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a b s t r a c t 

Most of the exoplanets detected up to now transit in front of their host stars, allowing for the genera- 

tion of transmission spectra; the study of exoplanet 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 simulated 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 10,0 0 0 cm 

−1 ; these 

cross-sections exhibit an inverse relationship with temperature, hence lower-temperature atmospheres 

are the most significantly impacted. Including the water continuum strongly affects transit depths, in- 

creasing values by up to 60 ppm, with the differences for both planets being detectable with the future 

space missions Ariel and JWST. It is imperative that models of exoplanet spectra move toward adaptive 

cross-sections, increasingly optimized for H 2 O-rich atmospheres. This necessitates including absorption 

contribution from the water vapor continuum into atmospheric simulations. 

Crown Copyright © 2021 Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In the preceding decade a variety of dedicated ground-based fa- 

ilities and space missions, including CNES/ESA CoRoT, NASA Ke- 

ler and TESS, have employed the most prolific method for exo- 

lanet detection, the transit method , to detect upwards of 30 0 0 ex- 

planets. As a planet transits in front of its host the starlight is 

odified, allowing for the generation of transmission spectra; the 

tudy of exoplanet atmospheres relies heavily upon accurate anal- 

sis of these. The influx of small planets discovered means that at- 

ospheric signals of low-mass, temperate worlds are increasingly 

ommon. The signal acquired in transmission, known as the tran- 

it depth , is smaller for these planets and as such more difficult to 

nalyse. 

As the field of exoplanet atmospheric spectroscopy moves from 

he study of hot gaseous giants towards dissecting the difficult at- 

ospheres of small ( ≤ 10 M 

⊕ ), rocky and temperate ( ≤ 500 K) 

orlds, an increasingly nuanced approach is required. Our abil- 

ty to accurately characterise the atmospheric constituents of these 
∗ Corresponding author. 
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lanets is dictated in a large part by the scale height of the atmo- 

phere in question. Small planets, with cooler temperatures gen- 

rally exhibit flatter spectra, for example GJ 1214 b [1] , and GJ 

132 b [2,3] . On top of this, heavier atmospheres, with high mean- 

olecular-weight, for example water-based atmospheres, will have 

urther suppressed scale heights. To complicate matters further, 

he presence of a thick cloud layer can veil a large portion of 

he atmosphere, rendering it opaque above a certain pressure. As 

 consequence, H 2 -rich atmospheres with trace amounts of heavy 

olecules such as water vapor, but copious amounts of cloud can 

asquerade as heavier atmospheres with water vapor in large 

bundance. Thus-far, observations of such planets, see for example 

4,5] , have made it near-impossible to distinguish between these 

ight and heavy counterpart atmospheres, holding the true nature 

f these super-Earth - mini-Neptune atmospheres out of reach, 

hangeat et al. [6] . This is in large part due to the information con-

ent of observations that are possible today, in particular Hubble 

pace Telescope (HST) imagery, which lacks good enough spectral 

ignal-to-noise, resolution and coverage. 

As if to exacerbate an already difficult problem, currently avail- 

ble cross-section data in the exoplanet field is typically optimised 

or H 2 -based atmospheres, with low mean-molecular-weight. Such 

ross-sections do not include contributions to molecular absorp- 

https://doi.org/10.1016/j.jqsrt.2021.108013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2021.108013&domain=pdf
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ion such as, for example in the case of water, the water vapor 

ontinuum. The water continuum is the phenomenon of continuous 

ater absorption which arises in the spectrum of water vapor, per- 

ading the visible to microwave wavelengths [7,8] . The continuum 

s postulated to be due to two different mechanisms (which are 

ot mutually exclusive); a contribution from the far-wings of water 

onomer lines, and a contribution from water dimers. The contin- 

um is typically defined as the difference between the observed 

bsorption by water vapor, and the contribution of the Lorentz- 

roadened water monomer lines with a 25 cm 

−1 wing cut-off. The 

ontinuum therefore contains a contribution from the monomer 

ines beyond 25 cm 

−1 , in addition to any non-Lorentzian far-wing 

ontribution. The inclusion of this monomer contribution beyond 

5 cm 

−1 means that the derived continuum is not independent of 

he spectral data used to define it; see e.g. [8] for more details. 

he second possible explanation is that the continuum is in part 

aused by water dimers; complexes of two water molecules loosely 

ound by a shared hydrogen bond, which have a complex absorp- 

ion spectrum which manifests as a continuum (see e.g. Ptashnik 

t al. [9] for more details). 

In this article we present simulated transmission spectra for 

wo super-Earth planets: GJ 1214 b and K2-18 b. Using publicly 

vailable data from the CAVIAR experiment [10] , and cross-sections 

omputed using line list data from the HITRAN database [11,12] we 

nclude an absorption contribution from the water vapor self- 

ontinuum in our simulations with the retrieval suite TauREx 3.1 

13–15] . We find that the differences in the simulated signal, as 

epresented by the transit depth , are non-negligible, and in compar- 

son with simulated error bars for the near-future space-missions 

riel and JWST, these differences are detectable. The advent of 

igh-resolution, low-signal-to-noise data-sets that these missions 

ill provide make accurate modelling of heavy atmospheres vi- 

ally important. It is therefore imperative that alongside inclusion 

f effects like pressure-induced self-broadening [16,17] , absorption 

ontribution from the water continuum is included in the cross- 

ection data used to analyse super-Earth and mini-Neptune atmo- 

pheres. 

. Methodology 

.1. Transmission spectroscopy 

If the orbital plane of a planet around its host star is aligned ap-

roximately parallel to our line of sight of the system (analagous 

o 90 ◦ inclination), the planet will transit in front of its star. As- 

uming that there is no atmosphere, and that the planet is totally 

paque to its incoming starlight, this transiting motion will cause 

 reduction in the amount of stellar flux we receive from the host 

tar which is independent of wavelength. This change in detected 

ight is known as the transit depth , �F , which is equal to the ratio

etween the surface area of the planet (as we view it, in 2D) and

he surface area of the star. Since we assume both objects to be 

pherically symmetrical, this reduces to: 

F = 

F out − F in 
F out 

= 

(
R p 

R ∗

)2 

(1) 

hich gives a measure of the relative change in flux as the planet 

locks its starlight. This provides us with an observable quantity 

ith which we can quantify the size of the planet, if we know the 

tellar properties, which can be derived from models. 

If the planet possesses an atmosphere, an envelope of gas 

hich surrounds the planet which is maintained by the planet’s 

ravitational force, the molecules present will absorb, scatter and 

eflect incoming starlight, in addition to thermally emitting pho- 

ons. Owing to the varied and distinct spectral characteristics of 

ifferent molecules, how opaque a certain atmosphere is to incom- 
2 
ng stellar flux will vary significantly with wavelength. This infor- 

ation is described by the optical depth , τ (λ) , which is defined 

y Eq. (2) below. Overall, regarding transmission spectroscopy, 

e can treat the atmosphere as a purely absorbing and single- 

cattering medium as a good (first-order) approximation for radia- 

ive transfer through the planetary atmosphere. 

Given an arbitrary path through the atmosphere for which radi- 

tion transmits with wavelength-dependent initial intensity I λ, the 

ransmitted radiance will be attenuated by absorption and scatter- 

ng processes. We can denote this reduction in intensity as a func- 

ion of path ds as d I λ/d s = −I λσλρ , where σλ is the total mass

xtinction cross section (the sum of the absorption and scatter- 

ng cross sections) and ρ is the density of the medium. Integrat- 

ng up and using the fact that the optical depth as a function of 

tmospheric height is determined by summing the opacity con- 

ributions of all molecular species present, we recover the Beer–

ougert–Lambert Law : 

 λ(z) = I λ(0) e −τλ(z) with τλ(z) = 

∑ 

m 

∫ z ∞ 

z 

σm,λ(z ′ ) χm 

(z ′ ) ρ(z ′ ) dz ′ , 

(2) 

here χm 

and ρ are the column density of a given molecular 

pecies and the number density of the atmosphere, respectively. 

We may now rewrite Eq. (1) as: 

F = 

F out − F in 
F out 

= 

(
R p + h λ

R ∗

)2 

≈ R 

2 
p + 2 R p h λ

R 

2 ∗
O (h λ) (3) 

here we may describe the atmospheric height function as: 

 R p h z = 2 

∫ z max 

0 

(R p + z)(1 − e −τλ(z) ) dz, (4) 

here z max denotes the height of the atmosphere. 

Using this formalism, the transit depth of an atmosphere- 

earing planet for any given wavelength may be calculated, us- 

ng derived (temperature and wavelength dependent) cross-sections 

or a given molecular species. If we populate a model atmosphere 

ith a given temperature profile, pressure profile, chemical species 

bundances and a specified cloud distribution we may generate 

 transmission spectrum ( �F vs. λ) for the atmosphere, thereby 

orward-modelling it. To date, there is extensive literature pertain- 

ng to the collection of transmission data, alongside analysis of the 

enerated transmission spectra, for a wide variety of exoplanets; 

rom hot-Jupiters [18] to habitable-zone super-Earths [5] . 

.2. Simulating transmission spectra: TauREx 3.0 

In order to simulate forward models of transmission spectra for 

J 1214 b and K2-18 b, our analysis was performed using the re- 

rieval suite TauREx 3.1. For the stellar parameters and the planet 

ass, we used the values from Harpsøe et al. [19] , Benneke et al. 

20] , as given in Table 1 . In our runs we assumed that the planets

ossess 10% H 2 O atmospheres with the remainder of the molec- 

lar abundance made up of H 2 and He, in the standard volume 

ixing ratio of He/H 2 = 0.17. We included in our simulations the 

bsorption contribution of water vapor using cross-sections which 

e computed from the H 2 O line list, from HITRAN 2016 using 

elf-broadening coefficients. We used a fixed line wing cutoff of 

5 cm 

−1 in order to be compatible with the water continuum 

pacities used in this work. Additionally, we included the Colli- 

ion Induced Absorption (CIA) from H 2 -H 2 [21,22] and H 2 -He [23] , 

s well as Rayleigh scattering for all molecules. Finally, our sim- 

lated atmospheres are cloud-free, isothermal and have molecu- 

ar abundance profiles which are constant with altitude. For each 

f the planets two sets of spectra were generated: one using the 
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Table 1 

Top: stellar and planetary parameters for K2-18 b & GJ 1214 b, for input into Tau- 

REx 3.1, derived from Benneke et al. [20] , Gillon et al. [33] and Harpsøe et al. [19] ; 

Bottom: list of the forward-modeled parameters, their values and the scaling used. 

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 

M p [ M 

⊕ ] 8.63 6.26 

R p [ R ⊕ ] 2.61 2.85 

P orbital [days] 32.94 1.58 

Forward model parameters 

Parameter K2-18 b GJ 1214 b Type 

P clouds None None opaque 

T [K] 296 472 iso. 

V H 2 O 0.1 0.1 fill 
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Fig. 1. CAVIAR lab measurements, consolidated in Shine et al. [8] , for H 2 O self- 

continuum absorption, given as cross-section C s versus wave-number, as described 

in Eq. (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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tandard HITRAN cross-sections, and another with the water con- 

inuum opacities included, as described. We note that not includ- 

ng absorption contribution from clouds in our forward run sim- 

lations, whilst not realistic, is nevertheless a deliberate choice. 

longside taking 10% H 2 O abundance, we maximise the modeled 

cale heights, and thus simply present a “worst-case scenario” in 

erms of the λ-dependent ppm differences in transit depth for both 

lanets. 

.3. CAVIAR lab data: water continuum 

In this work, we use data from the CAVIAR experiment [10] in 

he near-infrared windows between 20 0 0 and 80 0 0 cm 

−1 , merged

ith MT_CKD 3.2 [7] at other wavenumbers. The continuum ab- 

orption coefficient of water vapor in air, αWC , is the sum of the 

elf (WCS) and foreign (WCF) contributions, i.e.: 

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

= 

1 

k b T 
C S (ν, T ) P 2 H 2 O 

+ 

1 

k b T 
C F (ν, T ) P H 2 O P F (1) (6) 

here k b is the Boltzmann constant, T is temperature, P H 2 O and 

 F are the water vapor and foreign gas (here air) partial pressures, 

espectively, and C S and C F represent the self- and foreign- contin- 

um cross-sections, respectively, at a given temperature T , follow- 

ng the definition in Shine et al. [8] . In the standard “HITRAN” units 

dopted in this field, C S and C F are reported in cm 

2 molec 
−1 

atm 

−1 , 

WC is in cm 

−1 , P H 2 O and P F are in atm, T is in K and k b = 1 . 36 ×
0 22 molec −1 cm 

3 atm K 

−1 . Note that for comparison, the MT_CKD 

alues of C S and C F , which are normalised to the number density 

t 1 atm and 296 K, should be multiplied by the factor 296 /T 

e.g. Ptashnik et al. [10] ). We do not consider the foreign con- 

inuum in this work, due to the composition of the atmospheres 

sed, and therefore the results we present use the self-continuum 

nly, and use “water continuum” to refer only to the self- 

ontinuum. 

The CAVIAR/MT_CKD data we use here between 0 and 

0,0 0 0 cm 

−1 , is displayed in Fig. 1 . These data demonstrate a

trong negative temperature dependence, broadly fitting the ex- 

ected temperature dependence of the form exp (−D 0 /T ) (e.g. [9] ), 

here D 0 relates to the dissociation energy of the water dimer. Re- 

ent work (e.g. [24] ) has motivated a re-examination of the room 

emperature data from CAVIAR in the 2.1 and 4 μm windows. 

his is in part due to the possibility of adsorption on the kind 

f gold mirror coatings used in e.g. [10,25] . This effect is particu- 

arly pronounced at room temperature, where the relative humid- 

ty is higher than at high temperature. Elsey et al. [26] demonstrate 
3 
hat the room temperature CAVIAR data deviate from the tempera- 

ure dependence implied by the higher-temperature measurements 

which have lower uncertainty) by up to a factor of 5 in these win- 

ows at 296 K. 

While it cannot be ruled out that this deviation is a physi- 

al effect (e.g. due to a transition between quasi-bound and true- 

ound dimers), this effect is not observed in measurements using 

 cavity ring-down technique [27] , which have smaller uncertain- 

ies; Elsey et al. [26] describe this issue in more detail. Conversely, 

xtrapolating high- T CAVIAR data to room temperature using this 

xp (−D 0 /T ) dependence leads to very good agreement with the 

avity ring-down observations in the 2.1 and 4 μm windows, al- 

hough large unresolved discrepancies between laboratory mea- 

urements remain at 1.6 μm. We therefore use these extrapolated 

AVIAR data in this work (henceforth the Elsey-Shine or E-S con- 

inuuum). The E-S continuum also includes in-band observations 

rom Ptashnik et al. [24] , Paynter et al. [28] . To this effect, in the

econd panel of Fig. 1 we over-plot the raw CAVIAR experimental 

ata (yellow) with the thermally-extrapolated data (orange). For 

ur analysis of GJ 1214 b, we use the 472 K observations from 

AVIAR, while for K2-18 b we extrapolate the available data to 

96 K excluding the room temperature observations (i.e. the or- 

nge line in Fig. 1 , panel 2). 

To simulate the atmospheres of our chosen planets, including 

bsorption contribution from the continuum, we simply build an 

dditional class inside TauREx 3.1. Using the data-sets described in 

ection 2.2 , we then add this extra absorption to the list of contri- 

utions (see Section 2.1 ), using the cross-sections for water vapor 

omputed using HITRAN, with a fixed line wing cutoff of 25 cm 

−1 , 

s described. 
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Fig. 2. Top: over-plotted transmission spectra comparing inclusion of the water 

continuum with omitting it. The purple and orange data-sets are subtracted to yield 

the absolute differences in transit depth, given in blue in the second and third pan- 

els. Middle: transit depth difference vs. Ariel Tier 2 error-bar and bottom: vs. JWST 

error-bar for specified no. of transits. All continuum data for 472 K is raw CAVIAR 

data. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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.4. Ariel & JWST error-bars 

During its primary mission, Ariel will survey the atmospheres 

f 10 0 0 exoplanets [29] while JWST could observe up to 150 over

he 5-year mission lifetime [30] . We generate error bars for the 

imulated spectra using ArielRad [31] and ExoWebb, which is con- 

tructed using the methods described in [32] , in order to compare 

hese with the absolute differences between including the water 

ontinuum and not in the planetary transmission spectra, to inves- 

igate the detectability of continuum-induced differences in transit 

epth. For JWST we modeled observations with NIRISS GR700XD 

0.8–2.8 μm) and NIRSpec G395M (2.9–5.3 μm), whilst for Ariel, 

hich provides simultaneous coverage from 0.5 to 7.8 μm, we sim- 

lated error bars at Tier 2 resolution. 

. Results 

.1. GJ 1214 b: CAVIAR continuum 

Using the parameters listed in Table 1 , we simulate two trans- 

ission spectra for GJ 1214 b, one with absorption from the water 

ontinuum included using the 472 K CAVIAR data, and one with- 

ut. This is the warmest available data-set; hence we simulate a 

J 1214 b-like analogue planet, since the equilibrium temperature 

f GJ 1214 b inferred from observations [33] is 604 K. We generate 

oth spectra at a native resolution of 15,0 0 0, before binning them 

own to a nominal resolution and signal-to-noise of 200 and 10, 

espectively (enabling eventual comparison with Ariel and JWST 

rror bars). We present the results in the top panel of Fig. 2 . Upon

ubtracting the spectra in the top panel, for Ariel Tier 2 binning 

own to a resolution of 15, we obtain the middle panel, display- 

ng the absolute difference in transit depth versus wavelength, in 

pm, compared with the simulated error-bar for 40 transits. The 

ottom panel presents the analogous plot for 5 transits with the 

WST NIRSpec and NIRISS instruments. Hence, we show that with 

 finite, reasonable number of observations, a ppm difference of 

p to 60 ppm induced by including the water continuum should 

e observable; requiring 5 and 40 transits with JWST and Ariel, re- 

pectively. In particular, the transit depth difference competes with 

he magnitude of the Ariel error-bar, whilst at 4 μm a ∼ 3 σ signif- 

cance is found in terms of detectability with JWST. 

.2. K2-18 b: E-S continuum 

Using the parameters listed in Table 1 , we simulate two trans- 

ission spectra for K2-18 b, one with absorption contribution from 

he water continuum included using the E-S continuum for 296 K, 

nd one without. We generate both spectra at a native resolution 

f 15,0 0 0, before binning them down to a nominal resolution and 

ignal-to-noise of 200 and 10, respectively (enabling eventual com- 

arison with Ariel and JWST error-bars). We present the results in 

he top panel of Fig. 3 . Upon subtracting the spectra in the top

anel, for Ariel Tier 2 binning down to a resolution of 15, we ob- 

ain the middle panel, displaying the absolute differences in tran- 

it depth versus wavelength, in ppm, compared with the simulated 

rror-bar for 30 transits. The bottom panel presents the analogous 

lot for 5 transits with the JWST NIRSpec and NIRISS instruments. 

ence, we show that with finite observations, a ppm difference of 

p to 40 ppm induced by including the water continuum should be 

easonably observable; requiring 5 and 30 transits with JWST and 

riel, respectively. In particular, due to the cooler temperature, a 

ignificant water continuum spectral feature is found at ∼ 1 . 8 μm. 

ence, in addition to the water-continuum-induced differences in 

ransit depth being impactful for the transmission spectra of K2- 

8 b, these differences also have a ∼ 3 σ significance in terms of 

etectability for both Ariel & JWST. 
4 
. Discussion 

We have demonstrated that by including absorption contribu- 

ion due to the water vapor continuum in our simulations of small 

lanet transmission spectra significantly impacts the transit depth. 

 caveat to our analysis is that there is significant uncertainty in 

he true strength of the self-continuum at room temperature. Ob- 

ervations at room temperature have inherently larger uncertainty 

han observations at elevated temperatures; since the saturation 

apor pressure is significantly lower, observations must be made at 

ower vapor pressures. While the E-S self-continuum used in this 

ork has good agreement with some other available data-sets in 
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Fig. 3. Top: over-plotted transmission spectra comparing inclusion of the water 

continuum with omitting it. The purple and orange data-sets are subtracted to yield 

the absolute differences in transit depth, given in blue in the second and third pan- 

els. Middle: transit depth difference vs. Ariel Tier 2 error-bar and bottom: vs. JWST 

error-bar for specified no. of transits. All continuum data for 296 K is using the E-S 

continuum. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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he 2.1 and 4 μm windows, in the centre of the 1.6 μm window

ifferences between different data-sets when extrapolated to room 

emperature are up to an order of magnitude or greater [8,26] . 

The decision to use the E-S continuum rather than the raw 

AVIAR data at 296 K is motivated by the agreement of E-S with 

he available cavity ring-down (CRDS) data, which have low-stated 

ncertainties, the large stated uncertainties in the room- T CAVIAR 

ata, and the possibility of adsorption on the gold mirror coat- 

ngs used in CAVIAR (which is not accounted for in the uncertainty 

udget). However, it is also possible that a similar issue could 

ave affected the CRDS measurements (e.g. [34] ), and that the ob- 
5 
erved deviation from the exp (−D 0 /T ) temperature dependence in 

AVIAR is physical. More work (both experimental and theoretical) 

s therefore required to understand the water vapor self-continuum 

nd its temperature dependence. 

. Conclusion 

In conclusion, we have illustrated the necessity for the absorp- 

ion contribution induced by the water vapor continuum to be in- 

luded in the analysis of super-Earth/mini-Neptune transmission 

pectra. We show that the simulated transit depth can be altered 

y as much as 60 ppm, with the ppm differences for small, tem- 

erate exoplanets GJ 1214 b and K2-18 b sitting above the noise 

evel for a reasonable number of observations with the near-future 

pace telescopes JWST and Ariel. The CAVIAR data utilised in this 

ork exhibits an inverse temperature dependence, meaning that 

older atmospheres are more significantly impacted by absorption 

rom the water continuum, hence omitting its contribution is far 

ore impactful for low-temperature atmospheres. Thus, it is essen- 

ial that the exoplanet spectroscopy field adopts the use of more 

daptive cross-sections, built as functions not only of temperature 

nd pressure but also of molecular abundance; in particular includ- 

ng the effect of the water continuum specifically for the case of 

 2 O. 
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