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Water in exoplanets
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Exoplanets—planets orbiting around stars other than our own Sun—appear to
be common. Significant research effort is now focused on the observation and
characterization of exoplanet atmospheres. Species such as water vapour, methane,
carbon monoxide and carbon dioxide have been observed in a handful of hot, giant,
gaseous planets, but cooler, smaller planets such as Gliese 1214b are now analysable
with current telescopes. Water is the key chemical dictating habitability. The current
observations of water in exoplanets from both space and the ground are reviewed.
Controversies surrounding the interpretation of these observations are discussed. Detailed
consideration of available radiative transfer models and linelists are used to analyse
these differences in interpretation. Models suggest that there is a clear need for data
on the pressure broadening of water transitions by H2 at high temperatures. The
reported detections of water appear to be robust, although final confirmation will have
to await the better quality observational data provided by currently planned dedicated
space missions.
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1. Introduction

Before 1995 only nine planets were known. These comprised our Solar System
including our own planet, the Earth, and Pluto, subsequently reclassified, in 2006,
as a ‘dwarf’ planet. Before 1995, planets were divided in giants and terrestrials:
the former colder, with reducing atmospheres, and the latter warmer, smaller,
denser and with oxidizing atmospheres. The Solar System model, with planets
moving around the Sun on quasi-circular and coplanar orbits, appeared to be
the unquestioned paradigm, blessed by Kant’s and Laplace’s theories of planet
formation. Prior to the mid-1990s, stellar astronomers and planetologists did
not talk to each other very often: stars, being nuclear burning objects, classified
by mass and luminosity according to the Hertzsprung–Russell (H-R) diagram,
seemed to have little in common with planets. But all this was before Mayor
& Queloz [1] found a gas-giant planet orbiting the G-type star 51 Peg with an
annual period of only four Earth-days.
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Seven hundred plus planets later [2]—not including the approximately 1200
planetary candidates detected by Kepler [3]—our Solar System seems to stand
out more as a rarity than the paradigm in our Galaxy. While better statistics and
planet detections with multiple discovery methods are needed to eliminate the
undoubted bias in the current sample owing to the detection techniques adopted,
most of the gas giant planets detected so far orbit very close to their parent star.
It seems likely that they migrated close to their star during the formation process,
which means that our Jupiter, at 5 AU from the Sun, seems to have experienced
an unusual history [4] compared with the observed population of hot-Jupiters.
Similarly, eccentric planets no longer appear to be oddities. Furthermore ‘super-
Earths’, planets up to 10 Earth masses, are common around other stars [5,6], but
completely absent in our Solar System. These are hircocervi between Neptunic
and telluric planets, and about which we know little today. The ‘exoplanet
revolution’ has indeed changed irreversibly our views about planets and stars,
and the ways in which they are formed.

A critical milestone in our understanding of these faraway objects was the
realization that we can probe the atmospheres of a subset of known exoplanets:
those which transit their parent star when viewed from Earth. For those planets,
one can effectively use the wavelength-dependent stellar occultation to measure
a transmission spectrum of the planetary limb [7], or use the star as a ‘natural
coronograph’ while the planet is passing behind it, to extract a spectrum emitted
or reflected by the planet [8,9]. Additionally, one can observe the planet at
different orbital phases [10–14].

Indeed transit spectroscopy has proved to be very successful in the last 10 years:
the use of the transit technique combined with the photometric precision of the
Hubble and Spitzer Space Telescopes has allowed a glimpse of the atmospheric
composition, albedo, escape processes and thermal characteristics of a handful of
hot-Jupiters (e.g. [15–24]), as well as those of colder and smaller planets, such as
the warm Neptune GJ436b [25,26].

More recently, ground-based telescopes have been combined powerfully
to space-based observations. Ground-based observations have the non-trivial
limitation of having the Earth’s atmosphere interfering with the measurement,
especially in the IR, where key molecules show stronger spectral features. At
the same time, observations from the ground have the great advantage of being
repeatable more easily and of offering higher spectral resolution than Hubble and
Spitzer in some spectral channels. Techniques relying on the absolute subtraction
of telluric atmospheric signals from one or a few high signal-to-noise exoplanetary
spectra have not yielded a conclusive detection to date [27–31]. Such techniques
are, in fact, dependent on a theoretical model of the Earth’s atmosphere that
needs to be accurate at least at the level of a few parts in 10 000: this accuracy
is very hard to achieve given the highly variable telluric contribution throughout
an observing run. By contrast, techniques based on time-resolved coverage of
the eclipse event, providing lightcurves at multiple wavelengths (low spectral R)
or time-dependent Doppler shift signatures (high spectral R), have in common
that they are relative measurements, so they rely less on the absolute correction
of the telluric signal. Using these methods, there has been a rapid escalation
in ground-breaking results in the past few years: results include the detection
of alkali metals in the optical [32–35], and the first detection and atmospheric
characterization of the warm super-Earth GJ1214b [36,37]. In the near-IR (NIR),
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stand out the detection of CO [38], never conclusively detected from space,
and the non-local thermodynamic equilibrium methane emission [39], completely
unexpected. In response to the concerns raised by Mandel et al. [31], Waldmann
et al. [40] have demonstrated the reproducibility of the methane emission feature
in several observations, and shown that the data-analysis method is robust enough
to remove the telluric contamination while preserving the exoplanetary signal.

After almost 10 years of successes in the field of exoplanet atmosphere
characterization, the time has come to look back, critically, at what has been
achieved to help prepare for an even brighter future. In this work, we specifically
consider the role of the key water molecule in the atmospheres of exoplanets.
We begin by summarizing the brief history of water vapour observations in
exoplanets; we then present our exoplanet model; comparisons are made between
this model and the input spectroscopic data for water vapour with other studies.

2. Water detection in the atmosphere of an extrasolar planet

Water (H2O) is made from the two most abundant chemically reactive elements
in the universe, and it is the necessary ingredient for all types of life found on
Earth. The importance of water as a condensable and chemically active species
in protoplanetary discs has long been emphasized in planetary literature. The
time-varying location at which water is saturated in a formal thermodynamic
sense—the snow line—can be considered the dividing line between the inner
and outer Solar System. For planets at orbital distances ≤1 AU, H2O is
expected to be one of the most abundant atmospheric components. For all these
reasons, water vapour was the most sought after molecule in the atmosphere of
an exoplanet.

In early 2007, three different teams published, nearly simultaneously, the first
exoplanetary emission spectra observed with the Spitzer-IRS spectrograph in the
wavelength region approx. 7–14.5 mm [41–43]. The contribution of water vapour
in these rather noisy spectra did not appear obvious, and several articles tried
to explain the published results and the potential absence of water vapour
in the atmospheres of hot-Jupiters. Contradicting these results, Barman [44]
proposed that a spectral feature at about 1 mm in the visible (VIS) spectrum
of HD 209458b [15] was caused by water vapour absorption. Tinetti et al. [45]
proposed searching for water vapour using IR differential band photometry,
i.e. by observing simultaneously the primary transit at multiple wavelengths in
the IR. The rationale being that water vapour has a stronger signature in the
IR than the VIS, and transit spectra can be interpreted with less ambiguity
than emission spectra, because they are far less sensitive to atmospheric vertical
thermal gradients.

Observations of the primary transit of HD 189733b were performed with
the Spitzer-IRAC camera simultaneously at 3.6 mm, 4.5 mm [46] and 8 mm [11].
We interpreted these combined observations at 3.6, 5.8 and 8 mm as highly
suggestive of water vapour absorbing in the atmosphere of HD 189733b [16].
The model adopted by Tinetti et al. [45] is detailed below. Tinetti et al. [16] used
this model and geometry, but adopted the BT2 linelist [47] as the source of water
opacities; whereas Tinetti et al. [45] used the Wattson & Rothman [48] linelist
given in HITEMP 1991. The BT2 linelist gave, almost effortlessly, a fit to the
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HD 189733b IRAC observations, whereas HITEMP 1991 contained cutoffs that
limit the ability of the linelist to capture the discrepancy observed between 3.6
and 5.8 mm. This issue is also discussed below.

Confirmation of the presence of water vapour in the atmosphere of HD
189733b was provided by NIR and mid-IR (MIR) observations using Hubble-
NICMOS [18,20] and Spitzer-IRAC/IRS [21,49]. Primary transit and secondary
eclipse observations were repeated for HD 209458b in the NIR–MIR with
NICMOS and IRAC/IRS [19,50,51]. All these datasets can be explained by models
assuming water as one of the key atmospheric components (see also [52–57]). On
the contrary, hazes or clouds seem to affect the transparency of the atmosphere
in the visible–NIR spectral range, at wavelengths shorter than approx. 1.5 mm.
While this is the case for HD 189733b and HD 209458b [15,58,59], the hot-
Jupiter XO-1b spectrum shows distinctive molecular features, among which those
of water, in the 1.2–1.8 mm spectral region [17].

The claimed detection of water in exoplanets, while apparently confirmed by a
number of observations, different instruments and several observational teams, is
not uniformly accepted. In this context, we would make the following comments.

While we are comfortable with the statement that water vapour has been
detected in a handful of exoplanets’ atmospheres, we are uneasy about attempts
to retrieve water vapour absolute abundances in all these cases. The level of
degeneracy associated with low-resolution spectra, or even photometric bands,
is far from negligible [19,57,60,61]. As explained by Tinetti et al. [62], this
degeneracy, which can only be resolved by simultaneous broader spectral range
and preferably higher resolution observations, has different origins in transit and
emission spectra.

The amount of water on exoplanets has been debated [63–65]. Most recently,
Gibson et al. [65] questioned the validity of using NICMOS to acquire exoplanet
spectra at the level of accuracy needed to sound the atmospheric features.
We believe instead that the temporal stability of NICMOS, in its G206 grism
setting, is among the highest of the past and current IR instruments available,
and the systematic noise owing to the instrument can be adequately removed
with a parametrization of the instrument state vectors [18,66]. In a more recent
article Gibson et al. [67] have obtained results consistent to Swain et al. [18]
using a different analysis technique. The most obvious approach would be to
repeat the original observations to characterize the observational data beyond
any reasonable doubt. Unfortunately, with the loss of NICMOS and Spitzer-
IRS/MIPS and partially IRAC, this is technically impossible at present from
space. Nonetheless, the concerns expressed by Gibson et al. [65] are easily
addressable. The way forward is twofold.

— Obtain ground-based spectra in Z, J, H, K, L bands to record the
exoplanetary signal in the NIR–MIR spectral region [68]. While water
vapour is clearly the most difficult molecule to be observed from the
ground, repeated observations can be used to break the degeneracy
between exoplanet and telluric signals, as was done in the case of
methane [40].

— Adopt new and independent data analysis techniques to break the
noise-result degeneracy more efficiently and recover the original
results [69]. Statistical techniques used in cosmology and communication

Phil. Trans. R. Soc. A (2012)

 on April 30, 2012rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


Water in exoplanets 2753

I0 Z

dl

Rp

Rp + z´

Rp + z´ + dz´

Rp+ zmax

I = I0e–t

Figure 1. Geometry of a transit observation: the stellar photons are filtered through the planetary
atmosphere. (Online version in colour.)

science to optimize the extraction of a weak signal from a noisy background
find more and more applicability in the analysis of exoplanetary
signals [70–72].

Looking to the longer term, a proposal was made to the European Space
Agency (ESA) for a dedicated space mission to observe the atmospheres of
tens of known exoplanets over a broad wavelength range: from 0.4 to 16 mm.
EChO, the Exoplanet Characterisation Observatory, is one of the four M3 mission
candidates currently being assessed by ESA, for a possible launch in 2022.1 EChO
will provide low- to mid-resolution, simultaneous multi-wavelength spectroscopic
observations on a stable platform that will allow very long exposures: the design of
the whole detection chain and satellite will be dedicated to achieve a high degree
of photometric stability and repeatability. EChO’s design will be optimized to
retrieve the molecular composition and thermal structure of both hot gaseous
planets and terrestrial habitable ones [73].

3. The models

Here, we detail our model that calculates the transmission spectrum of an
exoplanet atmosphere during primary transit. As shown in figure 1, the stellar
radiation traversing the planet is weakened by its interaction with the atmospheric

1See http://sci.esa.int/science-e/www/area/index.cfm?fareaid=124.
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matter during a transit. Under these circumstances, the Beer–Bouguer–Lambert
law gives

I (l, z) = I0 e−t(l,z); t(l, z) =
∑

i

ti(l, z), (3.1)

where I0 is the intensity of the stellar radiation impinging on the top of the
planetary atmosphere, I is the intensity of the stellar radiation filtered through
the planetary atmosphere, t is the optical path, i the type of molecule, l the
wavelength and z a given height above Rp = z(p0). We assume that at some radius,
Rp, the planetary atmosphere is completely opaque for all l. For a terrestrial
(rocky) planet, this usually happens at the planetary surface. In contrast, for a
gas giant, p0 should be chosen between approximately 1 and 10 bar, depending
on the transparency of the atmosphere. We then calculate the opacity of the
atmosphere as a function of l.

To convert the atmospheric pressure, p, into height, z , we assume hydrostatic
equilibrium and ideal gas law are acceptable approximations:

p
r

= kT ; dp = mrg dz ; r = N
V

, (3.2)

where m is the mean molecular mass, T the temperature, g the gravity, r the
molecular density and k the Boltzmann constant. At an altitude z , the optical
path for a molecule i can be calculated [74]:

ti(l, z) = 2
∫ �(z)

0
r(z ′)ci(z ′)si(l, T ) d�, (3.3)

where si is the absorption coefficient for the ith molecule at wavelength l and
ci(z) is the mixing ratio for ith molecule at altitude z .

The path traversed by the stellar photons can be easily calculated, the geometry
is shown in figure 1:

d� =
√

(Rp + z ′ + dz ′)2 − (Rp + z)2 −
√

(Rp + z ′)2 − (Rp + z)2 (3.4)

and
�(z) =

∫
d� =

√
(Rp + zmax)2 − (Rp + z)2. (3.5)

Finally, the transit depth as a function of l can be estimated as

k(l) = R2
p + 2

∫zmax
0 (Rp + z)(1 − e−t(z ,l)) dz

R2∗
, (3.6)

where R∗ is the stellar radius.

4. Comparison with other models

(a) Linelists

It has long been recognized that a detailed, temperature-dependent opacity of
water vapour is important for models of hot bodies ranging from rocket plumes
to M-dwarf stars. The earliest attempt to solve this problem was the experiments

Phil. Trans. R. Soc. A (2012)
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Table 1. Summary of calculated water linelists. Statistics for the latest edition of the empirically
derived, room-temperature, HITRAN database are given for comparison.

106 potential energy
name reference lines nuclear motion surface

HITEMP91 Wattson & Rothman [48] 0.15 variational, finite basis empirical
MT Allard et al. [82] 6.2 variational, finite basis empirical
VTP1 Viti et al. [83] 0.23 discrete variable

representation
empirical

PS or AMES Partridge & Schwenke [77] 300 variational, finite basis tuned ab initio
SCAN Jorgensen et al. [80] 3000 approximate ab initio
BT2 Barber et al. [47] 504 discrete variable

representation
tuned ab initio

HITRAN Barber et al. [84] 0.069 empirical not applicable

of Ludwig [75]. This opacity was used for some time but was well known to over-
absorb. This problem was caused by the resolution of the experiments that leads
to a quasi-continuous opacity function instead of a highly structured one with
gaps through which photons can escape; see Schryber et al. [76].

Modern attempts to solve the water opacity problem have been based on
the use of calculated linelists. The most important of these are summarized
in table 1. The AMES [77] and BT2 [47] are spectroscopically very much
more accurate than the other theoretical attempts to characterize the rotation–
vibration spectrum of hot water. These linelists give rather similar results
when used for modelling hot objects (e.g. Allard [78]), although BT2 is
somewhat more complete. The HITEMP91, MT and VTP1 linelists are all too
incomplete to be completely reliable; although we note that the recent release of
HITEMP [79] is based on BT2 rather than the earlier variational calculations
of Wattson & Rothman [48]. The SCAN linelist [80] has very many more
transitions than the other lists; however, this linelist is far from spectroscopic
accuracy and is well known to significantly overestimate the amount of
absorption [81].

Included in table 1 is also a summary of water data included in the 2008 edition
of the HITRAN [84]. This database differs from the other linelists as (i) it is
largely based on laboratory measurements, (ii) it is aimed at room temperature
rather than hot applications and (iii) it contains data on isotopically substituted
water. In this context, we note that there is also a BT2-like linelist for HDO
called VTT [85]. Schryber et al. [76] have already demonstrated how HITRAN
lacks the necessary lines to model the absorption by hot water.

Figure 2 shows the calculated water absorption coefficients with BT2 as a
function of T illustrating the strong temperature dependence of the opacity.

(b) Radiative models

Our IR transmission model described in Tinetti et al. [45] and detailed in the
previous section is based on very similar assumptions to the models of Seager &
Sasselov [86] and Brown et al. [87]. Clearly, the absorption coefficients at high
temperature are today known with higher level of accuracy than they were in
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Figure 2. Water absorption coefficients (cm2 per molecule) calculated with BT2 as a function of
temperature. The effect of temperature is dramatic. (Online version in colour.)

2001 or even 2007. Our transmission model was used to fit the HD 189733b
transit spectrum recorded with NICMOS [18]. Madhusudhan & Seager obtained
consistent results when they analysed the same dataset with their model, which
uses the AMES molecular line data of Partridge & Schwenke [77].

Shabram et al. [88] have recently cast doubts on the correctness and validity of
our transmission model, on the basis they could not reproduce the observations in
the literature that our model is able to capture. To make their point, they used an
analytical relation by Lecavelier Des Etangs et al. [89] to estimate the planetary
radius as a function of wavelength. For this purpose, they assume an isothermal
temperature structure, a constant gravitational acceleration with height and an
opacity cross section that varies as a power law:

s = s0

(
l

l0

)a

. (4.1)

With these hypotheses, according to Lecavelier Des Etangs et al. [89], the radius
of the planet can be calculated as

dRp

d ln l
= a

kT
mg

= aH . (4.2)

Shabram et al. [88] consider only a single temperature, 1500 K, and compare
absorption coefficients calculated at 1500 K to a planetary radius assuming a
single temperature; in this way, they eliminate temperature effects. This approach
masks the significant variation of absorption coefficients with wavelength.

5. Results

We have run a number of models to help assess the role of water vapour
in exoplanetary atmospheres. The results of these models are summarized in
figures 2–5.
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Figure 3. Transmission of stellar flux through a water vapour-containing planetary atmosphere as a
function of the pressure of H2 at a notional fixed temperature of 1500 K. (Online version in colour.)

Figure 2 shows the BT2 water absorption coefficients as a function of
temperature: they clearly do not follow a power law (equation (4.1)) as a function
of l as proposed by Shabram et al. [88]. The only opacity following a power law
as a function of l is the Rayleigh scattering, behaving as ∼ 1/l4. In contrast the
water cross section depends not only on temperature but also on pressure, figure 3,
and the curve of growth of spectral lines. Therefore, this simple approximation
does not necessarily apply, even for small regions of the water spectrum at a
single given temperature, as assumed by Shabram et al. [88]. As a consequence
equation (4.2) should not be used to calculate the transmission spectrum of an
exoplanet, as it is not physically meaningful for molecular opacities.

Figure 3 is an attempt to estimate the effect of pressure on the absorption
spectrum of water at elevated temperatures. These models used HITRAN 2008,
since this database unlike the other linelists discussed above contains pressure
broadening parameters. Models were performed at a single temperature, 1500 K,
but for a range of pressures for constant water column of 10−5 km amagat. They
clearly show sensitivity to pressure effects particularly at long wavelengths where
the majority of transitions are due to rotational excitation. HITRAN pressure
parameters are actually for air (and self) broadening. There have been recent
attempts to extend these parameters to the higher levels encountered in hot
spectra [90,91], but work on line-broadening by H2 has largely concentrated
on low-temperature [92,93] and room temperature applications [94,95]. There
appears to be a clear need to extend this work to deal with high temperature
collisional broadening by hydrogen molecules. In the case of water, it would
appear that broadening of the pure rotational transitions is of particular
importance.

We have investigated the fraction of the stellar IR flux occulted by the planet
during the primary transit as a function of wavelength as predicted by our
simulations. For this, we simulated a planet similar to HD 209458b with an
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Figure 4. Fraction of the stellar flux occulted by a planet during the primary transit (in %)
as a function of wavelength (between 1 and 25 mm) and as a function of changing atmospheric
temperature for a fixed water vapour mixing ratio of 10−5. (Online version in colour.)
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Figure 5. Fraction of the stellar flux occulted by a planet during the primary transit (in %) as
a function of wavelength (between 1 and 25 mm) for change of water mixing ratio for a fixed
temperature of 1500 K. (Online version in colour.)

atmosphere made of hydrogen and with water vapour as a minor constituent.
The unknown planetary radius at 10 bar was fixed for all the cases presented
here. Figure 4 gives results computed for a fixed water vapour mixing ratio
at 10−5 and changing atmospheric temperature, which we assumed here to be
isothermal. When HITRAN 2008 is used to estimate the absorption coefficients
at 1000 K, we obtained almost overlapping results to BT2 in terms of ‘spectral
shape’ at wavelengths shorter than 10 mm, but the mixing ratio needed for water
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vapour is higher than that needed with BT2. At longer wavelengths, the spectrum
calculated with HITRAN 2008 underestimates the water rotational absorption
owing to the lack of rotational transitions between both highly excited rotational
states within the ground vibrational state and within ‘hot’ vibrational states.
Figure 5 shows the effect of increasing the mixing ratio for a fixed temperature
of 1500 K.

6. Conclusions

Water is thought to be one of the most important species in exoplanetary
atmospheres. Space-based transit observations have given strong indications that
water is indeed present in significant quantities in the hot, gas giant exoplanets for
which such observations have been possible. However, observations are presently
strongly hampered by the difficulty of observing astronomical water spectra from
the ground and spaceborne telescopes. Despite our confidence in the positive
detections of water, some of which have been confirmed by both independent
observations and models, a number of uncertainties remain. Among those, current
and foreseeable future observations will not allow us to constrain accurately the
water vapour abundances, given the level of degeneracy embedded in transit
observations. Simultaneous broad band coverage, good signal-to-noise ratio and
spectral resolution are needed to tackle such a task consistently; in other words,
a dedicated space mission—such as the ESA-EChO—is the obvious next step.

We agree with Freedman et al. [96] that the extensive theoretical linelists
AMES [77] and BT2 [47] give similar results; however, these linelists do not make
any allowance for pressure broadening of the transitions. There is a need for
data on high temperature broadening of water lines by molecular hydrogen. This
is necessary as the assumptions underlying the calculation of these absorption
coefficients lead to a range of models with significantly different results.
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