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There is a health body of academic research on bio-signatures
definition, type, detectability, suitability to life, false positives…

this is both theoretical & empirical

Habitability is a planet’s property to host liquid water on its surface

There is a healthy body of theoretical research on habitability 

but 
not many about empirical tracers
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definition, irradiation, bulk composition, tectonics, magnetic fields…



BIOSIGNATURE

5



BIOSIGNATURE

O2 CFC

CH4 + CO2

N2O

DMS O3

5



HABSIGNATURE BIOSIGNATUREHABIOSIGNATURE

O2
CFC

CH4 + CO2

N2O

DMS

O3

6

habsignature: an empirical tracer of surface liquid water
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Using the carbon-silicate cycle to study habitability is not new

spectra in the Sing et al. (2016) study had very large
uncertainties, but by using the diversity of the sample, the
authors were able to show that low water abundances could not
explain the observed continuum of spectral features. Another
strength of the Sing et al. (2016) result is that it only depended
on simple and generic physical models for how water
abundances and aerosols affect transmission spectra.

Beyond broad statistical conclusions, comparative studies
also enable the identification of outliers, which are useful for
homing in on model inadequacies. For example, a study of heat
transport for highly irradiated planets found that WASP-43b is
a unique exception to the expectations of theoretical models
and an empirical trend of heat transport versus irradiation
temperature (Schwartz & Cowan 2015). This finding has drawn
attention to the possibility of clouds on the nightsides of tidally
locked planets (Kataria et al. 2015). Another example is the
unusually high dayside albedo of Kepler-7b, which was
discovered in a survey of optical secondary eclipse measure-
ments (Demory et al. 2011). The properties of this planet have
also motivated the development of a more comprehensive
model for clouds in hot Jupiter atmospheres (Heng &
Demory 2013; Parmentier et al. 2016).

The statistical approach also has the benefit of enabling the
combination of results from different types of observations
even if they are not targeted on the same objects. For example,
Schwartz & Cowan (2015) were able to compare the geometric
albedos of planets that had been studied in the optical with
Kepler to the Bond albedos of more nearby planets that had
been studied in the thermal infrared with Spitzer and Hubble.
This kind of approach has also been useful for constraining
planet frequency over a broad range of parameter space by
combining results from surveys that were performed with
different techniques (e.g., Clanton & Gaudi 2017).

4. Worked Examples: Empirical Tests of
the Habitable Zone Concept

One of the guiding principles in the search for other Earth-
like planets is the concept of the liquid water habitable zone
(Kasting et al. 1993, 2014). However, the link between the
canonical habitable zone (in terms of orbital distance) and the
existence of surface liquid water has not yet been shown
observationally, and therefore it does not currently provide a
rigorous framework for interpreting the characterization of
individual planets. Testing the habitable zone hypothesis with a
statistical comparative planetology approach would thus be an
important step toward determining the frequency of habitable
planets.
We outline here two applications of the statistical compara-

tive planetology approach that could be used to test for the
inner and outer boundaries of the habitable zone and the
prevalence of planets with temperate climates regulated by a
carbonate–silicate cycle within it. We focus on how measure-
ments of atmospheric water (H2O) and carbon dioxide (CO2)
abundances can be used because these are likely to be the first
chemical species that can be detected for terrestrial exoplanets.
Water and carbon dioxide have numerous strong absorption
bands throughout the optical and infrared, and thus will likely
be accessible to both the transit and direct imaging approaches
to studying exoplanet atmospheres. For now we remain
agnostic about which technique is used. In Section 5, we
discuss how the technique being used could matter.

4.1. Water Abundances

One possible test of the habitable zone concept is to survey
the atmospheric H2O abundances of exoplanets with a range of
orbital separations. The hypothesis is that the presence of H2O
as a function of irradiation will be correlated with the
boundaries of the habitable zone as predicted by models.
Inside the inner edge of the habitable zone, H2O should not be
abundant in the atmospheres of mature planets because it is
expected to be lost to space following a runaway greenhouse
process like is thought to have occurred on Venus. Similarly,
beyond the outer edge of the habitable zone, H2O would be less
abundant because it should freeze out.
The strengths of the statistical approach in the case of

measuring atmospheric H2O abundances are that it can likely
be performed with relatively low precision per planet and that
the random aspects of the planet formation process can be
marginalized over. Precisely and accurately measuring the
atmospheric abundance of any chemical species for an
exoplanet puts stringent requirements on spectral resolution
and signal to noise, as well as knowledge of the planet’s
physical and orbital properties (Konopacky et al. 2013;
Kreidberg et al. 2014; Lupu et al. 2016; Batalha et al. 2017;
Nayak et al. 2017). Therefore, detecting the presence of H2O
on many planets may be easier to accomplish than robustly
determining the atmospheric H2O abundances for individual
planets. Furthermore, determining whether an individual
exoplanet has surface liquid water requires knowing not just
the atmospheric H2O abundance but also the full chemical
inventory of the atmosphere so that accurate calculations of the
surface temperature can be performed. Observations of a small
number of planets also run the risk of encountering planets that
are dry due to the stochastic nature of planet formation (e.g.,
Raymond et al. 2007).

Figure 1. This plot shows how the habitable zone concept, which assumes a
decrease in atmospheric CO2 as stellar irradiation increases, could be tested.
The blue curve shows the predicted CO2 needed to maintain a surface
temperature of 290K. The black points are binned data for hypothetical planets
that assume the theoretical irradiation-CO2 curve but are scrambled away from
it based on the plotted 1σ error bars, assuming four planets per bin. Points and
error bars have a physical limit on CO2 values of 10

6 ppmv or less. Using the
error estimations shown here the trend predicted by the theory could be inferred
from the data.
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Using the carbon-silicate cycle to study habitability is not new
H

ansen+ 2025

Bean

this a population approach, not as applicable to a given planet
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atmospheric CO2 that was present on early Earth is now sequestered 
in its rocks34,35. Within an order of magnitude, there is a similar mass 
of carbon nowadays within Venus’s atmosphere as there is locked as 
minerals within Earth’s crust36. Earth’s atmospheric carbon has been 
depleted by its hydrosphere and its biosphere. This is why atmospheric 
carbon depletion (dCO2) in a temperate rocky planet is a tracer of water 
oceans (a habsignature), biomass (a biosignature) or both at once, 

which we refer to as a ‘habiosignature’ (see Fig. 2 and Box 2 for more 
definitions). Transition periods such as the Archaean, during which 
Earth was both habitable and inhabited, might be harder to diagnose 
with dCO2. However, we note that Earth’s atmosphere, while possess-
ing a much larger carbon content than the present day, already had a 
depleted CO2 level (ranging from ∼10% at 4 Gyr to ∼2% at 2.5 Gyr), with 
nitrogen (N2) already being the dominant compound37.
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Fig. 1 | Illustration of our strategy to detect habitable exoplanetary 
environment via CO2 depletion. Each planet to the right-hand side of the 
star describes a different scenario discussed in the text (along with illustrative 
atmospheric concentrations). The bottom-left panel depicts a simulation of 
the transmission spectrum of the temperate terrestrial planet TRAPPIST-1 f. We 
explore the detectability of an atmosphere with about ten JWST/NIRSpec Prism 
transit observations—the minimum needed to produce a reliable diagnostic. 

Note that the deviation from a flat signal (no atmosphere) is primarily supported 
by the strong absorption features of CO2, notably at 4.3 µm (highlighted). Exo-
atmospheric models from ref. 83 were used to make this panel. On the bottom 
right, we illustrate a simplified view of a carbon cycle involving surface liquid 
water and a biology sequestering cycle, producing a depletion in atmospheric 
carbon. Atmospheric concentrations given near the planets are illustrative.  
(Rp/Rs)2, planet-to-star area ratio.
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representation of observables associated with the presence of surface liquid 
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CFCs, chlorofluorocarbons. b, Comparison between present-day Venus’s and 
Earth’s interior and atmospheric volatile inventories (data from ref. 33).  
c, Relative atmospheric abundances for Venus, Earth and Mars.

14

Earth’s oceans contain 2 bars of CO2



Nature Astronomy

Perspective https://doi.org/10.1038/s41550-023-02157-9

atmospheric CO2 that was present on early Earth is now sequestered 
in its rocks34,35. Within an order of magnitude, there is a similar mass 
of carbon nowadays within Venus’s atmosphere as there is locked as 
minerals within Earth’s crust36. Earth’s atmospheric carbon has been 
depleted by its hydrosphere and its biosphere. This is why atmospheric 
carbon depletion (dCO2) in a temperate rocky planet is a tracer of water 
oceans (a habsignature), biomass (a biosignature) or both at once, 

which we refer to as a ‘habiosignature’ (see Fig. 2 and Box 2 for more 
definitions). Transition periods such as the Archaean, during which 
Earth was both habitable and inhabited, might be harder to diagnose 
with dCO2. However, we note that Earth’s atmosphere, while possess-
ing a much larger carbon content than the present day, already had a 
depleted CO2 level (ranging from ∼10% at 4 Gyr to ∼2% at 2.5 Gyr), with 
nitrogen (N2) already being the dominant compound37.

95% CO2 96% CO2 97% CH4

1% CO

<5% CO2 <10% CO2

10 ppm O3

<2% CO
<2% CH4

<2% CO
<2% CH4

Ex
op

la
ne

t’s
 a

pp
ar

en
t s

iz
e

Not temperate,
no atmosphere

Temperate,
no carbon cycle

Temperate,
likely habitable,

possibly inhabited

Temperate,
likely habitable,
likely inhabited

Temperate,
maybe habitable

Not temperate,
no carbon cycle

Sequestered carbon
CaCO3

CO2

CO2

H2O

O3
O2

Expected uncertainties

1 2 3 4 5

6,350

6,400

6,450

6,500

6,550

6,600

6,650

6,700

Depleted atmospheric carbon
identifiable after ~40 transits

Wavelength (µm)
100 bar CO2 atmosphere detected with 9.46σ

100 bar Earth, 8.02σ
1 bar CO2, 9.28σ
1 bar Earth, 7.64σ

(R
p/
R s

)2  (p
pm

)

Ultraviolet

Transmission spectrum
simulating ten transits of TRAPPIST-1 f with JWST

Other observing methods
Direct imaging

Spectrally resolving the planet
Reflection spectroscopy
Emission spectroscopy

CH4

CO2 COCO + O3

O3CH4 CH4

H2O
H2O

CO2 CO2
CO

CO
H2O

C

Transiting planet
with an atmosphere

Fig. 1 | Illustration of our strategy to detect habitable exoplanetary 
environment via CO2 depletion. Each planet to the right-hand side of the 
star describes a different scenario discussed in the text (along with illustrative 
atmospheric concentrations). The bottom-left panel depicts a simulation of 
the transmission spectrum of the temperate terrestrial planet TRAPPIST-1 f. We 
explore the detectability of an atmosphere with about ten JWST/NIRSpec Prism 
transit observations—the minimum needed to produce a reliable diagnostic. 

Note that the deviation from a flat signal (no atmosphere) is primarily supported 
by the strong absorption features of CO2, notably at 4.3 µm (highlighted). Exo-
atmospheric models from ref. 83 were used to make this panel. On the bottom 
right, we illustrate a simplified view of a carbon cycle involving surface liquid 
water and a biology sequestering cycle, producing a depletion in atmospheric 
carbon. Atmospheric concentrations given near the planets are illustrative.  
(Rp/Rs)2, planet-to-star area ratio.

Habsignature BiosignatureHabiosignature

dCO2

O2
CFCs

CH4 + CO2

N2O

Ocean glint

Hydrogen
exosphere

1018

1020

1022

1024

1026

Re
se

rv
oi

r (
g)

Earth atmosphere + oceans

CO2 N2

CO2
Venus

CO2
Mars

N2
Earth

O2

N2 N2Ar

Ar

a b c

H2O

Earth crust + mantle
Venus atmosphere

dCO2 + O3dCO2 – O3

Fig. 2 | CO2 depletion as a signature of liquid water and/or life. a, Schematic 
representation of observables associated with the presence of surface liquid 
water (‘habsignature’), of a biomass (‘biosignature’) or both (‘habiosignature’). 

CFCs, chlorofluorocarbons. b, Comparison between present-day Venus’s and 
Earth’s interior and atmospheric volatile inventories (data from ref. 33).  
c, Relative atmospheric abundances for Venus, Earth and Mars.

Triaud, de Wit + 202314

Earth’s oceans contain 2 bars of CO2



15



Triaud, de Wit + 202315



16

Most of Earth’s CO2 already absorbed by ~ 0.5 Gyr after formation



16 Catling & Zahnle 2020

Most of Earth’s CO2 already absorbed by ~ 0.5 Gyr after formation
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To detect a deficit, we need to calibrate.

Calibration is achieved by using > 1 planet.

This concept now extended to biosignatures  
(Constantinou, Shorttle+ 2025)
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False negatives

Dry sequestration 
unlikely in dry conditions

Night-side cold-trap
possible for tidally locked, if Patmos < 0.7 bar

CO2 dissociation (photo/chemo)
at most 10% of CO2 affected at 1bar

Reduced interior
unlikely, but detectable 

from atmospheric composition
+

comparison to other planets

CO2 depleted but not by water CO2 not depleted, but surface water

Sub-surface hydro/biosphere 
we need an atmosphere for detection

Other solvent
none known (would be great to find one)

Saturated oceans
would it mean no tectonics?

need more work on sequestration

Transient CO2 concentration
CO2 absorbed rapidly

probability < 1/50
surface no longer habitable?

Planet near outer edge of HZ
Earth @ Mars’s orbit needs 2 bars of CO2
> 50% CO2, scenario difficult to distinguish
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Searching for O2 not really reachable with JWST 
However CO2 is a lot easier20



Searching for O2 not really reachable with JWST 
However CO2 is a lot easier20
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The physical properties of exoplanetary systems have low entropies, 
meaning that planetary systems are expected and found in ‘peas in a 
pod’ architectures70. Similarities between neighbouring planets helps to 
calibrate depletions for a given planet. Proximity to the snow line could 
affect a planet’s C/O ratio71; however, this transition is not expected to 
lead to orders-of-magnitude differences in the initial carbon inventory, 
and C/O can be estimated from the atmospheric composition72.

Observations using direct imaging (for example, using METIS with 
the ELT73) would be the most convenient. Compared with the transit 
method (Box 1), it is more likely to identify all planets of a system, 
including those that might have a different redox state (having formed 
further from their star). Direct imaging is also a practical route to avoid 
a number of false positives and false negatives that we outline in ‘Obser-
vations of the 4.3 µm CO2 band’. Unfortunately, the study of temperate 
rocky worlds via directing imaging remains out of reach to this day, 
whereas such planets are now accessible via transmission spectroscopy.

Detectability of the dCO2 habiosignature with JWST
Currently, JWST can search for dCO2 for terrestrial planets transiting late 
M dwarfs, which are expected to be abundant74. Figure 3 shows that 
detecting the presence of an atmospheric carbon depletion in the atmos-
phere of a temperate terrestrial planet with JWST is within reach. Spe-
cifically, it shows that for a planet such as TRAPPIST-1 f, the mixing ratio 
of CO2 can be constrained to within ∼0.5 dex within 40 transits (Fig. 3, 
middle). This results holds for planets TRAPPIST-1 e, g and h, as they are 
expected to have a similar signal-to-noise ratio to planet f, while the three 
innermost planets would require less than half that number of transits7,11. 
While elemental composition varies between different stellar systems 
(and between rocky planets from different star systems75), within the 
same system, the planetary elemental compositions are expected to be 
roughly similar71,76. This results in a capability to distinguish between 
high- and medium-depletion levels (carbon-dioxide mixing ratios of 
X

CO

2

= 400ppm and X
CO

2

= 30%, respectively) at the ∼10σ level. It also 
allows to distinguish between medium- and negligible-depletion levels 
(X

CO

2

= 10% and X
CO

2

= 95%, respectively) at the ∼5σ level.

Observational perks of the 4.3 µm CO2 band
In addition to possibly yielding the detection of an habiosignature, the 
spectral range surrounding the strong 4.3 µm absorption band of CO2 
(ref. 77) in the near-infrared offers observational benefits that support 
two other characterization steps: (1) the detection of atmospheres for 
terrestrial exoplanets, and (2) the distinction between a biological and 
geological atmospheric carbon depletion.

Detecting the atmosphere of a temperate terrestrial exoplanet
Until now, it was only possible to search for hydrogen-dominated atmos-
pheres using the Hubble Space Telescope78. JWST and the upcoming 
ELTs now offer the possibility to search for the presence of atmospheres 
for favourable terrestrial targets, such as the TRAPPIST-1 planets, in as 
little as five to ten transits7,12. More transits, however, may be needed 
due to (1) stellar contamination of the planets’ transmission spectra79 
and/or (2) the presence of clouds and/or hazes12,80,81.

We show in Fig. 4 that there exists a sweet spot where the combi-
nation of both effects and the photon noise is optimal. The effect of 
stellar contamination decreases while photon noise increases beyond 
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About 10 transits on TRAPPIST-1f are sufficient to detect CO2

About 40 transits on TRAPPIST-1f are sufficient to a low CO2
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Observational perks of the 4.3 µm CO2 band
In addition to possibly yielding the detection of an habiosignature, the 
spectral range surrounding the strong 4.3 µm absorption band of CO2 
(ref. 77) in the near-infrared offers observational benefits that support 
two other characterization steps: (1) the detection of atmospheres for 
terrestrial exoplanets, and (2) the distinction between a biological and 
geological atmospheric carbon depletion.

Detecting the atmosphere of a temperate terrestrial exoplanet
Until now, it was only possible to search for hydrogen-dominated atmos-
pheres using the Hubble Space Telescope78. JWST and the upcoming 
ELTs now offer the possibility to search for the presence of atmospheres 
for favourable terrestrial targets, such as the TRAPPIST-1 planets, in as 
little as five to ten transits7,12. More transits, however, may be needed 
due to (1) stellar contamination of the planets’ transmission spectra79 
and/or (2) the presence of clouds and/or hazes12,80,81.

We show in Fig. 4 that there exists a sweet spot where the combi-
nation of both effects and the photon noise is optimal. The effect of 
stellar contamination decreases while photon noise increases beyond 
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and by the telescope’s lifetime. We use the TIERRA code83 to model 
planetary spectra and show that ∼40 transits would be sufficient to yield 
constraints on the abundances of the dominant atmospheric absorbers. 
Figure 3 shows that the abundance of strong absorbers such as CO2 can 
be constrained to within 0.5 dex, down to the 10 ppm level (Earth’s CO2 
concentration, for comparison, is 400 ppm), thereby allowing to assess 
the presence of a habiosignature around planets such as TRAPPIST-1’s.

Assuming a habiosignature is revealed in the atmosphere of a 
temperate terrestrial planet, the next natural step will be to disentan-
gle between a geological and biological origin, that is, a habitable and 
inhabited environment. In Box 3, we review isotopic fractionation of CO2 
and find it unlikely, and in Box 4, we investigate the abundance of O3 and 
find it a likely avenue to distinguish habitable from inhabited (Fig. 5).

False positives and false negatives
Any signature has false positives and false negatives that can seriously 
impact the interpretation of a detected feature13,14, or, in the present 
case, the identification of a depleted feature. However, we find that 
dCO2 as a habiosignature has few such issues.

From their very first detections, exoplanets’ orbital and physical 
properties have defied expectations84–86. We have tried to explore 
many false-positive signatures, but unknown and efficient CO2 removal 
processes could well operate on an exoplanet. In this event, the detec-
tion of an atmospheric carbon depletion would not be attributed to 
the presence of a hydrosphere or a biosphere, but it would reveal an 
unexpected sequestration mechanism efficient on a planetary scale. 
This depleted feature would thus still be of very high scientific inter-
est and could possibly spark novel industrial exploration of processes 
capable of balancing anthropogenic emissions of CO2, and address 
climate change on Earth. More research is needed to understand how 
atmospheric carbon reacts with different solvents, at different tem-
peratures and pressures, and how photochemistry in terrestrial planet 
atmospheres around M dwarfs works while considering different bulk 
compositions, as well as to study the possible nature and availability of 
such solvent alternatives.

We explore a series of false-positive and false-negative scenarios 
in Boxes 5 and 6, respectively.

Summary and future prospects
Life on Earth is obvious. It shapes most aspects of our environment, 
including the composition of the atmosphere above us, and of the 
ocean and rocks below us65,68. Life on Earth has a truly global effect. In 

other words, life on Earth is planet-shaping. Planet-shaping life is really 
what astronomers are after67.

An atmosphere such as Earth’s becomes depleted in carbon owing 
to the action of extensive amounts of surface liquid water, and/or by 
intense biological processes. Plate tectonics buries carbon away from 
the atmosphere, causing atmospheric depletion of CO2 over geologi-
cal timescales87.

In much of the scientific literature, observables are appreciated 
as a signal, an addition to something otherwise presumed pristine. 
However, planet-shaping life does not just produce but also con-
sumes38, and Earth’s systems that sustain it (for example, liquid water) 
also actively remove chemical species from the atmosphere50–52. We 
believe it is just as important to consider depleted signals as habsigna-
tures and biosignatures. In the context of atmospheric carbon deple-
tion, a depleted CO2 feature compared with other planets within the 
same system is a good habiosignature, as it traces both habitable and 
inhabited environments. We explored the likelihood of false-positive 
signals (Box 5) and found all those we could imagine were unlikely 
to exist. We also investigated false-negative signals (Box 6) and  
proposed means of addressing them. This is why we assess that CO2 
depletion is a robust habiosignature applicable to most temperate 
rocky exoplanets, particularly those most similar to Earth.

Measuring the CO2 absorption feature comes with multiple ben-
efits. Even at low concentrations, CO2 absorption is the most detectable 
of all atmospheric features for a transiting temperate terrestrial exo-
planet. Furthermore, CO2 is located at wavelengths where contamina-
tion from clouds and hazes is minimal, and where stellar contamination 
decreases below the typical photon noise.

These facts lead us to propose an observational strategy: to target 
the CO2 feature, to first assess the presence of an atmosphere and to 
obtain an initial estimate of CO2 concentration on several planets of 
the same system. Should these reconnaissance observations reveal 
depleted CO2 features, a more extensive observing campaign should 
accurately measure their CO2 abundances to detect any depletion, 
while also measuring CH4, CO and O3.

Methods
The JWST photon uncertainties in Fig. 4 are calculated using PandExo88. 
Systematic uncertainties due to stellar contamination are calculated 
via a Monte Carlo approach using the temperatures and covering 
fractions of the two dominant photospheric components inferred 
from Hubble Space Telescope observations. We allow the covering 
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observations.
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and by the telescope’s lifetime. We use the TIERRA code83 to model 
planetary spectra and show that ∼40 transits would be sufficient to yield 
constraints on the abundances of the dominant atmospheric absorbers. 
Figure 3 shows that the abundance of strong absorbers such as CO2 can 
be constrained to within 0.5 dex, down to the 10 ppm level (Earth’s CO2 
concentration, for comparison, is 400 ppm), thereby allowing to assess 
the presence of a habiosignature around planets such as TRAPPIST-1’s.

Assuming a habiosignature is revealed in the atmosphere of a 
temperate terrestrial planet, the next natural step will be to disentan-
gle between a geological and biological origin, that is, a habitable and 
inhabited environment. In Box 3, we review isotopic fractionation of CO2 
and find it unlikely, and in Box 4, we investigate the abundance of O3 and 
find it a likely avenue to distinguish habitable from inhabited (Fig. 5).

False positives and false negatives
Any signature has false positives and false negatives that can seriously 
impact the interpretation of a detected feature13,14, or, in the present 
case, the identification of a depleted feature. However, we find that 
dCO2 as a habiosignature has few such issues.

From their very first detections, exoplanets’ orbital and physical 
properties have defied expectations84–86. We have tried to explore 
many false-positive signatures, but unknown and efficient CO2 removal 
processes could well operate on an exoplanet. In this event, the detec-
tion of an atmospheric carbon depletion would not be attributed to 
the presence of a hydrosphere or a biosphere, but it would reveal an 
unexpected sequestration mechanism efficient on a planetary scale. 
This depleted feature would thus still be of very high scientific inter-
est and could possibly spark novel industrial exploration of processes 
capable of balancing anthropogenic emissions of CO2, and address 
climate change on Earth. More research is needed to understand how 
atmospheric carbon reacts with different solvents, at different tem-
peratures and pressures, and how photochemistry in terrestrial planet 
atmospheres around M dwarfs works while considering different bulk 
compositions, as well as to study the possible nature and availability of 
such solvent alternatives.

We explore a series of false-positive and false-negative scenarios 
in Boxes 5 and 6, respectively.

Summary and future prospects
Life on Earth is obvious. It shapes most aspects of our environment, 
including the composition of the atmosphere above us, and of the 
ocean and rocks below us65,68. Life on Earth has a truly global effect. In 

other words, life on Earth is planet-shaping. Planet-shaping life is really 
what astronomers are after67.

An atmosphere such as Earth’s becomes depleted in carbon owing 
to the action of extensive amounts of surface liquid water, and/or by 
intense biological processes. Plate tectonics buries carbon away from 
the atmosphere, causing atmospheric depletion of CO2 over geologi-
cal timescales87.

In much of the scientific literature, observables are appreciated 
as a signal, an addition to something otherwise presumed pristine. 
However, planet-shaping life does not just produce but also con-
sumes38, and Earth’s systems that sustain it (for example, liquid water) 
also actively remove chemical species from the atmosphere50–52. We 
believe it is just as important to consider depleted signals as habsigna-
tures and biosignatures. In the context of atmospheric carbon deple-
tion, a depleted CO2 feature compared with other planets within the 
same system is a good habiosignature, as it traces both habitable and 
inhabited environments. We explored the likelihood of false-positive 
signals (Box 5) and found all those we could imagine were unlikely 
to exist. We also investigated false-negative signals (Box 6) and  
proposed means of addressing them. This is why we assess that CO2 
depletion is a robust habiosignature applicable to most temperate 
rocky exoplanets, particularly those most similar to Earth.

Measuring the CO2 absorption feature comes with multiple ben-
efits. Even at low concentrations, CO2 absorption is the most detectable 
of all atmospheric features for a transiting temperate terrestrial exo-
planet. Furthermore, CO2 is located at wavelengths where contamina-
tion from clouds and hazes is minimal, and where stellar contamination 
decreases below the typical photon noise.

These facts lead us to propose an observational strategy: to target 
the CO2 feature, to first assess the presence of an atmosphere and to 
obtain an initial estimate of CO2 concentration on several planets of 
the same system. Should these reconnaissance observations reveal 
depleted CO2 features, a more extensive observing campaign should 
accurately measure their CO2 abundances to detect any depletion, 
while also measuring CH4, CO and O3.

Methods
The JWST photon uncertainties in Fig. 4 are calculated using PandExo88. 
Systematic uncertainties due to stellar contamination are calculated 
via a Monte Carlo approach using the temperatures and covering 
fractions of the two dominant photospheric components inferred 
from Hubble Space Telescope observations. We allow the covering 
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TRAPPIST-1 transmission spectrum. Effects seen are limited to up to 15 ppm 
(differences between models shown in the inset), implying that detection 
of the isotopic fractionation of carbon in the atmosphere of a temperate 
terrestrial planet with JWST is out of reach (requires >300 transits). Right: 

effect of O3 depletion and CH4 and CO 10% enrichment on TRAPPIST-1 f 
transmission spectrum. The spectra and their associated 1σ error bar (black) 
are shown for a resolving power of R ≈ 130. Detecting O3 in the atmosphere  
of a temperate terrestrial planet would support the biological origin of  
a CO2 habiosignature and is within reach with ∼100 JWST transit  
observations.
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The physical properties of exoplanetary systems have low entropies, 
meaning that planetary systems are expected and found in ‘peas in a 
pod’ architectures70. Similarities between neighbouring planets helps to 
calibrate depletions for a given planet. Proximity to the snow line could 
affect a planet’s C/O ratio71; however, this transition is not expected to 
lead to orders-of-magnitude differences in the initial carbon inventory, 
and C/O can be estimated from the atmospheric composition72.

Observations using direct imaging (for example, using METIS with 
the ELT73) would be the most convenient. Compared with the transit 
method (Box 1), it is more likely to identify all planets of a system, 
including those that might have a different redox state (having formed 
further from their star). Direct imaging is also a practical route to avoid 
a number of false positives and false negatives that we outline in ‘Obser-
vations of the 4.3 µm CO2 band’. Unfortunately, the study of temperate 
rocky worlds via directing imaging remains out of reach to this day, 
whereas such planets are now accessible via transmission spectroscopy.

Detectability of the dCO2 habiosignature with JWST
Currently, JWST can search for dCO2 for terrestrial planets transiting late 
M dwarfs, which are expected to be abundant74. Figure 3 shows that 
detecting the presence of an atmospheric carbon depletion in the atmos-
phere of a temperate terrestrial planet with JWST is within reach. Spe-
cifically, it shows that for a planet such as TRAPPIST-1 f, the mixing ratio 
of CO2 can be constrained to within ∼0.5 dex within 40 transits (Fig. 3, 
middle). This results holds for planets TRAPPIST-1 e, g and h, as they are 
expected to have a similar signal-to-noise ratio to planet f, while the three 
innermost planets would require less than half that number of transits7,11. 
While elemental composition varies between different stellar systems 
(and between rocky planets from different star systems75), within the 
same system, the planetary elemental compositions are expected to be 
roughly similar71,76. This results in a capability to distinguish between 
high- and medium-depletion levels (carbon-dioxide mixing ratios of 
X

CO

2

= 400ppm

 and 
X

CO

2

= 30%

, respectively) at the ∼10σ level. It also 
allows to distinguish between medium- and negligible-depletion levels 
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 and 
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, respectively) at the ∼5σ level.

Observational perks of the 4.3 µm CO2 band
In addition to possibly yielding the detection of an habiosignature, the 
spectral range surrounding the strong 4.3 µm absorption band of CO2 
(ref. 77) in the near-infrared offers observational benefits that support 
two other characterization steps: (1) the detection of atmospheres for 
terrestrial exoplanets, and (2) the distinction between a biological and 
geological atmospheric carbon depletion.

Detecting the atmosphere of a temperate terrestrial exoplanet
Until now, it was only possible to search for hydrogen-dominated atmos-
pheres using the Hubble Space Telescope78. JWST and the upcoming 
ELTs now offer the possibility to search for the presence of atmospheres 
for favourable terrestrial targets, such as the TRAPPIST-1 planets, in as 
little as five to ten transits7,12. More transits, however, may be needed 
due to (1) stellar contamination of the planets’ transmission spectra79 
and/or (2) the presence of clouds and/or hazes12,80,81.

We show in Fig. 4 that there exists a sweet spot where the combi-
nation of both effects and the photon noise is optimal. The effect of 
stellar contamination decreases while photon noise increases beyond 
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Fig. 4 | Optimum wavelength range for transmission spectroscopy 
considering the effects of hazes and stellar contamination. Top: the difference 
between ‘hazy’ and ‘clear’ atmosphere transmission spectra for TRAPPIST-1 e12. 
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uncertainty due to stellar contamination increases towards shorter wavelengths, 
where contrasts between spots and faculae with respect to the photosphere are 
greatest. The combined uncertainty from these noise sources reaches a minimum 
between 4 µm and 10.5 µm. See details in Methods.
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The physical properties of exoplanetary systems have low entropies, 
meaning that planetary systems are expected and found in ‘peas in a 
pod’ architectures70. Similarities between neighbouring planets helps to 
calibrate depletions for a given planet. Proximity to the snow line could 
affect a planet’s C/O ratio71; however, this transition is not expected to 
lead to orders-of-magnitude differences in the initial carbon inventory, 
and C/O can be estimated from the atmospheric composition72.

Observations using direct imaging (for example, using METIS with 
the ELT73) would be the most convenient. Compared with the transit 
method (Box 1), it is more likely to identify all planets of a system, 
including those that might have a different redox state (having formed 
further from their star). Direct imaging is also a practical route to avoid 
a number of false positives and false negatives that we outline in ‘Obser-
vations of the 4.3 µm CO2 band’. Unfortunately, the study of temperate 
rocky worlds via directing imaging remains out of reach to this day, 
whereas such planets are now accessible via transmission spectroscopy.

Detectability of the dCO2 habiosignature with JWST
Currently, JWST can search for dCO2 for terrestrial planets transiting late 
M dwarfs, which are expected to be abundant74. Figure 3 shows that 
detecting the presence of an atmospheric carbon depletion in the atmos-
phere of a temperate terrestrial planet with JWST is within reach. Spe-
cifically, it shows that for a planet such as TRAPPIST-1 f, the mixing ratio 
of CO2 can be constrained to within ∼0.5 dex within 40 transits (Fig. 3, 
middle). This results holds for planets TRAPPIST-1 e, g and h, as they are 
expected to have a similar signal-to-noise ratio to planet f, while the three 
innermost planets would require less than half that number of transits7,11. 
While elemental composition varies between different stellar systems 
(and between rocky planets from different star systems75), within the 
same system, the planetary elemental compositions are expected to be 
roughly similar71,76. This results in a capability to distinguish between 
high- and medium-depletion levels (carbon-dioxide mixing ratios of 
X

CO

2

= 400ppm

 and 
X

CO

2

= 30%

, respectively) at the ∼10σ level. It also 
allows to distinguish between medium- and negligible-depletion levels 
(
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 and 
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, respectively) at the ∼5σ level.

Observational perks of the 4.3 µm CO2 band
In addition to possibly yielding the detection of an habiosignature, the 
spectral range surrounding the strong 4.3 µm absorption band of CO2 
(ref. 77) in the near-infrared offers observational benefits that support 
two other characterization steps: (1) the detection of atmospheres for 
terrestrial exoplanets, and (2) the distinction between a biological and 
geological atmospheric carbon depletion.

Detecting the atmosphere of a temperate terrestrial exoplanet
Until now, it was only possible to search for hydrogen-dominated atmos-
pheres using the Hubble Space Telescope78. JWST and the upcoming 
ELTs now offer the possibility to search for the presence of atmospheres 
for favourable terrestrial targets, such as the TRAPPIST-1 planets, in as 
little as five to ten transits7,12. More transits, however, may be needed 
due to (1) stellar contamination of the planets’ transmission spectra79 
and/or (2) the presence of clouds and/or hazes12,80,81.

We show in Fig. 4 that there exists a sweet spot where the combi-
nation of both effects and the photon noise is optimal. The effect of 
stellar contamination decreases while photon noise increases beyond 
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Fig. 3 | Detectability of CO2 depletion as an habiosignature with JWST. Middle: 
significance map of CO2-level effects on the spectrum of TRAPPIST-1 f with 40 
JWST/NIRSpec Prism transits. Values reported represent the deviation between 
two transmission spectra with different concentrations of CO2 (
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Left: comparison between the spectra of TRAPPIST-1 f with a high CO2 depletion 
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) and a medium CO2 depletion (
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). The spectra and 
their associated 1σ error bar (black) are shown for a resolving power of R ≈ 30. 
Right: comparison between the spectra of TRAPPIST-1 f with a medium CO2 
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Fig. 4 | Optimum wavelength range for transmission spectroscopy 
considering the effects of hazes and stellar contamination. Top: the difference 
between ‘hazy’ and ‘clear’ atmosphere transmission spectra for TRAPPIST-1 e12. 
The impact of haze on the transit depth is smallest at wavelengths greater than 
3.3 µm. Bottom: photon-limited uncertainties increase at the shortest and 
longest wavelengths, where the photon flux from the star is limited. Different 
JWST observational setups and their respective wavelength ranges are shown via 
grey horizontal lines (NIRSpec Prism, NIRSpec G395H, and MIRI LRS). Systematic 
uncertainty due to stellar contamination increases towards shorter wavelengths, 
where contrasts between spots and faculae with respect to the photosphere are 
greatest. The combined uncertainty from these noise sources reaches a minimum 
between 4 µm and 10.5 µm. See details in Methods.
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Defining a concept of hab/aqua-signature is important to support and
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Using a depleted feature is rarely used (e.g. as a biosignature). 
Depletion works if we calibrate (thus we need > 1 planet)

dCO2 is a likely habsignature, to be investigated further to verify

Of all molecules, CO2 is the easiest to seek for rocky planets.
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