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Abstract

Most of the exoplanets detected up to now transit in front of their host
stars, allowing for the generation of transmission spectra; the study of ex-
oplanet atmospheres relies heavily upon accurate analysis of these spectra.
Recent discoveries mean that the study of atmospheric signals from low-mass,
temperate worlds are becoming increasingly common. The observed transit
depth in these planets is small and more difficult to analyze. Analysis of
simulated transmission spectra for two small, temperate planets (GJ 1214 b
and K2-18 b) is presented, giving evidence for significant differences in sim-
ulated transit depth when the water vapor continuum is accounted for when
compared to models omitting it. These models use cross-sections from the
CAVIAR lab experiment for the water self-continuum up to 10,000 cm−1;
these cross-sections exhibit an inverse relationship with temperature, hence
lower-temperature atmospheres are the most significantly impacted. Includ-
ing the water continuum strongly affects transit depths, increasing values by
up to 80 ppm, with the differences for both planets being detectable with the
future space missions Ariel and JWST. It is imperative that models of ex-
oplanet spectra move toward adaptive cross-sections, increasingly optimized
for H2O-rich atmospheres. This necessitates including absorption contribu-
tion from the water vapor continuum into atmospheric simulations.
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1. Introduction

In the preceding decade a variety of dedicated ground-based facilities
and space missions, including CNES/ESA CoRoT, NASA Kepler and TESS,
have employed the most prolific method for exoplanet detection, the transit
method, to detect upwards of 3000 exoplanets. As a planet transits in front
of its host the starlight is modified, allowing for the generation of transmis-
sion spectra; the study of exoplanet atmospheres relies heavily upon accurate
analysis of these. The influx of small planets discovered means that atmo-
spheric signals of low-mass, temperate worlds are increasingly common. The
signal acquired in transmission, known as the transit depth, is smaller for
these planets and as such more difficult to analyse.

As the field of exoplanet atmospheric spectroscopy moves from the study
of hot gaseous giants towards dissecting the difficult atmospheres of small
(≤ 10 M⊕), rocky and temperate (≤ 500 K) worlds, an increasingly nuanced
approach is required. Our ability to accurately characterise the atmospheric
constituents of these planets is dictated in a large part by the scale height of
the atmosphere in question. Small planets, with cooler temperatures gener-
ally exhibit flatter spectra, for example GJ 1214 b [1], and GJ 1132 b [2, 3].
On top of this, heavier atmospheres, with high mean-molecular-weight, for
example water-based atmospheres, will have further suppressed scale heights.
To complicate matters further, the presence of a thick cloud layer can veil
a large portion of the atmosphere, rendering it opaque above a certain pres-
sure. As a consequence, H2-rich atmospheres with trace amounts of heavy
molecules such as water vapor, but copious amounts of cloud can masquerade
as heavier atmospheres with water vapor in large abundance. Thus-far, obser-
vations of such planets, see for example [4], [5], have made it near-impossible
to distinguish between these light and heavy counterpart atmospheres, hold-
ing the true nature of these super-Earth - mini-Neptune atmospheres out of
reach, [6]. This is in large part due to the information content of observations
that are possible today, in particular Hubble Space Telescope (HST) imagery,
which lacks good enough spectral signal-to-noise, resolution and coverage.

As if to exacerbate an already difficult problem, currently available cross-
section data in the field is exclusively optimised for H2-based atmospheres,
with low mean-molecular-weight. Such cross-sections do not include contri-
butions to molecular absorption such as, for example in the case of water,
the water vapor continuum. The water continuum is the phenomenon of
continuous water absorption which arises in the spectrum of water vapor,
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pervading the visible to microwave wavelengths [7, 8]. The continuum is
postulated to be due to two different mechanisms (which are not mutually
exclusive); a contribution from the far-wings of water monomer lines, and a
contribution from water dimers. The continuum is typically defined as the
difference between the observed absorption by water vapor, and the contri-
bution of the Lorentz-broadened water monomer lines with a 25 cm−1 wing
cut-off. The continuum therefore contains a contribution from the monomer
lines beyond 25 cm−1, in addition to any non-Lorentzian far-wing contribu-
tion. The inclusion of this monomer contribution beyond 25 cm−1 means
that the derived continuum is not independent of the spectral data used to
define it; see e.g. [8] for more details. The second possible explanation is
that the continuum is in part caused by water dimers; complexes of two water
molecules loosely bound by a shared hydrogen bond, which have a complex
absorption spectrum which manifests as a continuum (see e.g. [9] for more
details).

In this article we present simulated transmission spectra for two super-
Earth planets: GJ 1214 b and K2-18 b. Using publicly available data from the
CAVIAR experiment [10], and cross-sections computed using line list data
from the HITRAN database [11, 12] we include an absorption contribution
from the water vapor self-continuum in our simulations with the retrieval
suite TauREx 3.1 [13, 14, 15]. We find that the differences in the simulated
signal, as represented by the transit depth, are non-negligible, and in com-
parison with simulated error bars for the near-future space-missions Ariel
and JWST, these differences are detectable. The advent of high-resolution,
low-signal-to-noise datasets that these missions will provide make accurate
modelling of heavy atmospheres vitally important. It is therefore imperative
that alongside inclusion of effects like pressure-induced self-broadening [16],
absorption contribution from the water continuum is included in the cross-
section data used to analyse super-Earth and mini-Neptune atmospheres.

2. Methodology

2.1. Transmission spectroscopy

If the orbital plane of a planet around its host star is aligned approxi-
mately parallel to our line of sight of the system (analagous to 90◦ inclina-
tion), the planet will transit in front of its star. Assuming that there is no
atmosphere, and that the planet is totally opaque to its incoming starlight,
this transiting motion will cause a reduction in the amount of stellar flux we
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receive from the host star which is independent of wavelength. This change
in detected light is known as the transit depth, ∆F , which is equal to the ratio
between the surface area of the planet (as we view it, in 2D) and the surface
area of the star. Since we assume both objects to be totally symmetrical,
this reduces to:

∆F =
Fout − Fin

Fout
=

(
Rp

R∗

)2

(1)

which gives a measure of the relative change in flux as the planet blocks its
starlight. This provides us with an observable quantity with which we can
quantify the size of the planet, if we know the stellar properties, which can
be derived from models.

If the planet possesses an atmosphere, an envelope of gas which sur-
rounds the planet which is maintained by the planet’s gravitational force,
the molecules present will absorb, scatter and reflect incoming starlight, in
addition to thermally emitting photons. Owing to the varied and distinct
spectral characteristics of different molecules, how opaque a certain atmo-
sphere is to incoming stellar flux will vary significantly with wavelength.
This information is described by the optical depth, τ(λ), which is defined by
Eq. (2) below. Overall, regarding transmission spectroscopy, we can treat
the atmosphere as a purely absorbing and single-scattering medium as a
good (first-order) approximation for radiative transfer through the planetary
atmosphere.

Given an arbitrary path through the atmosphere for which radiation
transmits with wavelength-dependent initial intensity Iλ, the transmitted ra-
diance will be attenuated by absorption and scattering processes. We can de-
note this reduction in intensity as a function of path ds as dIλ/ds = −Iλσλρ,
where σλ is the total mass extinction cross section (the sum of the absorption
and scattering cross sections) and ρ is the density of the medium. Integrat-
ing up and using the fact that the optical depth as a function of atmospheric
height is determined by summing the opacity contributions of all molecular
species present, we recover the Beer-Bougert-Lambert Law :

Iλ(z) = Iλ(0)e−τλ(z) with τλ(z) =
∑
m

∫ z∞

z

σm,λ(z
′)χm(z′)ρ(z′)dz′, (2)

where χm and ρ are the column density of a given molecular species and the
number density of the atmosphere, respectively.

We may now rewrite Eq. (1) as:
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∆F =
Fout − Fin

Fout
=

(
Rp + hλ
R∗

)2

≈
R2
p + 2Rphλ

R2
∗

O(hλ) (3)

where we may describe the atmospheric height function as:

2Rphz = 2

∫ zmax

0

(Rp + z)(1 − e−τλ(z))dz, (4)

where zmax denotes the height of the atmosphere.
Using this formalism, the transit depth of an atmosphere-bearing planet

for any given wavelength may be calculated, using derived (temperature and
wavelength dependent) cross-sections for a given molecular species. If we
populate a model atmosphere with a given temperature profile, pressure pro-
file, chemical species abundances and a specified cloud distribution we may
generate a transmission spectrum (∆F vs. λ) for the atmosphere, thereby
forward-modelling it. To date, there is extensive literature pertaining to the
collection of transmission data, alongside analysis of the generated trans-
mission spectra, for a wide variety of exoplanets; from hot-Jupiters [17] to
habitable-zone super-Earths [5].

2.2. Simulating transmission spectra: TauREx 3.0

In order to simulate forward models of transmission spectra for GJ 1214 b
and K2-18 b, our analysis was performed using the retrieval suite TauREx 3.1.
For the stellar parameters and the planet mass, we used the values from [18]
and [19], as given in Table 1. In our runs we assumed that the planets possess
10% H2O atmospheres with the remainder of the molecular abundance made
up of H2 and He, in the standard ratio of H2/He = 0.17. We included in our
simulations the absorption contribution of water vapor using cross-sections
which we computed from the H2O line list, from HITRAN 2016 using self-
broadening coefficients. We used a fixed line wing cutoff of 25 cm−1 in order
to be compatible with the water continuum opacities used in this work. To
this, we have added absorption contribution due to pressure-induced self-
broadening of H2O, as detailed in [16], with broadening parameters specified
in Table 2. Additionally, we included the Collision Induced Absorption (CIA)
from H2-H2 [20, 21] and H2-He [22], as well as Rayleigh scattering for all
molecules. Finally, our simulated atmospheres are cloud-free, isothermal and
have molecular abundance profiles which are constant with altitude. For each
of the planets two sets of spectra were generated: one using the standard
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cross-section, and another with the water continuum opacities included, as
described. We note that not including absorption contribution from clouds in
our forward run simulations, whilst not realistic, is nevertheless a deliberate
choice. Alongside taking 10% H2O abundance, we maximise the modeled
scale heights, and thus simply present a “worst-case scenario” in terms of
the λ-dependent ppm differences in transit depth for both planets.

2.3. CAVIAR lab data: water continuum

In this work, we use data from the CAVIAR experiment [10] in the near-
infrared windows between 2000 − 8000 cm−1, merged with MT CKD 3.2 [7]
at other wavenumbers. The continuum absorption coefficient of water vapor
in air, αWC , is the sum of the self (WCS) and foreign (WCF) contributions,
i.e.:

αWC(ν, T ) = αWCS(ν, T ) + αWCF (ν, T ) (5)

=
1

kbT
CS(ν, T )P 2

H2O
+

1

kbT
CF (ν, T )PH2OPF (1) (6)

where kb is the Boltzmann constant, T is temperature, PH2O and PF are

the water vapor and foreign gas (here air) partial pressures, respectively,
and CS and CF represent the self- and foreign- continuum cross-sections,
respectively, at a given temperature T , following the definition in [8]. In the
standard “HITRAN” units adopted in this field, CS and CF are reported
in cm2molec−1atm−1, αWC is in cm−1, PH2O and PF are in atm, T is in
K and kb = 1.36 × 1022 molec−1cm3atmK−1. Note that for comparison,
the MT CKD values of CS and CF , which are normalised to the number
density at 1 atm and 296 K, should be multiplied by the factor 296/T (e.g.
[10]). We do not consider the foreign continuum in this work, due to the
composition of the atmospheres used, and therefore the results we present
use the self-continuum only, and use “water continuum” to refer only to the
self-continuum.

The CAVIAR/MT CKD data we use here between 0 − 10, 000 cm−1, is
displayed in Figure 1. These data demonstrate a strong negative temperature
dependence, broadly fitting the expected temperature dependence of the form
exp(−D0/T ) (e.g. [9]), where D0 relates to the dissociation energy of the
water dimer. Recent work (e.g. [23]) has motivated a re-examination of the
room temperature data from CAVIAR in the 2.1 and 4 µm windows. This
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Figure 1: CAVIAR lab measurements, consolidated in Shine et al. 2016 [8], for H2O
self-continuum absorption, given as cross-section Cs versus wave-number, as described
in equation 1, for a range of temperatures, as shown. Top: raw data is displayed for
all temperatures, bottom: only the 296 K datasets are shown, with the E-S continuum
(described in text) over-plotted against the raw CAVIAR measurements.
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is in part due to the the possibility of adsorption on the kind of gold mirror
coatings used in e.g. [10, 24]. This effect is particularly pronounced at room
temperature, where the relative humidity is higher than at high temperature.
Elsey et al. [25] demonstrate that the room temperature CAVIAR data
deviate from the temperature dependence implied by the higher-temperature
measurements (which have lower uncertainty) by up to a factor of 5 in these
windows at 296 K.

While it cannot be ruled out that this deviation is a physical effect (e.g.
due to a transition between quasi-bound and true-bound dimers), this effect
is not observed in measurements using a cavity ring-down technique [26],
which have smaller uncertainties; Elsey et al. [25] describe this issue in more
detail. Conversely, extrapolating high-T CAVIAR data to room temperature
using this exp(−D0/T ) dependence leads to very good agreement with the
cavity ring-down observations in the 2.1 and 4 µm windows, although large
unresolved discrepancies between laboratory measurements remain at 1.6 µm.
We therefore use these extrapolated CAVIAR data in this work (henceforth
the Elsey-Shine or E-S continuuum). The E-S continuum also includes in-
band observations from [23] and [27]. To this effect, in the second panel of
Figure 1 we over-plot the raw CAVIAR experimental data (yellow) with the
thermally-extrapolated data (orange). For our analysis of GJ 1214 b, we use
the 472 K observations from CAVIAR, while for K2-18 b we extrapolate the
available data to 296 K excluding the room temperature observations (i.e.
the orange line in Fig. 1, panel 2).

To simulate the atmospheres of our chosen planets, including absorption
contribution from the continuum, we simply build an additional class inside
TauREx 3.1. Using the data-sets described in Section 2.2, we then add
this extra absorption to the list of contributions (see Section 2.1), using the
cross-sections for water vapor computed using HITRAN, with a fixed line
wing cutoff of 25 cm−1, as described.

2.4. Ariel & JWST error-bars

During its primary mission, Ariel will survey the atmospheres of 1000
exoplanets [28] while JWST could observe up to 150 over the 5-year mission
lifetime [29]. We generate error bars for the simulated spectra using ArielRad
[30] and ExoWebb (Edwards et al. 2020 (in prep)), in order to compare
these with the absolute differences between including the water continuum
and not in the planetary transmission spectra, to investigate the detectability
of continuum-induced differences in transit depth. For JWST we modeled
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stellar & planetary parameters
parameter K2-18 b GJ 1214 b
T∗ [K] 3457 3026
R∗ [R�] 0.4445 0.220
M∗ [M�] 0.4951 0.176
Mp [M⊕] 8.63 6.26
Rp [R⊕] 2.61 2.85

Porbital [days] 32.94 1.58

forward model parameters
parameter K2-18 b GJ 1214 b type
Pclouds None None opaque
T [K] 296 472 iso.
VH2O 0.1 0.1 fill

Table 1: Upper part: stellar and planetary parameters for K2-18 b & GJ 1214 b, for input
into TauREx 3.1, derived from [19], [31] and [18]; Lower part: list of the forward-modeled
parameters, their values and the scaling used.

observations with NIRISS GR700XD (0.8 - 2.8 µm) whilst for Ariel, which
provides simultaneous coverage from 0.5 - 7.8 µm, we simulated error bars
at tier 2 resolution.

3. Results

3.1. GJ 1214 b: CAVIAR continuum

Using the parameters listed in Table 1, we simulate two transmission
spectra for GJ 1214 b, one with absorption from the water continuum in-
cluded using the 472 K CAVIAR data, and one without. This is the warmest
available dataset; hence we simulate a GJ 1214 b-like analogue planet, since
the equilibrium temperature of GJ 1214 b inferred from observations [31] is
604 K. We generate both spectra at a native resolution of 15,000, before
binning them down to a nominal resolution and signal-to-noise of 200 and
10, respectively (enabling eventual comparison with Ariel and JWST error
bars). We present the results in Figure 2. Upon subtracting the spectra in
the top panel, we obtain the middle panel, displaying the absolute differences
in transit depth versus wavelength, in ppm. These differences are then over-
plotted with simulated error-bars for the future space-missions JWST and
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Ariel in the lower panel. Hence, we show that with a finite, reasonable num-
ber of observations, a ppm difference of up to 80 ppm induced by including
the water continuum should be observable; requiring 5 and 25 transits with
JWST and Ariel, respectively.

3.2. K2-18 b: E-S continuum

Using the parameters listed in Table 1, we simulate two transmission
spectra for K2-18 b, one with absorption contribution from the water con-
tinuum included using the E-S continuum for 296 K, and one without. We
generate both spectra at a native resolution of 15,000, before binning them
down to a nominal resolution and signal-to-noise of 200 and 10, respectively
(enabling eventual comparison with Ariel and JWST error-bars). We present
the results in Figure 3. Upon subtracting the spectra in the top panel, we
obtain the middle panel, displaying the absolute differences in transit depth
versus wavelength, in ppm. These differences are then over-plotted with sim-
ulated error-bars for the future space-missions JWST and Ariel in the lower
panel. Hence, we show that with finite observations, a ppm difference of up
to 30 ppm induced by including the water continuum should be reasonably
detectable; requiring 5 and 25 transits with JWST and Ariel, respectively.

4. Discussion

We have demonstrated that by including absorption contribution due to
the water vapor continuum in our simulations of small planet transmission
spectra significantly impacts the transit depth. A caveat to our analysis is
that there is significant uncertainty in the true strength of the self-continuum
at room temperature. Observations at room temperature have inherently
larger uncertainty than observations at elevated temperatures; since the sat-
uration vapor pressure is significantly lower, observations must be made at
lower vapor pressures. While the E-S self-continuum used in this work has
good agreement with some other available data-sets in the 2.1 and 4 µm
windows, in the centre of the 1.6 µm window differences between different
data-sets when extrapolated to room temperature are up to an order of mag-
nitude or greater [8, 25].

The decision to use the E-S continuum rather than the raw CAVIAR data
at 296 K is motivated by the agreement of E-S with the available cavity ring-
down (CRDS) data, which have low-stated uncertainties, the large stated
uncertainties in the room-T CAVIAR data, and the possibility of adsorption
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Figure 2: Top: over-plotted transmission spectra (with nominal error-bar determined
from the span of the spectrum and fixed to give S/N=10) comparing inclusion of the
water continuum with omitting it. Largest transit depth differences are found for 10%
H2O. Middle: absolute difference in transit depth, in ppm versus wavelength. Bottom:
absolute difference versus simulated error-bars for future space missions. All continuum
data for 472 K is raw CAVIAR data.
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Figure 3: Top: over-plotted transmission spectra (with nominal error-bar determined from
the span of the spectrum and fixed to give S/N=10) comparing inclusion of the water
continuum with omitting it. Largest transit depth differences are found for 10% H2O.
Middle: absolute difference in transit depth, in ppm vs. wavelength. Bottom: absolute
difference vs simulated error-bars for future space missions. All continuum data for 296 K
is using the E-S continuum. 12



on the gold mirror coatings used in CAVIAR (which is not accounted for
in the uncertainty budget). However, it is also possible that a similar issue
could have affected the CRDS measurements (e.g. [32]), and that the ob-
served deviation from the exp(−D0/T ) temperature dependence in CAVIAR
is physical. More work (both experimental and theoretical) is therefore re-
quired to understand the water vapor self-continuum and its temperature
dependence.

5. Conclusion

In conclusion, we have illustrated the necessity for the absorption contri-
bution induced by the water vapor continuum to be included in the analysis
of super-Earth/mini-Neptune transmission spectra. We show that the simu-
lated transit depth can be altered by as much as 80 ppm, with the ppm dif-
ferences for small, temperate exoplanets GJ 1214 b and K2-18 b sitting above
the noise level for a reasonable number of observations with the near-future
space telescopes JWST and Ariel. The CAVIAR data utilised in this work ex-
hibits an inverse temperature dependence, meaning that colder atmospheres
are more significantly impacted by absorption from the water continuum,
hence omitting its contribution is far more impactful for low-temperature at-
mospheres. Thus, it is essential that the exoplanet spectroscopy field adopts
the use of more adaptive cross-sections, built as functions not only of temper-
ature and pressure but also of molecular abundance; in particular including
the effect of the water continuum specifically for the case of H2O.
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