheres — biosignatures — organic molecules
— habitability

amiechism9@gmail.com

m.j.vanderpot@ciar.nl

1. INTRODUCTION

The search for biosignatures in exoplanetary atmo-
spheres represents one of the most profound scientific
endeavors of our time (Seager et al. 2010; Kalteneg-
ger 2017). Traditional biosignature molecules such as
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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cosmochemical constraints of planetary building blocks and the
partitioning between the iron core, the silicate mantle, and the
water layer (Appendix). Also, the “seafloor” of this thin-
atmosphere, H2O-rich sub-Neptune will not be a sharp interface
in density and composition, but instead have a finite thickness
(Vazan et al. 2020). The interface will be compositionally
stratified with denser material underlying less dense material, and
material transport across this “fuzzy layer” is inhibited due to the
stratification. Thus, any carbon or nitrogen added to the H2 and
H2O envelope by planetesimal accretion late in planet growth will
remain in the envelope, and will not be stirred down into the
silicate layer. Meanwhile, transit observations can straightfor-
wardly identify H2-dominated atmospheres and rule out CO2- or
N2-dominated ones only from the size of spectral features (Miller-
Ricci et al. 2008).

One might also consider the intermediate situation between
massive atmospheres with thermochemical equilibrium and
small atmospheres with liquid-water oceans, e.g., the atmo-
spheres with a surface pressure from a few to ∼100 bars on K2-
18 b. For many sub-Neptunes, this intermediate-atmosphere
scenario would still require a massive water layer underneath to
explain their mass and radius. If water was in the liquid form at
the interface with the atmosphere, the evaporation of this ocean
would make the atmosphere H2O-dominated (Scheucher et al.
2020). If water is supercritical, any H2 layer of intermediate
mass should be well mixed with the water layer. Therefore,
such an intermediate endowment of H2 would most likely result
in a non-H2-dominated atmosphere, which is, again, distin-
guishable with transmission spectroscopy (Miller-Ricci et al.
2008).

3. Ocean Planet Models

We have used an atmospheric photochemical model (Hu
et al. 2012) coupled with a radiative-convective model
(Scheucher et al. 2020) to determine the steady-state abun-
dances of photochemical gases in small and temperate H2
atmospheres, for a cosmochemically and geologically plausible
range of CO2 abundance, and compared the compositions and
transmission spectra with the massive H2 atmosphere models
published in Hu (2021). The massive-atmosphere models
explored the atmospheric metallicity of 1–100× solar and
included possible deep-tropospheric source CO, CO2, and N2
and incomplete recycling of NH3 in super-solar atmospheres.
The photochemical model includes a comprehensive reaction

network for O, H, C, N, and S species (including sulfur
aerosols, hydrocarbons, and the reactions important in H2
atmospheres), and it has been used to study the lifetime and
equilibrium abundance of potential biosignature gases in H2
atmospheres (Seager et al. 2013). We have updated the reaction
network and tested the model with the measured photochemical
gas abundance in the atmosphere of Jupiter (i.e., a low-
temperature H2 atmosphere; Hu 2021).
The pressure–temperature profiles (Figure 3) used as the

basis for the photochemical model are calculated with the
climate module of 1D-TERRA (Scheucher et al. 2020). The
module uses a correlated-k approach with the random overlap
method to include molecular absorption, collision-induced
opacities, and the continuum of water vapor to calculate the
radiative equilibrium, and the appropriate (moist or dry)
adiabatic lapse rate to apply the convection adjustment. The
module has been tested against the cases of Earth, Venus, and
Mars, as well as with other radiative-convective and 3D climate
models for modeling steam atmospheres (Scheucher et al.
2020).
As examples, we study H2 atmospheres of 1 bar on a sub-

Neptune planet that has a stellar irradiance similar to Earth and
orbits around an early M star similar to K2-18. A 1 bar H2
atmosphere on such a planet would likely have a surface
temperature consistent with a liquid-water ocean (Figure 3).
We adopt the “ocean-planet” interpretation of the 1.7–3.5 R⊕
planet population that centers at 10M⊕, and 2.5 R⊕ (Zeng et al.
2019; Venturini et al. 2020), and assume 50% of water by mass
in this study. In this interpretation, sub-Neptunes may be ocean
planets with deep oceans that do not require a massive H2
envelope to explain their radius, and can conceivably have
moderate-size H2 atmospheres. This may not be directly
applicable for K2-18 b, which resides on the low-density side
of the 1.7–3.5 R⊕ population. The specific choices of these
parameters are, however, unimportant, because atmospheric
chemistry is not sensitive to moderate changes in the surface
gravity.
CO2 is the main form of carbon in thermochemical

equilibrium with H2O (Hu & Seager 2014; Woitke et al.
2021). If a liquid-water ocean exists, the partial pressure of
CO2 is set by atmosphere-ocean partitioning, which in turn is
mainly controlled by the oceanic pH (Kitzmann et al. 2015;
Krissansen-Totton & Catling 2017; Isson & Planavsky 2018;
Kite & Ford 2018). The pH is affected by the abundance of
cations in the ocean, which come from complex water–rock
reactions and dissolution of the seafloor. The rates of the
processes involved are uncertain; therefore, we explore the
mixing ratio of CO2 from 400 ppm to 10%, corresponding to
the pCO2 range from the present-day Earth to early Earth

Figure 2. Interior structures of temperate H-rich exoplanets and the associated
ranges of atmospheric composition. If the planet has a massive H2 atmosphere,
the deep atmosphere would be hot—enabling thermochemical recycling—but a
liquid-water surface would not be possible. If the planet has a small H2
atmosphere, a liquid-water surface may be possible. On these planets, the
equilibrium abundance of atmospheric CO2 is set by the oceanic chemistry and
that of N2 by atmospheric evolution.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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cosmochemical constraints of planetary building blocks and the
partitioning between the iron core, the silicate mantle, and the
water layer (Appendix). Also, the “seafloor” of this thin-
atmosphere, H2O-rich sub-Neptune will not be a sharp interface
in density and composition, but instead have a finite thickness
(Vazan et al. 2020). The interface will be compositionally
stratified with denser material underlying less dense material, and
material transport across this “fuzzy layer” is inhibited due to the
stratification. Thus, any carbon or nitrogen added to the H2 and
H2O envelope by planetesimal accretion late in planet growth will
remain in the envelope, and will not be stirred down into the
silicate layer. Meanwhile, transit observations can straightfor-
wardly identify H2-dominated atmospheres and rule out CO2- or
N2-dominated ones only from the size of spectral features (Miller-
Ricci et al. 2008).

One might also consider the intermediate situation between
massive atmospheres with thermochemical equilibrium and
small atmospheres with liquid-water oceans, e.g., the atmo-
spheres with a surface pressure from a few to ∼100 bars on K2-
18 b. For many sub-Neptunes, this intermediate-atmosphere
scenario would still require a massive water layer underneath to
explain their mass and radius. If water was in the liquid form at
the interface with the atmosphere, the evaporation of this ocean
would make the atmosphere H2O-dominated (Scheucher et al.
2020). If water is supercritical, any H2 layer of intermediate
mass should be well mixed with the water layer. Therefore,
such an intermediate endowment of H2 would most likely result
in a non-H2-dominated atmosphere, which is, again, distin-
guishable with transmission spectroscopy (Miller-Ricci et al.
2008).

3. Ocean Planet Models

We have used an atmospheric photochemical model (Hu
et al. 2012) coupled with a radiative-convective model
(Scheucher et al. 2020) to determine the steady-state abun-
dances of photochemical gases in small and temperate H2
atmospheres, for a cosmochemically and geologically plausible
range of CO2 abundance, and compared the compositions and
transmission spectra with the massive H2 atmosphere models
published in Hu (2021). The massive-atmosphere models
explored the atmospheric metallicity of 1–100× solar and
included possible deep-tropospheric source CO, CO2, and N2
and incomplete recycling of NH3 in super-solar atmospheres.
The photochemical model includes a comprehensive reaction

network for O, H, C, N, and S species (including sulfur
aerosols, hydrocarbons, and the reactions important in H2
atmospheres), and it has been used to study the lifetime and
equilibrium abundance of potential biosignature gases in H2
atmospheres (Seager et al. 2013). We have updated the reaction
network and tested the model with the measured photochemical
gas abundance in the atmosphere of Jupiter (i.e., a low-
temperature H2 atmosphere; Hu 2021).
The pressure–temperature profiles (Figure 3) used as the

basis for the photochemical model are calculated with the
climate module of 1D-TERRA (Scheucher et al. 2020). The
module uses a correlated-k approach with the random overlap
method to include molecular absorption, collision-induced
opacities, and the continuum of water vapor to calculate the
radiative equilibrium, and the appropriate (moist or dry)
adiabatic lapse rate to apply the convection adjustment. The
module has been tested against the cases of Earth, Venus, and
Mars, as well as with other radiative-convective and 3D climate
models for modeling steam atmospheres (Scheucher et al.
2020).
As examples, we study H2 atmospheres of 1 bar on a sub-

Neptune planet that has a stellar irradiance similar to Earth and
orbits around an early M star similar to K2-18. A 1 bar H2
atmosphere on such a planet would likely have a surface
temperature consistent with a liquid-water ocean (Figure 3).
We adopt the “ocean-planet” interpretation of the 1.7–3.5 R⊕
planet population that centers at 10M⊕, and 2.5 R⊕ (Zeng et al.
2019; Venturini et al. 2020), and assume 50% of water by mass
in this study. In this interpretation, sub-Neptunes may be ocean
planets with deep oceans that do not require a massive H2
envelope to explain their radius, and can conceivably have
moderate-size H2 atmospheres. This may not be directly
applicable for K2-18 b, which resides on the low-density side
of the 1.7–3.5 R⊕ population. The specific choices of these
parameters are, however, unimportant, because atmospheric
chemistry is not sensitive to moderate changes in the surface
gravity.
CO2 is the main form of carbon in thermochemical

equilibrium with H2O (Hu & Seager 2014; Woitke et al.
2021). If a liquid-water ocean exists, the partial pressure of
CO2 is set by atmosphere-ocean partitioning, which in turn is
mainly controlled by the oceanic pH (Kitzmann et al. 2015;
Krissansen-Totton & Catling 2017; Isson & Planavsky 2018;
Kite & Ford 2018). The pH is affected by the abundance of
cations in the ocean, which come from complex water–rock
reactions and dissolution of the seafloor. The rates of the
processes involved are uncertain; therefore, we explore the
mixing ratio of CO2 from 400 ppm to 10%, corresponding to
the pCO2 range from the present-day Earth to early Earth

Figure 2. Interior structures of temperate H-rich exoplanets and the associated
ranges of atmospheric composition. If the planet has a massive H2 atmosphere,
the deep atmosphere would be hot—enabling thermochemical recycling—but a
liquid-water surface would not be possible. If the planet has a small H2
atmosphere, a liquid-water surface may be possible. On these planets, the
equilibrium abundance of atmospheric CO2 is set by the oceanic chemistry and
that of N2 by atmospheric evolution.
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rising motion, it should also be an impediment to small-scale
double-di↵usive convection.

4.5.3. Stability of dry, subsaturated downdrafts

On the other side, we also assume in our linear framework that
when an eddy sinks (downdraft) condensates are available to
keep the gas saturated. But because condensates are much denser
than the gas, these two phases can often decouple; condensed
particles leaving the eddy on ascent. In general, this causes sub-
sident regions and downdrafts to be relatively dry and subsatu-
rated (Wallace & Hobbs 2006).

Although not accounted for, we expect that subsaturation
will only enhance the stabilization e↵ect of condensation dis-
cussed here. Indeed, consider a sinking eddy in a super-moist-
adiabatic region where convection is inhibited by condensation,
as described above. In our linear picture, the stabilization comes
from the fact that the mean molecular weight will increase less
rapidly in the eddy than in the environment. The buoyancy of
the eddy is thus positive. Now, consider the same eddy but from
which all the condensates are removed. On descent, the mean
molecular weight in the parcel will not change at all because
there is nothing to sublimate. The stabilizing e↵ect of the mean
molecular weight gradient in the environment is now maximum
as it is not o↵set whatsoever by sublimation in the eddy (see
Appendix B). In this limiting case we recover the usual Ledoux
(1947) stability criterion, and the argument discussed in Sect. 3.4
can be used. So the criterion for the inhibition of moist convec-
tion by condensation always entails the stability of dry sinking
eddies in a saturated environment.

4.5.4. Unidimensional approach

Our analysis is of course limited by its 1D character. In 3D,
one could try to imagine scenarios where the structure of the
atmosphere described here, two convective layers separated by
a stable, di↵usive interface, would be broken by strong, local-
ized up/downward motion that would penetrate this interface.
One could also imagine the development of non purely vertical
modes.

While we cannot preclude the existence of such episodic
events (that could be reminiscent of observed giant storms), let
us stress that in cool atmospheres where volatiles condense,
the enrichment must be higher at depth than aloft, creating a
composition gradient localized around cloud levels. It is thus
di�cult to evade the fact that in supersolar H/He atmospheres,
composition will, on average, stabilize the atmosphere to some
extent. This has been confirmed by mesoscale 2D numerical sim-
ulations of moist convection for Jupiter (Nakajima et al. 2000;
Sugiyama et al. 2006).

However, because of their coarse resolution, these simula-
tions could not have captured any double-di↵usive instability
(even if di↵usion had been included; Rosenblum et al. 2011).
Our picture of a highly stable di↵usive interface at the cloud level
thus remains to be validated by experiments, numerical or other-
wise, investigating double-di↵usive processes in a condensable
gas.

5. Thermal profiles for the atmosphere of solar

system giant planets

In the previous sections, we showed that under certain condi-
tions that could reasonably be met on giant planets, convective
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Fig. 3. Schematic of the layers present in the atmosphere. Blue and red
curves depict the water mixing ratio and temperature profiles, respec-
tively. Left panel: standard, two-layer structure where a moist tropo-
sphere is underlain by a dry convective region (qint < qcri). Right panel:
when qint > qcri, convection is inhibited above the cloud deck and a
third, radiative layer appears. A gray curve replicates the temperature
profile of the two-layer case to highlight the temperature increase in the
deep adiabat.

transport is inhibited. It is now time to quantify the implications
of such an ine�cient transport on the thermal structure of the
atmosphere of our giant planets.

5.1. Numerical model

To compute the atmospheric profiles, we assume that the atmo-
sphere reaches a steady-state in hydrostatic and thermal equilib-
rium. Working in pressure coordinates, the goal is thus to inte-
grate the temperature and vapor profiles downward from a given
boundary condition. In practice, this model-top is chosen below
the radiative-convective boundary, toward the bottom of the re-
gion probed observationally for each planet (see Table 3).

The most important aspect of the model is the choice of the
prescription for the energy transport at a given level and the ther-
mal gradient that results (rT ). We simply consider that the va-
por is always brought to saturation when possible. Based on the
analysis performed in Sect. 3 and summarized in Table 2, we en-
vision a three-layer structure shown in Fig. 3 with, from top to
bottom;

– A moist, tropospheric layer, where the internal flux is carried
mostly by usual moist convection and where rT = r?ad. The
vapor mixing ratio is equal to the saturation value.

– A stable, radiative layer. If, and when the vapor mixing ra-
tio reaches the critical value5 (qcri), we have shown that both
moist and double-di↵usive convections are inhibited. The en-
ergy is thus carried out by radiation and the temperature fol-
lows the radiative gradient (rrad; see below). The vapor is
still at saturation.

– A deep adiabatic layer. As the temperature keeps increasing,
the vapor mixing ratio will reach the prescribed value for
the deep interior, qint. This is the bottom of the cloud deck.

5 Notice that, as qcri depends on the temperature, it is not a constant
parameter throughout the atmosphere. In practice, the existence of a
radiative layer is inferred by evaluating the criterion given by Eq. (16)
at each pressure level.
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rising motion, it should also be an impediment to small-scale
double-di↵usive convection.

4.5.3. Stability of dry, subsaturated downdrafts

On the other side, we also assume in our linear framework that
when an eddy sinks (downdraft) condensates are available to
keep the gas saturated. But because condensates are much denser
than the gas, these two phases can often decouple; condensed
particles leaving the eddy on ascent. In general, this causes sub-
sident regions and downdrafts to be relatively dry and subsatu-
rated (Wallace & Hobbs 2006).

Although not accounted for, we expect that subsaturation
will only enhance the stabilization e↵ect of condensation dis-
cussed here. Indeed, consider a sinking eddy in a super-moist-
adiabatic region where convection is inhibited by condensation,
as described above. In our linear picture, the stabilization comes
from the fact that the mean molecular weight will increase less
rapidly in the eddy than in the environment. The buoyancy of
the eddy is thus positive. Now, consider the same eddy but from
which all the condensates are removed. On descent, the mean
molecular weight in the parcel will not change at all because
there is nothing to sublimate. The stabilizing e↵ect of the mean
molecular weight gradient in the environment is now maximum
as it is not o↵set whatsoever by sublimation in the eddy (see
Appendix B). In this limiting case we recover the usual Ledoux
(1947) stability criterion, and the argument discussed in Sect. 3.4
can be used. So the criterion for the inhibition of moist convec-
tion by condensation always entails the stability of dry sinking
eddies in a saturated environment.

4.5.4. Unidimensional approach

Our analysis is of course limited by its 1D character. In 3D,
one could try to imagine scenarios where the structure of the
atmosphere described here, two convective layers separated by
a stable, di↵usive interface, would be broken by strong, local-
ized up/downward motion that would penetrate this interface.
One could also imagine the development of non purely vertical
modes.

While we cannot preclude the existence of such episodic
events (that could be reminiscent of observed giant storms), let
us stress that in cool atmospheres where volatiles condense,
the enrichment must be higher at depth than aloft, creating a
composition gradient localized around cloud levels. It is thus
di�cult to evade the fact that in supersolar H/He atmospheres,
composition will, on average, stabilize the atmosphere to some
extent. This has been confirmed by mesoscale 2D numerical sim-
ulations of moist convection for Jupiter (Nakajima et al. 2000;
Sugiyama et al. 2006).

However, because of their coarse resolution, these simula-
tions could not have captured any double-di↵usive instability
(even if di↵usion had been included; Rosenblum et al. 2011).
Our picture of a highly stable di↵usive interface at the cloud level
thus remains to be validated by experiments, numerical or other-
wise, investigating double-di↵usive processes in a condensable
gas.

5. Thermal profiles for the atmosphere of solar

system giant planets

In the previous sections, we showed that under certain condi-
tions that could reasonably be met on giant planets, convective
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Fig. 3. Schematic of the layers present in the atmosphere. Blue and red
curves depict the water mixing ratio and temperature profiles, respec-
tively. Left panel: standard, two-layer structure where a moist tropo-
sphere is underlain by a dry convective region (qint < qcri). Right panel:
when qint > qcri, convection is inhibited above the cloud deck and a
third, radiative layer appears. A gray curve replicates the temperature
profile of the two-layer case to highlight the temperature increase in the
deep adiabat.

transport is inhibited. It is now time to quantify the implications
of such an ine�cient transport on the thermal structure of the
atmosphere of our giant planets.

5.1. Numerical model

To compute the atmospheric profiles, we assume that the atmo-
sphere reaches a steady-state in hydrostatic and thermal equilib-
rium. Working in pressure coordinates, the goal is thus to inte-
grate the temperature and vapor profiles downward from a given
boundary condition. In practice, this model-top is chosen below
the radiative-convective boundary, toward the bottom of the re-
gion probed observationally for each planet (see Table 3).

The most important aspect of the model is the choice of the
prescription for the energy transport at a given level and the ther-
mal gradient that results (rT ). We simply consider that the va-
por is always brought to saturation when possible. Based on the
analysis performed in Sect. 3 and summarized in Table 2, we en-
vision a three-layer structure shown in Fig. 3 with, from top to
bottom;

– A moist, tropospheric layer, where the internal flux is carried
mostly by usual moist convection and where rT = r?ad. The
vapor mixing ratio is equal to the saturation value.

– A stable, radiative layer. If, and when the vapor mixing ra-
tio reaches the critical value5 (qcri), we have shown that both
moist and double-di↵usive convections are inhibited. The en-
ergy is thus carried out by radiation and the temperature fol-
lows the radiative gradient (rrad; see below). The vapor is
still at saturation.

– A deep adiabatic layer. As the temperature keeps increasing,
the vapor mixing ratio will reach the prescribed value for
the deep interior, qint. This is the bottom of the cloud deck.

5 Notice that, as qcri depends on the temperature, it is not a constant
parameter throughout the atmosphere. In practice, the existence of a
radiative layer is inferred by evaluating the criterion given by Eq. (16)
at each pressure level.
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Fig. 1. Atmospheric structure of the baseline simulation. From left to right: Temperature, Water vapor specific concentration, vertical velocity
(in m/s), and relative humidity. The two first panels show horizontal and temporal averages. The black, dash-dotted line in the first panel show
the standard moist-adiabat profile for the same conditions. In the second panel, the black dotted and dashed lines show the value of the critical
inhibition vapor concentration (Eq. (1)) and the saturation concentration respectively. The two last panels show snapshots along vertical slices that
go through a moist convective plume. From bottom to top, the atmosphere exhibits a dry troposphere, a stable layer where vertical motions are
strongly suppressed, a moist troposphere, and a stratosphere. Horizontal dashed lines are plotted at the boundaries between these zones to allow
an easier comparison of the altitudes of the various features. The rising moist plume (with maximal velocities of around 8 m/s) is mirrored by a
descending cold plume in the dry region (-15 m/s) caused by the reevaporation of rains at the bottom of the stable layer.

3.1. Simulation setup

The parameters used for our baseline simulation are summa-
rized in Table 1. The atmospheric composition has been com-
puted for a metallicity of 300⇥ solar, which is consistent with
the observations (Blain et al. 2021). Because the precise atmo-
spheric composition will depend on the temperature at depth,
which will itself depend on the modeled convection, hence on
the composition through the mean molecular weight, we de-
cided to use a simple approach to convert this metallicity into
molecular abundances: we assume that the quenching in our
temperate planet will occur near 10 bar and 1000 K and use
the chemical code of Venot et al. (2020) to compute the abun-
dances. With this approach, the volumic concentration of the
main absorbers are xH2O=2.⇥10�1, xCO2=1.5x⇥10�2, xCH4=7.4
⇥10�2, xCO=2.7⇥10�2, xNH3=2.9⇥10�4, xHe=1.5⇥10�1, and
xH2=5.2⇥10�1. For water, this corresponds to a deep specific
concentration qint =0.45 kg/kg, but the concentration in each cell
is traced and computed by the model. The other components are
assumed to remain in same proportions everywhere and to form
our dry air, with a molar mass of 5.42 kg mol�1.

Because K2-18b receives an insolation that is very close to
the runaway greenhouse threshold (see discussion in Sect. 5), the
extreme climate sensitivity around this transition would make
equilibration of the model very long for the observed insola-
tion. For this reason, we decided to use an average insolation
of 175 W/m2.

3.2. Thermal structure

The equilibrated atmospheric structure is depicted in Fig. 1. One
of our main findings is that, despite our more complex humidity
distribution, we confirm the structure predicted by Leconte et al.

(2017): a stable layer forms between the level where q = qcri
and the dry troposphere below. This stable layer is clearly no-
ticeable due to i) its superadiabatic thermal gradient and ii) its
very low velocities. Indeed, no convective plume, either dry or
moist, does penetrate this layer, so that there is no local source of
gravity waves or turbulence. It can also be noted that the static
stability in this layer is very high so that gravity waves have a
much smaller vertical wavelength.

A new feature of the simulation is that it predicts the exis-
tence of a very thin, dry boundary layer between the stable layer
below and the moist troposphere above. This is reminiscent of
the surface boundary layer on Earth where there are small scale
dry plumes that carry humidity from the surface to the conden-
sation level where moist convection can occur.

As a comparison, we also show the thermal structure for a
standard moist-adiabatic atmosphere with the same insolation
and parameters (black dash-dotted curve). The tropopause ex-
hibits similar pressure levels and temperatures in both cases,
which is to be expected as they have the same flux to output
and similar compositions. However, the temperature at depth
varies dramatically—the moist adiabat being more than 150 K
colder at the 1 bar level. The reason for this is twofold: first,
the stable layer created a huge temperature jump in a narrow
vertical region and, second, because the atmosphere below the
stable region is dry, the thermal gradient follows the dry adiabat,
which increases the temperature faster with depth than the moist
adiabat. Because the moist region extends much deeper in the
standard model, the temperature di↵erence at depth will be even
larger, as will be shown in later sections.

Article number, page 5 of 12

q qsat



Leconte et al. (A&A, 2024)

Atmospheric structure with convection inhibition

Leconte et al.: Revisiting the atmospheric structure of temperate Neptunes

Fig. 1. Atmospheric structure of the baseline simulation. From left to right: Temperature, Water vapor specific concentration, vertical velocity
(in m/s), and relative humidity. The two first panels show horizontal and temporal averages. The black, dash-dotted line in the first panel show
the standard moist-adiabat profile for the same conditions. In the second panel, the black dotted and dashed lines show the value of the critical
inhibition vapor concentration (Eq. (1)) and the saturation concentration respectively. The two last panels show snapshots along vertical slices that
go through a moist convective plume. From bottom to top, the atmosphere exhibits a dry troposphere, a stable layer where vertical motions are
strongly suppressed, a moist troposphere, and a stratosphere. Horizontal dashed lines are plotted at the boundaries between these zones to allow
an easier comparison of the altitudes of the various features. The rising moist plume (with maximal velocities of around 8 m/s) is mirrored by a
descending cold plume in the dry region (-15 m/s) caused by the reevaporation of rains at the bottom of the stable layer.

3.1. Simulation setup

The parameters used for our baseline simulation are summa-
rized in Table 1. The atmospheric composition has been com-
puted for a metallicity of 300⇥ solar, which is consistent with
the observations (Blain et al. 2021). Because the precise atmo-
spheric composition will depend on the temperature at depth,
which will itself depend on the modeled convection, hence on
the composition through the mean molecular weight, we de-
cided to use a simple approach to convert this metallicity into
molecular abundances: we assume that the quenching in our
temperate planet will occur near 10 bar and 1000 K and use
the chemical code of Venot et al. (2020) to compute the abun-
dances. With this approach, the volumic concentration of the
main absorbers are xH2O=2.⇥10�1, xCO2=1.5x⇥10�2, xCH4=7.4
⇥10�2, xCO=2.7⇥10�2, xNH3=2.9⇥10�4, xHe=1.5⇥10�1, and
xH2=5.2⇥10�1. For water, this corresponds to a deep specific
concentration qint =0.45 kg/kg, but the concentration in each cell
is traced and computed by the model. The other components are
assumed to remain in same proportions everywhere and to form
our dry air, with a molar mass of 5.42 kg mol�1.

Because K2-18b receives an insolation that is very close to
the runaway greenhouse threshold (see discussion in Sect. 5), the
extreme climate sensitivity around this transition would make
equilibration of the model very long for the observed insola-
tion. For this reason, we decided to use an average insolation
of 175 W/m2.

3.2. Thermal structure

The equilibrated atmospheric structure is depicted in Fig. 1. One
of our main findings is that, despite our more complex humidity
distribution, we confirm the structure predicted by Leconte et al.

(2017): a stable layer forms between the level where q = qcri
and the dry troposphere below. This stable layer is clearly no-
ticeable due to i) its superadiabatic thermal gradient and ii) its
very low velocities. Indeed, no convective plume, either dry or
moist, does penetrate this layer, so that there is no local source of
gravity waves or turbulence. It can also be noted that the static
stability in this layer is very high so that gravity waves have a
much smaller vertical wavelength.

A new feature of the simulation is that it predicts the exis-
tence of a very thin, dry boundary layer between the stable layer
below and the moist troposphere above. This is reminiscent of
the surface boundary layer on Earth where there are small scale
dry plumes that carry humidity from the surface to the conden-
sation level where moist convection can occur.

As a comparison, we also show the thermal structure for a
standard moist-adiabatic atmosphere with the same insolation
and parameters (black dash-dotted curve). The tropopause ex-
hibits similar pressure levels and temperatures in both cases,
which is to be expected as they have the same flux to output
and similar compositions. However, the temperature at depth
varies dramatically—the moist adiabat being more than 150 K
colder at the 1 bar level. The reason for this is twofold: first,
the stable layer created a huge temperature jump in a narrow
vertical region and, second, because the atmosphere below the
stable region is dry, the thermal gradient follows the dry adiabat,
which increases the temperature faster with depth than the moist
adiabat. Because the moist region extends much deeper in the
standard model, the temperature di↵erence at depth will be even
larger, as will be shown in later sections.
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Fig. 1. Atmospheric structure of the baseline simulation. From left to right: Temperature, Water vapor specific concentration, vertical velocity
(in m/s), and relative humidity. The two first panels show horizontal and temporal averages. The black, dash-dotted line in the first panel show
the standard moist-adiabat profile for the same conditions. In the second panel, the black dotted and dashed lines show the value of the critical
inhibition vapor concentration (Eq. (1)) and the saturation concentration respectively. The two last panels show snapshots along vertical slices that
go through a moist convective plume. From bottom to top, the atmosphere exhibits a dry troposphere, a stable layer where vertical motions are
strongly suppressed, a moist troposphere, and a stratosphere. Horizontal dashed lines are plotted at the boundaries between these zones to allow
an easier comparison of the altitudes of the various features. The rising moist plume (with maximal velocities of around 8 m/s) is mirrored by a
descending cold plume in the dry region (-15 m/s) caused by the reevaporation of rains at the bottom of the stable layer.

3.1. Simulation setup

The parameters used for our baseline simulation are summa-
rized in Table 1. The atmospheric composition has been com-
puted for a metallicity of 300⇥ solar, which is consistent with
the observations (Blain et al. 2021). Because the precise atmo-
spheric composition will depend on the temperature at depth,
which will itself depend on the modeled convection, hence on
the composition through the mean molecular weight, we de-
cided to use a simple approach to convert this metallicity into
molecular abundances: we assume that the quenching in our
temperate planet will occur near 10 bar and 1000 K and use
the chemical code of Venot et al. (2020) to compute the abun-
dances. With this approach, the volumic concentration of the
main absorbers are xH2O=2.⇥10�1, xCO2=1.5x⇥10�2, xCH4=7.4
⇥10�2, xCO=2.7⇥10�2, xNH3=2.9⇥10�4, xHe=1.5⇥10�1, and
xH2=5.2⇥10�1. For water, this corresponds to a deep specific
concentration qint =0.45 kg/kg, but the concentration in each cell
is traced and computed by the model. The other components are
assumed to remain in same proportions everywhere and to form
our dry air, with a molar mass of 5.42 kg mol�1.

Because K2-18b receives an insolation that is very close to
the runaway greenhouse threshold (see discussion in Sect. 5), the
extreme climate sensitivity around this transition would make
equilibration of the model very long for the observed insola-
tion. For this reason, we decided to use an average insolation
of 175 W/m2.

3.2. Thermal structure

The equilibrated atmospheric structure is depicted in Fig. 1. One
of our main findings is that, despite our more complex humidity
distribution, we confirm the structure predicted by Leconte et al.

(2017): a stable layer forms between the level where q = qcri
and the dry troposphere below. This stable layer is clearly no-
ticeable due to i) its superadiabatic thermal gradient and ii) its
very low velocities. Indeed, no convective plume, either dry or
moist, does penetrate this layer, so that there is no local source of
gravity waves or turbulence. It can also be noted that the static
stability in this layer is very high so that gravity waves have a
much smaller vertical wavelength.

A new feature of the simulation is that it predicts the exis-
tence of a very thin, dry boundary layer between the stable layer
below and the moist troposphere above. This is reminiscent of
the surface boundary layer on Earth where there are small scale
dry plumes that carry humidity from the surface to the conden-
sation level where moist convection can occur.

As a comparison, we also show the thermal structure for a
standard moist-adiabatic atmosphere with the same insolation
and parameters (black dash-dotted curve). The tropopause ex-
hibits similar pressure levels and temperatures in both cases,
which is to be expected as they have the same flux to output
and similar compositions. However, the temperature at depth
varies dramatically—the moist adiabat being more than 150 K
colder at the 1 bar level. The reason for this is twofold: first,
the stable layer created a huge temperature jump in a narrow
vertical region and, second, because the atmosphere below the
stable region is dry, the thermal gradient follows the dry adiabat,
which increases the temperature faster with depth than the moist
adiabat. Because the moist region extends much deeper in the
standard model, the temperature di↵erence at depth will be even
larger, as will be shown in later sections.
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Fig. 1. Atmospheric structure of the baseline simulation. From left to right: Temperature, Water vapor specific concentration, vertical velocity
(in m/s), and relative humidity. The two first panels show horizontal and temporal averages. The black, dash-dotted line in the first panel show
the standard moist-adiabat profile for the same conditions. In the second panel, the black dotted and dashed lines show the value of the critical
inhibition vapor concentration (Eq. (1)) and the saturation concentration respectively. The two last panels show snapshots along vertical slices that
go through a moist convective plume. From bottom to top, the atmosphere exhibits a dry troposphere, a stable layer where vertical motions are
strongly suppressed, a moist troposphere, and a stratosphere. Horizontal dashed lines are plotted at the boundaries between these zones to allow
an easier comparison of the altitudes of the various features. The rising moist plume (with maximal velocities of around 8 m/s) is mirrored by a
descending cold plume in the dry region (-15 m/s) caused by the reevaporation of rains at the bottom of the stable layer.

3.1. Simulation setup

The parameters used for our baseline simulation are summa-
rized in Table 1. The atmospheric composition has been com-
puted for a metallicity of 300⇥ solar, which is consistent with
the observations (Blain et al. 2021). Because the precise atmo-
spheric composition will depend on the temperature at depth,
which will itself depend on the modeled convection, hence on
the composition through the mean molecular weight, we de-
cided to use a simple approach to convert this metallicity into
molecular abundances: we assume that the quenching in our
temperate planet will occur near 10 bar and 1000 K and use
the chemical code of Venot et al. (2020) to compute the abun-
dances. With this approach, the volumic concentration of the
main absorbers are xH2O=2.⇥10�1, xCO2=1.5x⇥10�2, xCH4=7.4
⇥10�2, xCO=2.7⇥10�2, xNH3=2.9⇥10�4, xHe=1.5⇥10�1, and
xH2=5.2⇥10�1. For water, this corresponds to a deep specific
concentration qint =0.45 kg/kg, but the concentration in each cell
is traced and computed by the model. The other components are
assumed to remain in same proportions everywhere and to form
our dry air, with a molar mass of 5.42 kg mol�1.

Because K2-18b receives an insolation that is very close to
the runaway greenhouse threshold (see discussion in Sect. 5), the
extreme climate sensitivity around this transition would make
equilibration of the model very long for the observed insola-
tion. For this reason, we decided to use an average insolation
of 175 W/m2.

3.2. Thermal structure

The equilibrated atmospheric structure is depicted in Fig. 1. One
of our main findings is that, despite our more complex humidity
distribution, we confirm the structure predicted by Leconte et al.

(2017): a stable layer forms between the level where q = qcri
and the dry troposphere below. This stable layer is clearly no-
ticeable due to i) its superadiabatic thermal gradient and ii) its
very low velocities. Indeed, no convective plume, either dry or
moist, does penetrate this layer, so that there is no local source of
gravity waves or turbulence. It can also be noted that the static
stability in this layer is very high so that gravity waves have a
much smaller vertical wavelength.

A new feature of the simulation is that it predicts the exis-
tence of a very thin, dry boundary layer between the stable layer
below and the moist troposphere above. This is reminiscent of
the surface boundary layer on Earth where there are small scale
dry plumes that carry humidity from the surface to the conden-
sation level where moist convection can occur.

As a comparison, we also show the thermal structure for a
standard moist-adiabatic atmosphere with the same insolation
and parameters (black dash-dotted curve). The tropopause ex-
hibits similar pressure levels and temperatures in both cases,
which is to be expected as they have the same flux to output
and similar compositions. However, the temperature at depth
varies dramatically—the moist adiabat being more than 150 K
colder at the 1 bar level. The reason for this is twofold: first,
the stable layer created a huge temperature jump in a narrow
vertical region and, second, because the atmosphere below the
stable region is dry, the thermal gradient follows the dry adiabat,
which increases the temperature faster with depth than the moist
adiabat. Because the moist region extends much deeper in the
standard model, the temperature di↵erence at depth will be even
larger, as will be shown in later sections.
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Fig. 1. Atmospheric structure of the baseline simulation. From left to right: Temperature, Water vapor specific concentration, vertical velocity
(in m/s), and relative humidity. The two first panels show horizontal and temporal averages. The black, dash-dotted line in the first panel show
the standard moist-adiabat profile for the same conditions. In the second panel, the black dotted and dashed lines show the value of the critical
inhibition vapor concentration (Eq. (1)) and the saturation concentration respectively. The two last panels show snapshots along vertical slices that
go through a moist convective plume. From bottom to top, the atmosphere exhibits a dry troposphere, a stable layer where vertical motions are
strongly suppressed, a moist troposphere, and a stratosphere. Horizontal dashed lines are plotted at the boundaries between these zones to allow
an easier comparison of the altitudes of the various features. The rising moist plume (with maximal velocities of around 8 m/s) is mirrored by a
descending cold plume in the dry region (-15 m/s) caused by the reevaporation of rains at the bottom of the stable layer.

3.1. Simulation setup

The parameters used for our baseline simulation are summa-
rized in Table 1. The atmospheric composition has been com-
puted for a metallicity of 300⇥ solar, which is consistent with
the observations (Blain et al. 2021). Because the precise atmo-
spheric composition will depend on the temperature at depth,
which will itself depend on the modeled convection, hence on
the composition through the mean molecular weight, we de-
cided to use a simple approach to convert this metallicity into
molecular abundances: we assume that the quenching in our
temperate planet will occur near 10 bar and 1000 K and use
the chemical code of Venot et al. (2020) to compute the abun-
dances. With this approach, the volumic concentration of the
main absorbers are xH2O=2.⇥10�1, xCO2=1.5x⇥10�2, xCH4=7.4
⇥10�2, xCO=2.7⇥10�2, xNH3=2.9⇥10�4, xHe=1.5⇥10�1, and
xH2=5.2⇥10�1. For water, this corresponds to a deep specific
concentration qint =0.45 kg/kg, but the concentration in each cell
is traced and computed by the model. The other components are
assumed to remain in same proportions everywhere and to form
our dry air, with a molar mass of 5.42 kg mol�1.

Because K2-18b receives an insolation that is very close to
the runaway greenhouse threshold (see discussion in Sect. 5), the
extreme climate sensitivity around this transition would make
equilibration of the model very long for the observed insola-
tion. For this reason, we decided to use an average insolation
of 175 W/m2.

3.2. Thermal structure

The equilibrated atmospheric structure is depicted in Fig. 1. One
of our main findings is that, despite our more complex humidity
distribution, we confirm the structure predicted by Leconte et al.

(2017): a stable layer forms between the level where q = qcri
and the dry troposphere below. This stable layer is clearly no-
ticeable due to i) its superadiabatic thermal gradient and ii) its
very low velocities. Indeed, no convective plume, either dry or
moist, does penetrate this layer, so that there is no local source of
gravity waves or turbulence. It can also be noted that the static
stability in this layer is very high so that gravity waves have a
much smaller vertical wavelength.

A new feature of the simulation is that it predicts the exis-
tence of a very thin, dry boundary layer between the stable layer
below and the moist troposphere above. This is reminiscent of
the surface boundary layer on Earth where there are small scale
dry plumes that carry humidity from the surface to the conden-
sation level where moist convection can occur.

As a comparison, we also show the thermal structure for a
standard moist-adiabatic atmosphere with the same insolation
and parameters (black dash-dotted curve). The tropopause ex-
hibits similar pressure levels and temperatures in both cases,
which is to be expected as they have the same flux to output
and similar compositions. However, the temperature at depth
varies dramatically—the moist adiabat being more than 150 K
colder at the 1 bar level. The reason for this is twofold: first,
the stable layer created a huge temperature jump in a narrow
vertical region and, second, because the atmosphere below the
stable region is dry, the thermal gradient follows the dry adiabat,
which increases the temperature faster with depth than the moist
adiabat. Because the moist region extends much deeper in the
standard model, the temperature di↵erence at depth will be even
larger, as will be shown in later sections.
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Fig. 6. Vertical profiles of molecular volume
mixing ratios in the atmosphere of our prototypical
temperate Neptune with (solid) and without (dotted)
convection inhibition. The metallicity is assumed to
be 300⇥solar. The right panel shows the thermal
profiles used for the two cases, where we see that
the moist troposphere extends quite deep in the no-
inhibition case, resulting in a much lower quenching
temperature.

(2023) assumed that energy was solely transported by radiation
in the stable layers of the atmosphere.

Because the irradiation received by the planet is rather well
constrained, we reframed the issue by asking what the planetary
Bond albedo would need to be for the absorbed insolation to re-
main below the runaway greenhouse threshold. To answer this
question, we performed the following experiment : we equili-
brated our 1D model for a given surface pressure with a stellar
irradiation equal to Finc(1 � A), where Finc = 342 W/m2 is the
average insolation received by K2-18 b and A is an albedo that
we chose arbitrarily. In this specific experiment, we did not in-
clude any aerosols in the atmospheric model as their e↵ect is
wholly incorporated in the A parameter. Because K2-18 is a red
star and that significant amounts of methane have been detected
in the planet’s atmosphere, almost all the stellar light arriving at
the atmospheric top is absorbed in this setup; therefore, A is a
good proxy for the bond albedo of the model.

There are two di↵erences with respect to 1D simulations
shown in the previous sections. First, we recomputed opac-
ity tables with mixing ratios of methane and carbon dioxide of
10�2ppmv, which seem to be the best match for the JWST obser-
vations of Madhusudhan et al. (2023). Second, we changed the
surface boundary condition to better mimic an ocean. Instead
of fixing the mixing ratio of vapor in the lowest layer equal to
an expected value at depth, we treated the surface as an infinite
source of water and vapor can freely evaporate in the first layer
until saturation is met. As in Innes et al. (2023), we kept the
total surface pressure constant during the evolution. We then let
the model evolve either until it reached thermal equilibrium, in
which case we deemed the ocean stable, or the mixing ratio of
vapor reached unity at the surface, which we took as a proxy for
the onset of runaway greenhouse.

The results of this experiment are summarized in Fig. 7. As
expected, the higher the surface pressure, the higher the Bond
albedo needs to be to keep a stable surface ocean. These results
are in rough agreement with the results of Innes et al. (2023).
First, we confirm that convection inhibition decreases the thresh-
old for the onset of runaway greenhouse. This is because near the
critical insolation, the moisture always becomes su�cient near
the surface to shut down moist convection, increasing the sur-
face temperature for a given outgoing flux, thus increasing the
greenhouse e↵ect of the atmosphere. Second, Innes et al. (2023)

find that the maximum stable insolation for a 1 bar atmosphere
around an M star is around 110 W/m2, whereas our last stable
insolation is ⇡ 130 W/m2 (A = 0.6). The discrepancy could be
partly due to the presence of methane, whose anti-greenhouse ef-
fect can be rather strong around late-type stars, but we think that
the main di↵erence is our treatment of the turbulent transport in
the stable layer where convection inhibition operates. Because
turbulence transports both sensible and latent heat, the thermal
gradient is much less steep in our model compared to a fully
radiative zone, which weakens the greenhouse e↵ect of the sta-
ble layer. We verified this by rerunning this case with a much
weaker turbulent transport and find that it indeed enters a run-
away greenhouse phase. Further comparison is, however, di�-
cult as the model currently relies on turbulence to transport water
vapor in non-convective zones; removing it would cause the sta-
ble layer to become entirely unsaturated. But this shows that
accounting correctly for the dynamics of the atmosphere is im-
portant to derive quantitative limits.

However, the limits we find are much more stringent than
the ones found by Madhusudhan et al. (2021). For an M star
like K2-18, they find that the maximum equilibrium temper-
ature (that is corrected for the Bond albedo) to keep a liquid
surface ocean is ⇡ 410 K — which corresponds to a planet av-
eraged absorbed/thermally emitted flux of ⇡ 1300 W/m2. This
is to be compared to our limit for the 1 bar case, which is es-
timated to be ⇡ 230 K (150 W/m2). To put this into context,
the current equilibrium temperature of the Earth is ⇡ 255 K
(240 W/m2), and recent estimates of the runaway greenhouse
limit for Earth-like planets yield estimates between ⇡ 260 and
270 K (270-300 W/m2), depending on the treatment of contin-
uum opacities, clouds, and atmospheric dynamics (Kopparapu
et al. 2013; Leconte et al. 2013; Yang et al. 2016). The fact that
the limit for hydrogen-dominated atmospheres occurs at lower
fluxes is due to the increased greenhouse e↵ect of H2 compared
to N2, and has been extensively studied (Koll & Cronin 2019;
Chaverot et al. 2022; Innes et al. 2023).

The reason that Madhusudhan et al. (2021) find such high
limits is less clear. It seems to be due to their use of an ad
hoc – and rather extreme – approximation to treat aerosols: they
assume that aerosols can be arbitrarily e�cient scatterers and
model them by multiplying the Rayleigh scattering coe�cient
of H2 by an arbitrarily large factor until the atmospheric Bond
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albedo reaches the desired value. In addition to increasing the
albedo, this causes the stellar radiation to be scattered many
times in the stratosphere, which, counterintuitively, enhances ab-
sorption there. Around redder stars, this results in stratospheres
that are as hot, if not hotter, than the surface, which e↵ectively
suppresses the greenhouse e↵ect of all the atmospheric gases.

However, as we will see in the next section, the presence of
such reflective haze particles in the stratosphere is contradicted
by observational data.

Fig. 7. Constraints for the presence of a liquid surface ocean. Each
marker shows the outcome of a simulation for a given imposed albedo
(the equivalent e↵ective flux is shown on the top axis) and atmospheric
surface pressure. Blue dots show cases where a liquid surface ocean is
stable. Red crosses show cases where a steam atmosphere forms. The
top panel shows the results of traditional models in which convection
inhibition is disregarded, and the bottom panel shows results with con-
vection inhibition. The dashed (solid) line roughly depicts the limit to
the stability of an ocean in the case without (with) inhibition. One can
see that the inhibition limits the stability of oceans to higher albedos,
i.e., less irradiated planets.

6.2. Constraints on aerosols

In this section, we make an attempt at better quantifying the lim-
its that can be put on the albedo that aerosols (either clouds or
hazes) can realistically produce on a planet like K2-18 b.

A first hypothesis put forward by Madhusudhan et al. (2023)
is that the presence of deep, highly reflective tropospheric clouds
could produce a su�cient albedo to stabilize an ocean. Although
such clouds are able to produce high albedos for our Solar Sys-
tem giant planets, we have to remember that K2-18 is an M dwarf
with an e↵ective temperature around 3500 K and that its radia-
tion is easily absorbed in the stratosphere of the planet by the
multiple near-infrared methane bands. In a cloudless model of

K2-18 b produced with the fiducial methane and carbon dioxide
mixing ratios of 10�2 ppmv found by Madhusudhan et al. (2023),
half the flux is absorbed above the 100 mb level, which is still
higher than the tropopause. So no scattering happening below
this level, however intense, could increase the albedo above 0.5
(and that does not even account for the fact that scattered light
would have to cross the stratosphere a second time to escape).
This is well illustrated by the 3D global climate models from
Charnay et al. (2021) who found that the albedos of their models
for K2-18 b barely exceed 0.12 even when thick dayside tropo-
spheric water clouds form.

Another hypothesis is the presence of highly reflective haze
in the stratosphere, although neither Madhusudhan et al. (2021)
nor Madhusudhan et al. (2023) discuss which type of haze could
meet the required constraints. This solution works in principle
because it is able to scatter incoming stellar light high in the
stratosphere, before it is e�ciently absorbed. However, it is easy
to see that such a reflective haze should also strongly a↵ect (e.g.,
flatten) the transit spectrum of the planet in the visible and near-
infrared, whereas the recent JWST spectrum of Madhusudhan
et al. (2023) shows relatively deep methane absorption features
with an amplitude in excess of 100 ppm between 1 and 1.5 mi-
cron. To quantify this e↵ect, we computed eclipse and transmis-
sion spectra of the fiducial model of K2-18 b discussed above,
adding haze scattering following the parametrized approach of
Madhusudhan et al. (2021). In this approach, the amount of haze
is encompassed in a so-called haze factor (nhaze), which is used
to multiply the cross section of Rayleigh scattering of H2. We
note that nhaze = 1 corresponds to the fiducial clear atmosphere
model.

Fig. 8. Eclipse (top) and transit (bottom) spectra of our models of
K2-18 b with hazes parametrized through the nhaze factor (see the main
text). One can see that when the amount of haze increases, the amount
of reflected light (hence the albedo) increases but the amplitude of the
methane bands in the transit spectrum decreases.
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its that can be put on the albedo that aerosols (either clouds or
hazes) can realistically produce on a planet like K2-18 b.

A first hypothesis put forward by Madhusudhan et al. (2023)
is that the presence of deep, highly reflective tropospheric clouds
could produce a su�cient albedo to stabilize an ocean. Although
such clouds are able to produce high albedos for our Solar Sys-
tem giant planets, we have to remember that K2-18 is an M dwarf
with an e↵ective temperature around 3500 K and that its radia-
tion is easily absorbed in the stratosphere of the planet by the
multiple near-infrared methane bands. In a cloudless model of

K2-18 b produced with the fiducial methane and carbon dioxide
mixing ratios of 10�2 ppmv found by Madhusudhan et al. (2023),
half the flux is absorbed above the 100 mb level, which is still
higher than the tropopause. So no scattering happening below
this level, however intense, could increase the albedo above 0.5
(and that does not even account for the fact that scattered light
would have to cross the stratosphere a second time to escape).
This is well illustrated by the 3D global climate models from
Charnay et al. (2021) who found that the albedos of their models
for K2-18 b barely exceed 0.12 even when thick dayside tropo-
spheric water clouds form.

Another hypothesis is the presence of highly reflective haze
in the stratosphere, although neither Madhusudhan et al. (2021)
nor Madhusudhan et al. (2023) discuss which type of haze could
meet the required constraints. This solution works in principle
because it is able to scatter incoming stellar light high in the
stratosphere, before it is e�ciently absorbed. However, it is easy
to see that such a reflective haze should also strongly a↵ect (e.g.,
flatten) the transit spectrum of the planet in the visible and near-
infrared, whereas the recent JWST spectrum of Madhusudhan
et al. (2023) shows relatively deep methane absorption features
with an amplitude in excess of 100 ppm between 1 and 1.5 mi-
cron. To quantify this e↵ect, we computed eclipse and transmis-
sion spectra of the fiducial model of K2-18 b discussed above,
adding haze scattering following the parametrized approach of
Madhusudhan et al. (2021). In this approach, the amount of haze
is encompassed in a so-called haze factor (nhaze), which is used
to multiply the cross section of Rayleigh scattering of H2. We
note that nhaze = 1 corresponds to the fiducial clear atmosphere
model.

Fig. 8. Eclipse (top) and transit (bottom) spectra of our models of
K2-18 b with hazes parametrized through the nhaze factor (see the main
text). One can see that when the amount of haze increases, the amount
of reflected light (hence the albedo) increases but the amplitude of the
methane bands in the transit spectrum decreases.
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albedo reaches the desired value. In addition to increasing the
albedo, this causes the stellar radiation to be scattered many
times in the stratosphere, which, counterintuitively, enhances ab-
sorption there. Around redder stars, this results in stratospheres
that are as hot, if not hotter, than the surface, which e↵ectively
suppresses the greenhouse e↵ect of all the atmospheric gases.

However, as we will see in the next section, the presence of
such reflective haze particles in the stratosphere is contradicted
by observational data.

Fig. 7. Constraints for the presence of a liquid surface ocean. Each
marker shows the outcome of a simulation for a given imposed albedo
(the equivalent e↵ective flux is shown on the top axis) and atmospheric
surface pressure. Blue dots show cases where a liquid surface ocean is
stable. Red crosses show cases where a steam atmosphere forms. The
top panel shows the results of traditional models in which convection
inhibition is disregarded, and the bottom panel shows results with con-
vection inhibition. The dashed (solid) line roughly depicts the limit to
the stability of an ocean in the case without (with) inhibition. One can
see that the inhibition limits the stability of oceans to higher albedos,
i.e., less irradiated planets.

6.2. Constraints on aerosols

In this section, we make an attempt at better quantifying the lim-
its that can be put on the albedo that aerosols (either clouds or
hazes) can realistically produce on a planet like K2-18 b.

A first hypothesis put forward by Madhusudhan et al. (2023)
is that the presence of deep, highly reflective tropospheric clouds
could produce a su�cient albedo to stabilize an ocean. Although
such clouds are able to produce high albedos for our Solar Sys-
tem giant planets, we have to remember that K2-18 is an M dwarf
with an e↵ective temperature around 3500 K and that its radia-
tion is easily absorbed in the stratosphere of the planet by the
multiple near-infrared methane bands. In a cloudless model of

K2-18 b produced with the fiducial methane and carbon dioxide
mixing ratios of 10�2 ppmv found by Madhusudhan et al. (2023),
half the flux is absorbed above the 100 mb level, which is still
higher than the tropopause. So no scattering happening below
this level, however intense, could increase the albedo above 0.5
(and that does not even account for the fact that scattered light
would have to cross the stratosphere a second time to escape).
This is well illustrated by the 3D global climate models from
Charnay et al. (2021) who found that the albedos of their models
for K2-18 b barely exceed 0.12 even when thick dayside tropo-
spheric water clouds form.

Another hypothesis is the presence of highly reflective haze
in the stratosphere, although neither Madhusudhan et al. (2021)
nor Madhusudhan et al. (2023) discuss which type of haze could
meet the required constraints. This solution works in principle
because it is able to scatter incoming stellar light high in the
stratosphere, before it is e�ciently absorbed. However, it is easy
to see that such a reflective haze should also strongly a↵ect (e.g.,
flatten) the transit spectrum of the planet in the visible and near-
infrared, whereas the recent JWST spectrum of Madhusudhan
et al. (2023) shows relatively deep methane absorption features
with an amplitude in excess of 100 ppm between 1 and 1.5 mi-
cron. To quantify this e↵ect, we computed eclipse and transmis-
sion spectra of the fiducial model of K2-18 b discussed above,
adding haze scattering following the parametrized approach of
Madhusudhan et al. (2021). In this approach, the amount of haze
is encompassed in a so-called haze factor (nhaze), which is used
to multiply the cross section of Rayleigh scattering of H2. We
note that nhaze = 1 corresponds to the fiducial clear atmosphere
model.

Fig. 8. Eclipse (top) and transit (bottom) spectra of our models of
K2-18 b with hazes parametrized through the nhaze factor (see the main
text). One can see that when the amount of haze increases, the amount
of reflected light (hence the albedo) increases but the amplitude of the
methane bands in the transit spectrum decreases.
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albedo reaches the desired value. In addition to increasing the
albedo, this causes the stellar radiation to be scattered many
times in the stratosphere, which, counterintuitively, enhances ab-
sorption there. Around redder stars, this results in stratospheres
that are as hot, if not hotter, than the surface, which e↵ectively
suppresses the greenhouse e↵ect of all the atmospheric gases.

However, as we will see in the next section, the presence of
such reflective haze particles in the stratosphere is contradicted
by observational data.

Fig. 7. Constraints for the presence of a liquid surface ocean. Each
marker shows the outcome of a simulation for a given imposed albedo
(the equivalent e↵ective flux is shown on the top axis) and atmospheric
surface pressure. Blue dots show cases where a liquid surface ocean is
stable. Red crosses show cases where a steam atmosphere forms. The
top panel shows the results of traditional models in which convection
inhibition is disregarded, and the bottom panel shows results with con-
vection inhibition. The dashed (solid) line roughly depicts the limit to
the stability of an ocean in the case without (with) inhibition. One can
see that the inhibition limits the stability of oceans to higher albedos,
i.e., less irradiated planets.

6.2. Constraints on aerosols

In this section, we make an attempt at better quantifying the lim-
its that can be put on the albedo that aerosols (either clouds or
hazes) can realistically produce on a planet like K2-18 b.

A first hypothesis put forward by Madhusudhan et al. (2023)
is that the presence of deep, highly reflective tropospheric clouds
could produce a su�cient albedo to stabilize an ocean. Although
such clouds are able to produce high albedos for our Solar Sys-
tem giant planets, we have to remember that K2-18 is an M dwarf
with an e↵ective temperature around 3500 K and that its radia-
tion is easily absorbed in the stratosphere of the planet by the
multiple near-infrared methane bands. In a cloudless model of

K2-18 b produced with the fiducial methane and carbon dioxide
mixing ratios of 10�2 ppmv found by Madhusudhan et al. (2023),
half the flux is absorbed above the 100 mb level, which is still
higher than the tropopause. So no scattering happening below
this level, however intense, could increase the albedo above 0.5
(and that does not even account for the fact that scattered light
would have to cross the stratosphere a second time to escape).
This is well illustrated by the 3D global climate models from
Charnay et al. (2021) who found that the albedos of their models
for K2-18 b barely exceed 0.12 even when thick dayside tropo-
spheric water clouds form.

Another hypothesis is the presence of highly reflective haze
in the stratosphere, although neither Madhusudhan et al. (2021)
nor Madhusudhan et al. (2023) discuss which type of haze could
meet the required constraints. This solution works in principle
because it is able to scatter incoming stellar light high in the
stratosphere, before it is e�ciently absorbed. However, it is easy
to see that such a reflective haze should also strongly a↵ect (e.g.,
flatten) the transit spectrum of the planet in the visible and near-
infrared, whereas the recent JWST spectrum of Madhusudhan
et al. (2023) shows relatively deep methane absorption features
with an amplitude in excess of 100 ppm between 1 and 1.5 mi-
cron. To quantify this e↵ect, we computed eclipse and transmis-
sion spectra of the fiducial model of K2-18 b discussed above,
adding haze scattering following the parametrized approach of
Madhusudhan et al. (2021). In this approach, the amount of haze
is encompassed in a so-called haze factor (nhaze), which is used
to multiply the cross section of Rayleigh scattering of H2. We
note that nhaze = 1 corresponds to the fiducial clear atmosphere
model.

Fig. 8. Eclipse (top) and transit (bottom) spectra of our models of
K2-18 b with hazes parametrized through the nhaze factor (see the main
text). One can see that when the amount of haze increases, the amount
of reflected light (hence the albedo) increases but the amplitude of the
methane bands in the transit spectrum decreases.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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albedo reaches the desired value. In addition to increasing the
albedo, this causes the stellar radiation to be scattered many
times in the stratosphere, which, counterintuitively, enhances ab-
sorption there. Around redder stars, this results in stratospheres
that are as hot, if not hotter, than the surface, which e↵ectively
suppresses the greenhouse e↵ect of all the atmospheric gases.

However, as we will see in the next section, the presence of
such reflective haze particles in the stratosphere is contradicted
by observational data.

Fig. 7. Constraints for the presence of a liquid surface ocean. Each
marker shows the outcome of a simulation for a given imposed albedo
(the equivalent e↵ective flux is shown on the top axis) and atmospheric
surface pressure. Blue dots show cases where a liquid surface ocean is
stable. Red crosses show cases where a steam atmosphere forms. The
top panel shows the results of traditional models in which convection
inhibition is disregarded, and the bottom panel shows results with con-
vection inhibition. The dashed (solid) line roughly depicts the limit to
the stability of an ocean in the case without (with) inhibition. One can
see that the inhibition limits the stability of oceans to higher albedos,
i.e., less irradiated planets.

6.2. Constraints on aerosols

In this section, we make an attempt at better quantifying the lim-
its that can be put on the albedo that aerosols (either clouds or
hazes) can realistically produce on a planet like K2-18 b.

A first hypothesis put forward by Madhusudhan et al. (2023)
is that the presence of deep, highly reflective tropospheric clouds
could produce a su�cient albedo to stabilize an ocean. Although
such clouds are able to produce high albedos for our Solar Sys-
tem giant planets, we have to remember that K2-18 is an M dwarf
with an e↵ective temperature around 3500 K and that its radia-
tion is easily absorbed in the stratosphere of the planet by the
multiple near-infrared methane bands. In a cloudless model of

K2-18 b produced with the fiducial methane and carbon dioxide
mixing ratios of 10�2 ppmv found by Madhusudhan et al. (2023),
half the flux is absorbed above the 100 mb level, which is still
higher than the tropopause. So no scattering happening below
this level, however intense, could increase the albedo above 0.5
(and that does not even account for the fact that scattered light
would have to cross the stratosphere a second time to escape).
This is well illustrated by the 3D global climate models from
Charnay et al. (2021) who found that the albedos of their models
for K2-18 b barely exceed 0.12 even when thick dayside tropo-
spheric water clouds form.

Another hypothesis is the presence of highly reflective haze
in the stratosphere, although neither Madhusudhan et al. (2021)
nor Madhusudhan et al. (2023) discuss which type of haze could
meet the required constraints. This solution works in principle
because it is able to scatter incoming stellar light high in the
stratosphere, before it is e�ciently absorbed. However, it is easy
to see that such a reflective haze should also strongly a↵ect (e.g.,
flatten) the transit spectrum of the planet in the visible and near-
infrared, whereas the recent JWST spectrum of Madhusudhan
et al. (2023) shows relatively deep methane absorption features
with an amplitude in excess of 100 ppm between 1 and 1.5 mi-
cron. To quantify this e↵ect, we computed eclipse and transmis-
sion spectra of the fiducial model of K2-18 b discussed above,
adding haze scattering following the parametrized approach of
Madhusudhan et al. (2021). In this approach, the amount of haze
is encompassed in a so-called haze factor (nhaze), which is used
to multiply the cross section of Rayleigh scattering of H2. We
note that nhaze = 1 corresponds to the fiducial clear atmosphere
model.

Fig. 8. Eclipse (top) and transit (bottom) spectra of our models of
K2-18 b with hazes parametrized through the nhaze factor (see the main
text). One can see that when the amount of haze increases, the amount
of reflected light (hence the albedo) increases but the amplitude of the
methane bands in the transit spectrum decreases.
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detector, the feature is broad and the spectral baseline falls on
neighboring detectors—the NIRISS at shorter wavelengths and
NIRSpec NRS2 at longer wavelengths. Therefore, the spectral
amplitude and hence the detection significance and abundance
estimate rely strongly on the relative offsets between the detectors;
the detection significance lowers for each additional offset in the
retrieval. We infer DMS at 2.4σ confidence for the no-offset case
but at only ∼1σ for the one-offset case and no significant evidence
for the two-offset case. Nevertheless, as shown in Figure 4, in all
three cases the retrieved posterior distributions for DMS show
notable peaks within 1 dex of each other, except that for the cases
with offsets the distributions contain long low-abundance tails
owing to the degeneracy with the spectral baseline as discussed
above. The posteriors are also notably different from the
nondetections for other prominent molecules, such as H2O, NH3,
or HCN, and indicate a nonnegligible chance for DMS being
present in the atmosphere. Upcoming observations will be able to
further constrain the presence of DMS, as discussed below and in
Section 4.

There could also be potential contributions from CH3Cl to the
spectrum, albeit without any appreciable detection significance, as
evident from Figure 4. CH3Cl, being a methylated molecule like
DMS, has some overlapping features with DMS as shown in
Figure 5. Therefore, its significance increases marginally in the
absence of DMS. While we do not detect CH3Cl on its own in any
of the retrieval cases, the combination of DMS and CH3Cl has a
slightly higher detection significance of 2.7σ than DMS alone
(2.4σ) in the no-offset case. We find no significant evidence for
any other biomarkers considered in the retrievals.

Overall, we find CH4 and CO2 to be our most confident
detections, followed by DMS, with the abundance estimates
reported above. While our results provide important first insights
into the chemical composition of K2-18 b, upcoming observations
will be able to verify our present findings. These include
observations of the transmission spectrum of K2-18 b with JWST
MIRI between ∼5 and 10μm (JWST Program GO 2722; PI: N.
Madhusudhan) and more observations with JWST NIRSpec
G395H and G235H (JWST Program GO 2372, PI: R. Hu).

3.5. Clouds/Hazes and Photospheric Temperature

The observed transmission spectrum provides nominal con-
straints on the presence of clouds/hazes in the atmosphere. The
constraints on the cloud/haze parameters are shown in Table 3.
The constraints on the cloud-top pressure for the gray clouds are
relatively weak, mostly lying below the observable photosphere
(e.g., cloud-top pressures 100 mbar). Even though the scattering
slope (γ) is not well constrained, the enhancement factors (a) are
generally higher than that expected for H2 Rayleigh scattering
(a= 1), albeit still consistent with the latter at the 3σ uncertainties
for the no-offset case. The haze coverage fraction at the day–night
terminator region is constrained to ∼0.6, albeit with large
uncertainties of ∼0.2. Based on Bayesian model comparisons as
discussed above, we find that a model with clouds/hazes is
preferred over a model without clouds/hazes by 2.8σ–3.2σ across
the three retrieval cases considered. However, more observations in
the optical to near-infrared wavelengths would be needed to
provide stronger constraints on the cloud/haze properties of K2-18
b, as discussed in Appendix B. We find that the abundance
constraints on the molecules are consistent within the 1σ
uncertainties between the retrievals with and without clouds/hazes.
We additionally consider retrievals in which the parametric

clouds/hazes of the canonical model are replaced with Mie
scattering hazes, as described by Pinhas & Madhusudhan
(2017) and Constantinou et al. (2023). We specifically include
two forms of organic haze, using optical constants presented by
Khare et al. (1984) andHe et al. (2023). We find no evidence
for this model, and a Bayesian model comparison shows a
preference in favor of the parametric clouds/hazes considered
in our canonical model. While the haze properties are
unconstrained in this retrieval, the abundance constraints on
the gaseous species remain consistent with those from our
canonical retrieval cases.
The observations provide nominal constraints on the temper-

ature in the planetary photosphere. We find the temperature at
10mbar to range between 235 56

78
-
+ and 257 74

127
-
+ among the three

cases, as shown in Table 3. We note that the retrieved temperature
structure is typically less well constrained using transmission

Figure 3. The transmission spectrum of K2-18 b. The observed JWST spectrum and retrieved model fits are shown for the one-offset retrieval case discussed in
Section 3. The data in orange show our NIRISS spectrum between 0.9 and 2.8 μm, and those in dark red show our NIRSpec G395H spectrum between 2.8 and
5.2 μm. The spectra are binned to R» 25 and R» 55 for NIRISS and NIRSpec, respectively, for visual clarity. The retrievals are conducted on the native resolution
spectra, resulting in the best-fit reduced 1.0802c =n . The NIRSpec spectrum is vertically offset by −41 ppm, corresponding to the median retrieved offset in the one-
offset retrieval case. The blue curve shows the median retrieved model spectrum, while the medium- and lighter-blue contours denote the 1σ and 2σ intervals,
respectively. Yellow points correspond to the median spectrum binned to match the observations. The prominent molecules responsible for the features in different
spectral regions are labeled.
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