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Opacities:  Why do we care?

They are a critical input to exoplanet atmosphere models (like these)


…allowing us to predict, motivate, and interpret observations with HST, Spitzer, and 
ground-based telescopes (like these); and in the coming years JWST and the ELTs
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Types of Opacities

• Line opacities (i.e. bound-bound)


• Bound-free and free-free opacities (e.g. H-)


• Collision-induced absorption (CIA)


• Scattering opacities
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Line Opacities

Especially important for high-resolution spectroscopy, in which the 
planetary signal is recovered by cross correlating the data against a 
model template spectrum.  If the model has incorrectly placed spectral 
lines, the signal will fail to be recovered.

Model high-res. hot Jupiter transmission spectrum:

Miller-Ricci Kempton & Rauscher., ApJ, 2012



Line Opacities

• Databases such as HITRAN and ExoMol provide line lists


• Line lists typically contain hundreds to billions of individual transitions


• Line lists are generated from experiments and/or ab initio calculations 
and may be incomplete or contain errors


• Lines need to be broadened with a line profile function to produce 
realistic opacities

Line Strength:



Line Broadening – the Voigt Profile



Line Broadening – the Voigt Profile

Doppler Profile:

Lorentz Profile:



Line Broadening – the Voigt Profile

Doppler Profile:

Lorentz Profile:

Depends on 
temperature only

Depends on properties of 
collisional partners (!)


(see e.g. Gharib-Nezhad & Line, 2019)



Line Lists Specify inputs Compute opacities



Line Lists Specify inputs Compute opacities

energies and frequencies in these lists are normally of
high precision. In contrast, such precision with ab initio
methods is particularly difficult, owing to micro perturba-
tions in the molecular motion not entirely described by
the available potential-energy surfaces (PES). The big
advantage of theoretical lists arises from the fact that all
lines are computed from a single self-consistent solution,
while terrestrial databases are in general a collection of
values obtained from diverse experiments employing
different calibration techniques, which consequently give
rise to inconsistencies in these databases. In general,
terrestrial databases suffer mainly from inconsistencies

in the reported intensities (see Section 2.1 (H2O) in [29]),
while ab initio databases are impacted by imprecise
frequencies and energies.

We also encountered certain discrepancies in the
reported symmetries and line identifications for both
types of databases (see Tables 1 and 2). We tested the
accuracy of reported symmetries (ortho and para, for
water) by comparing the reported statistical weights to
values computed from the reported ro-vibrational quanta.
Ortho (para) levels correspond to an even (odd) sum of
the quantum numbers Ka, Kc, and n3 (the number of n3

quanta). The ro-vibrational identifications (ID) were

5770K5770K

0.2

0.6

1.0

Re
la

tiv
e 

flu
x

0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

Frequency [cm-1] Frequency [cm-1]

E-16

E-20

E-24

E-28

E-24

E-20

E-16

In
te

gr
at

ed
 in

te
ns

ity

1,000,000

1,000

1
10

100

10,000
100,000

Nu
m

be
r o

f l
in

es

0.2

0.6

1.0

E-20

E-24

E-28

E-33

E-28

E-24

E-20

Integrated intensity
Relative flux

E6

E4

E2

E0

Num
ber of lines

Solar blackbody
T

Earth (296K)
Mars (210K) Solar blackbody

T

Earth (296K)
Mars (210K)

BT2
HITEMP

HITRAN
GEISA

VTT
HITEMP

HITRAN
GEISA

VTT
HITEMP

HITRAN
GEISA

BT2
HITEMP

HITRAN
GEISA

Water (H O) Deuterated water (HDO)

Fig. 1. Comparison of the five principal spectroscopic databases of water (H2O; left) and of deuterated water (HDO; right). The upper panel shows
normalized blackbody radiation curves for characteristic temperatures of Mars, Earth and the Sun. The middle panel shows integrated line intensities
(cm!1 molecule cm!2) for the four databases within 10 cm!1 spectral bins at a temperature of 296 K. The lowest panel shows number of lines within
10 cm!1 spectral bins.
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Fig. 2. Comparison of the energy-level characterization of HITRAN, SELP, HITEMP, BT2, VTT, and HDO-IUPAC databases. The leftmost and rightmost
panels show the level density from 0 to 30,000 cm!1 considering 300 cm!1 bins for H2O and HDO, respectively. The middle panels show histograms of
the difference in energy between BT2/VTT and semi-empirical values where the databases have matching ro-vibrational identifications (see the text for
details). The theoretically calculated energies of BT2 and VTT were corrected used information from the semi-empirical databases when the difference
was lower than 0.3 cm!1 (dotted lines)—see Tables 1 and 2.

G.L. Villanueva et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 202–220206

Several databases to choose from

•Databases differ in completeness 

•Sometimes data does not exist for 
the problem at hand

Villanueva+2012

•Data must be pre-processed
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Fig. 2. Comparison of the energy-level characterization of HITRAN, SELP, HITEMP, BT2, VTT, and HDO-IUPAC databases. The leftmost and rightmost
panels show the level density from 0 to 30,000 cm!1 considering 300 cm!1 bins for H2O and HDO, respectively. The middle panels show histograms of
the difference in energy between BT2/VTT and semi-empirical values where the databases have matching ro-vibrational identifications (see the text for
details). The theoretically calculated energies of BT2 and VTT were corrected used information from the semi-empirical databases when the difference
was lower than 0.3 cm!1 (dotted lines)—see Tables 1 and 2.

G.L. Villanueva et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 202–220206

Several databases to choose from

•Databases differ in completeness 

•Sometimes data does not exist for 
the problem at hand

Bar to entry is relatively high
Villanueva+2012

•Data must be pre-processed
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Effect of choosing different line profiles: 

• H2-Broadened 
• H2O-Broadened

Effect of choosing different line-lists: 

• Line-lists from ExoMol 
• Line-list from MeCaSDa

A

B

Figure 1: Choices in computing opacities will affect interpretation of exoplanet atmospheres. Spectra
in top panel, derived in Yurchenko et al. (2014), show how using different line lists to compute opacities
leads to different models of the same planet. Spectra in the bottom panel show how using different line
profiles can lead to different models of the same planet.

terrestrial worlds will also require an analysis of the chemical makeup of the atmosphere (Mead-
ows and Seager, 2010). Essentially all observations of exoplanet atmospheres with remote sensing
spectroscopy, will require measuring the abundances of key molecules such as H2O, CO, CH4, or
CO2, as well as dozens of other molecules for which the fundamental data is currently lacking.
Because opacities are required as input to nearly all atmospheric models that will be used
to interpret exoplanet atmosphere data, this program will be a significant resource for all
future NASA missions, and many groups reliant on opacity data for exoplanet atmospheres
research.

Several studies have sought to determine how different assumptions in theoretical models shape
our ability to robustly interpret exoplanet spectroscopic observations (e.g. Rocchetto et al., 2016;
Baudino et al., 2017). Significantly less work has been done to determine how various assumptions
in our computation of molecular opacities affect our interpretation of the data – even for the most
relevant molecules. This in part due to the complexity and computational intensity of computing
opacities, and the unavailability of a bespoke exoplanet opacity database. However, just as in
theoretical modeling, there are numerous fundamental assumptions/choices in deriving opacities
that will affect a theorist’s resultant interpretation (Sharp and Burrows, 2007). The two that are
perhaps most important are:

1. The source for line list data: Line lists describe the transitions of each molecule/atom and
can be computed either by theoretical calculations (e.g. ExoMol; Tennyson et al. (2016))
or a mixture of direct observations, theoretical calculations, and semi-empirical values (e.g.
HITRAN; Gordon et al. (2017)).

2. The line profile choice: All lines must be pressure broadened using a suitable profile, which
can deviate significantly based on how the gas is broadened (e.g. broadened by itself, by H2,
or by another dominant molecule) (Freedman et al., 2014; Hedges and Madhusudhan, 2016).

Figure 1A shows the resultant transmission spectra of identical planet systems with CH4 as
the dominant opacity source. One spectrum (black) has been computed using a theoretical line

2

Choose:  
• Line list 
• Choose broadening 

profile 
• Choose P, T, R grid  
• Choose line width 

cutoff

Bar to entry is 
relatively high

No community standards, 
profiles to benchmark 

against
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in the reported intensities (see Section 2.1 (H2O) in [29]),
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frequencies and energies.

We also encountered certain discrepancies in the
reported symmetries and line identifications for both
types of databases (see Tables 1 and 2). We tested the
accuracy of reported symmetries (ortho and para, for
water) by comparing the reported statistical weights to
values computed from the reported ro-vibrational quanta.
Ortho (para) levels correspond to an even (odd) sum of
the quantum numbers Ka, Kc, and n3 (the number of n3
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Fig. 2. Comparison of the energy-level characterization of HITRAN, SELP, HITEMP, BT2, VTT, and HDO-IUPAC databases. The leftmost and rightmost
panels show the level density from 0 to 30,000 cm!1 considering 300 cm!1 bins for H2O and HDO, respectively. The middle panels show histograms of
the difference in energy between BT2/VTT and semi-empirical values where the databases have matching ro-vibrational identifications (see the text for
details). The theoretically calculated energies of BT2 and VTT were corrected used information from the semi-empirical databases when the difference
was lower than 0.3 cm!1 (dotted lines)—see Tables 1 and 2.
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Figure 1: Choices in computing opacities will affect interpretation of exoplanet atmospheres. Spectra
in top panel, derived in Yurchenko et al. (2014), show how using different line lists to compute opacities
leads to different models of the same planet. Spectra in the bottom panel show how using different line
profiles can lead to different models of the same planet.

terrestrial worlds will also require an analysis of the chemical makeup of the atmosphere (Mead-
ows and Seager, 2010). Essentially all observations of exoplanet atmospheres with remote sensing
spectroscopy, will require measuring the abundances of key molecules such as H2O, CO, CH4, or
CO2, as well as dozens of other molecules for which the fundamental data is currently lacking.
Because opacities are required as input to nearly all atmospheric models that will be used
to interpret exoplanet atmosphere data, this program will be a significant resource for all
future NASA missions, and many groups reliant on opacity data for exoplanet atmospheres
research.

Several studies have sought to determine how different assumptions in theoretical models shape
our ability to robustly interpret exoplanet spectroscopic observations (e.g. Rocchetto et al., 2016;
Baudino et al., 2017). Significantly less work has been done to determine how various assumptions
in our computation of molecular opacities affect our interpretation of the data – even for the most
relevant molecules. This in part due to the complexity and computational intensity of computing
opacities, and the unavailability of a bespoke exoplanet opacity database. However, just as in
theoretical modeling, there are numerous fundamental assumptions/choices in deriving opacities
that will affect a theorist’s resultant interpretation (Sharp and Burrows, 2007). The two that are
perhaps most important are:

1. The source for line list data: Line lists describe the transitions of each molecule/atom and
can be computed either by theoretical calculations (e.g. ExoMol; Tennyson et al. (2016))
or a mixture of direct observations, theoretical calculations, and semi-empirical values (e.g.
HITRAN; Gordon et al. (2017)).

2. The line profile choice: All lines must be pressure broadened using a suitable profile, which
can deviate significantly based on how the gas is broadened (e.g. broadened by itself, by H2,
or by another dominant molecule) (Freedman et al., 2014; Hedges and Madhusudhan, 2016).

Figure 1A shows the resultant transmission spectra of identical planet systems with CH4 as
the dominant opacity source. One spectrum (black) has been computed using a theoretical line
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PROGRAM GOALS: STEPPING STONE TO INCREASING ACCESSIBILITY OF OPACITIES
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Visualize 
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Manipulate 
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my model”
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USER STARTS HERE

Initial request for 
T,P,R power, and 

wave range

seconds-minutes

Go to temporary 
memory

Store permanently
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maintenance 
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Science 
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Other ideas for increased productivity?



PROGRAM PHILOSOPHY: OPEN TO COMMUNITY

Public Slack account with space for Q&A, discussion, and code announcements 

Public Trello boards where users can see upcoming tasks, releases

Dedicated testing phases with monthly team hack sessions

Hosting tutorials at the 1st ERS Program 1366 data challenge

Development is open process. Website coming soon to get involved, submit 
feature requests 



DISCUSSION

• What data products do you need the most? Aggregated line 
lists? Opacities? Correlated-K Tables 

• What features do you need? E.g. Query small subsets of 
data? Is there code that is missing 

• Are there missing molecules? 

• What is most time sensitive? 

• Anything else! 


