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Opacity Needs for Atmospheric 
Modeling Applications (1)

• Line by line: molecules and atoms


• Line shapes - widths - especially 
for predicted data that may 
extend to very high J values


• CIA [Collision Induced]


• Simple Scattering by gases - and 
electrons


• H- at the highest temperatures


• Solids not considered by me at 
present but are added into models 
as a continuum

500 K

2000 K

log g=5, solar composition 

brown dwarf model set

Marley et al. (in prep.)



• Special Cases: Alkali atoms


• Methods to handle very large data sets such as CH4 : 
HNO3 : H2O2 :etc.


• Discussion of more sophisticated techniques such as 
statistical sampling, separating weak and strong lines, 
etc.


• Future needs

Opacity Needs for Atmospheric 
Modeling Applications (2)



Data Sources
• Hitran - large number of species - vetted data with line width information for air/

self broadening although that will be expanded in the future 


• Astrophysical sources - analysis of cool stars & the sun: planets in our solar 
system


• Laboratory measurements - challenging at high temperatures and pressures but 
some examples will be shown


• Theoretical Predictions - complex for large systems with many atoms


• Alkali Atoms - Nicole Allard : CIA - Didier Saumon and collaborators


• For Diatomics more options exist that allow for on-site calculations: such as 
programs supplied by LeRoy, for example


• Check out the various web sites for program sources and bibliographies: Check 
Hitran website for extensive information



The line by line program
• Based on very old program from Hitran group: Fascode !


• Input data the usual: line list with positions, strengths, widths - 
partition functions - mass of each species, etc.


• main points of discussion: choice for generation of the Voigt profile 
and the grid spacing - constant, variable with wavenumber?


• For Voigt profile: need a certain level of accuracy over a range of 
physical inputs


• For the grid spacing do we need to resolve each line [?] but how well ?


• Timing for huge data sets



• Currently using routine due to Letchworth-Benner [JQSRT 2007]


• Note that this routine looses accuracy when Z is near the real 
axis [small a]


• Several available Voigt routines suffer from this same problem


• More accurate at small “a” : Modified Humlicek or routine in 
libcerf [Zaghloul]


• Exocross routine claims that the Humlicek routine can be 
vectorized to greatly increase the speed: may not work on a 
typical workstation


• Routines due to Weideman ?



Question of Grid Spacing
• Since 1/e doppler width: 𝝂/c√2KT/m grows with wavenumber an 

efficient grid spacing would also grow linearly with wavenumber. 


• This would allow the proper resolution at low pressures, for example, 
where the line widths would be controlled by the doppler width. 


• Currently I am using a constant spacing grid and any change in the 
future would have to be carefully considered as our models require 
the individual opacities from each species to be weighted by their 
relative abundance based on a chemical model. 


• They are then added up along with the CIA absorption and any other 
opacities into a single layer that can be used along with all the other 
layers in creating a model of the atmosphere.



Problems with line shapes 
and broadening

• The pressure broadening widths and line shapes, especially in the 
far wings of lines are important contributions to the uncertainties in 
these calculations and also affect how these spectra are used in 
applications such as cross correlation studies


• The band edges of important absorbers can determine where there 
are “windows” in the spectrum [absorption coefficients] - this is 
where much of the flux will emerge in these objects and will 
influence the design [spectral range covered/resolution] of 
instruments on large telescopes and projects such as JWST


• For many of the objects of interest in the field of brown dwarfs and 
extra solar planets the main broadening agents will be H2 and He. 
For the hottest objects broadening by H atoms must be considered



How to handle the lack of line 
broadening data for high J values
• Many line lists produced by various groups using quantum 

chemistry methods extend up to very high J values far beyond 
the available data on line widths


• These high J lines which become stronger at higher 
temperatures are important in determining the exact structure of 
the “window” regions for each individual species and a lack of 
knowledge of the line widths is a real impediment to a 
calculation - it may also determine how far out one decides to 
extend the line wings as a function of temperature and pressure


• Possible that at high J values if there are no resonances 
between the broadener and the molecule of interest that the 
widths will reach a minimum ?



For Future Work - question 
of line extents and far wings
• Since exception the line extent has been controlled by a simple 

formula to try to capture most of the opacity. Other groups use 
similar techniques but at the highest pressures [which are deep in 
the atmospheres] the extension needed is unclear


• However, this leaves a lot to be desired and does not take into 
account the possible sub-Lorentzian nature of the far wings


• Example of the CO2 bands on Venus


• My current software setup needs extensive work - study to find a 
consistent solution to this problem


• Cross correlation studies need accurate line widths - examples later



~50 bar

~50 bar

~20 bar
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      NH       3.420450 cm-1  16822.643983 cm-1         10425
     SO3       0.039673 cm-1   2824.347247 cm-1         14295
      H2       3.226800 cm-1  36405.367200 cm-1         15055
     LiH       1.419200 cm-1  19589.373300 cm-1         18982
      CP     374.384900 cm-1  15037.950300 cm-1         28752
      SH       0.000429 cm-1  27771.455259 cm-1         81348
      CH      18.095800 cm-1  39128.536930 cm-1        104432
    H2O2       0.043110 cm-1   1730.370600 cm-1        126983
     TiH    4742.610000 cm-1  23832.470000 cm-1        159131
      CN      18.641000 cm-1  52348.353400 cm-1        195112
      PN       0.168721 cm-1   6498.001685 cm-1        292174
     CH4       0.001063 cm-1  11501.872500 cm-1        450332
    HNO3       0.006731 cm-1   1769.982240 cm-1       1008972
     ScH       0.000030 cm-1  15811.112932 cm-1       1152826
    NaCl       0.000771 cm-1   2457.767600 cm-1       1413391
     BeH       0.000715 cm-1  42911.078748 cm-1       2042351
      PO       0.000001 cm-1  11999.995368 cm-1       2096251
      CS       0.971438 cm-1  47190.414309 cm-1       4261855
     KCl       0.111720 cm-1   2927.254094 cm-1       5307060
    GeH4      20.431000 cm-1   6199.995300 cm-1       6025370
     CH4       1.568900 cm-1  13399.999400 cm-1      17045164
     AlO       0.000001 cm-1  34999.996532 cm-1      20326704
     CaO       0.000001 cm-1  24996.068341 cm-1      28417909
      PS       0.000001 cm-1  36672.289801 cm-1      30394445
     NH3       0.000002 cm-1  11999.999997 cm-1    1221710294
     SO2       0.000106 cm-1   7999.999998 cm-1    1402280350
    HNO3       0.000471 cm-1   6999.999998 cm-1    6722194217
    H2O2       0.000001 cm-1   7997.210582 cm-1   19873562928
     SO3       0.000002 cm-1   4999.999950 cm-1   21408551929
    SiH4       0.000002 cm-1   4999.999950 cm-1   62690449078
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ABSTRACT

We present new calculations of Rosseland and Planck gaseous mean opacities relevant to the atmospheres of giant
planets and ultracool dwarfs. Such calculations are used in modeling the atmospheres, interiors, formation, and
evolution of these objects. Our calculations are an expansion of those presented in Freedman et al. to include lower
pressures, finer temperature resolution, and also the higher metallicities most relevant for giant planet atmospheres.
Calculations span 1 µbar to 300 bar, and 75–4000 K, in a nearly square grid. Opacities at metallicities from solar to
50 times solar abundances are calculated. We also provide an analytic fit to the Rosseland mean opacities over the
grid in pressure, temperature, and metallicity. In addition to computing mean opacities at these local temperatures,
we also calculate them with weighting functions up to 7000 K, to simulate the mean opacities for incident stellar
intensities, rather than locally thermally emitted intensities. The chemical equilibrium calculations account for the
settling of condensates in a gravitational field and are applicable to cloud-free giant planet and ultracool dwarf
atmospheres, but not circumstellar disks. We provide our extensive opacity tables for public use.

Key words: brown dwarfs – opacity – planets and satellites: atmospheres – radiative transfer – stars: atmospheres

Online-only material: color figures, machine-readable tables

1. INTRODUCTION

A quantitative understanding of radiation transport in the cool
molecule-dominated regions in planetary and ultracool dwarf
atmospheres is essential to many aspects of understanding the
temperature structure, thermal evolution, and formation of these
objects.

In Freedman et al. (2008, hereafter F08), we presented a
detailed discussion of atomic and molecular line opacities used
by our group in modeling the atmospheres of brown dwarfs and
giant planets (e.g., Marley et al. 2002, 2010; Fortney et al. 2005,
2008; Saumon & Marley 2008). Since mean opacities can also
be widely used in many contexts, in F08 we also computed
Rosseland and Planck mean opacities from 75 to 4000 K,
0.3 mbar to 300 bar, at metallicities of [M/H] = –0.3, 0.0,
and +0.3. These tabulations have since found wide use in
the communities working to understand giant planet formation
(e.g., Mordasini et al. 2012; Bodenheimer et al. 2013), the
temperature structure of giant planet atmospheres (e.g., Paxton
et al. 2013), and planetary and ultracool dwarf thermal evolution
(e.g., Batygin et al. 2011; Valencia et al. 2013; Paxton et al.
2013).

Here we extend our previous work in a number of impor-
tant aspects. In addition to updates in opacities of particular
molecules (described below), these new calculations are per-
formed over a much larger phase space. Mean opacity calcula-
tions at pressures from 1 µbar to 300 bars and 75 to 4000 K are
presented, which is a much larger range in pressure, in particular
at higher temperatures and lower pressures, compared to F08.
The overall temperature resolution of this compilation is also
much finer. Furthermore, we present calculations over a wide
range of metallicities, from solar up to [M/H] = +1.7 (∼50×
solar), in several increments. These high metallicities may

well-approximate the metal-rich atmospheres of giant planets,
up to levels of the solar system’s ice giant planets, Uranus and
Neptune (Guillot & Gautier 2009). Finally, for use in models of
irradiated planetary atmospheres, we calculate mean opacities
where the temperature in the weighting function is not the lo-
cal temperature, but rather stellar blackbody temperatures from
3000 to 7000 K, to simulate mean “incident flux” or “visible”
opacities to understand the absorption of incident stellar flux in
planetary atmospheres.

2. SOURCES OF OPACITY AND
CHEMICAL ABUNDANCES

Modern calculations of warm planetary atmospheres must
draw from a variety of databases, including HITRAN (Rothman
et al. 2009), HITEMP (Rothman et al. 2010), ExoMol (Tennyson
& Yurchenko 2012), and other sources. Sharp & Burrows (2007)
and F08 provided excellent overviews of available opacities
for giant planet and brown dwarf atmosphere modeling. Much
of this information remains current. Our major changes since
F08 are in ammonia, molecular hydrogen collision-induced
absorption (CIA), methane, and carbon dioxide. For NH3 the
updated reference is Yurchenko et al. (2011), which is a first-
principles calculation for temperatures up to 1500 K, which
replaces our use of HITRAN. For H2 CIA we use Richard
et al. (2012) in place of previous work by Borysow (2002). In
our recent work on brown dwarf model atmospheres, we have
found these new opacity databases provide better fits to observed
brown dwarf spectra (Saumon et al. 2012; Morley et al. 2012).

Two very recent opacity calculations for methane and car-
bon dioxide are now included. For methane we make use
of the new first-principles line lists of Yurchenko et al.
(2013) and Yurchenko & Tennyson (2014), which replaces our
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Some Laboratory Work of 
Interest

• Work on high temperature and high pressure cells


• Several groups are actively pursuing laboratory data in this 
area - see abstracts of Hitran 2018 for more examples


• The Hitran 2018 Conference has more information on new 
work planned in this area



Gas cell based on optical contacting for fundamental
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a b s t r a c t

A gas cell, using optically contacted sapphire windows to form a hot vapor seal, has been
created for high temperature fundamental spectroscopy studies. It is designed to operate
at temperatures from 280–2273 K and pressures from vacuum to 1.3 bar. Using the cell in
conjunction with an external cavity diode laser spectrometer, a reference H2O vapor
absorption spectrum at P¼0.023570.0036 bar and T¼172376 K was measured with
0.0001 cm"1 resolution over the 7326–7598 cm"1 range. Comparison of the measured
spectrum to simulations reveals errors in both the HITEMP and BT2 databases. This work
establishes heated static cell capabilities at temperatures well above the typical limit of
approximately 1300 K set by quartz material properties. This paper addresses the design
of the cell as well as the cell's limitations.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Many applications within the field of spectroscopic
measurement make use of high-temperature spectroscopic
databases for small molecules, including H2O, OH, CO2, CO,
NO, and O2. A variety of techniques have been developed for
high-temperature studies across a broad range of applica-
tions including radiative heat transfer [1,2], combustion
[3–5], astronomy [6–8], and gas dynamics [9,10]. Typically,
spectroscopic parameters for individual molecular transi-
tions are extracted from databases such as the HITEMP-
2010 [11] database and used to simulate spectral features.
For example, molecular spectra for many small molecules
are simulated using SpectraPlot [12] or Spectralcalc [13]. By
comparison of measured and simulated spectra, gas prop-
erties such as temperature, pressure, emissivity, velocity,

mole fraction and molecular composition can be inferred.
Spectral parameters contained in the databases are gen-
erally obtained from theoretical calculations informed by
experimental measurements. Unfortunately, database
parameters such as line intensity, linecenter, and lower-
state energy often include errors, especially for transitions
that are relevant at high temperature. These errors limit the
accuracy with which a spectrum can be modeled, and in
turn reduce the accuracy of measurements inferred from
comparison of measured spectra with the model.

Numerous spectroscopic studies aimed at improving
and/or validating high-temperature databases have been
conducted in flames [7,14], shock tubes [15–17], and gas
cells [18–24]. For such quantitative spectroscopic studies,
it is most useful to measure high-resolution spectra with
broad spectral coverage. A summary of desirable gas
sample conditions are listed in Table 1.

Considering these desired gas conditions, a static gas cell
provides adequate temperature uniformity and stability with
the least experimental complication. Stable cell conditions

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jqsrt

Journal of Quantitative Spectroscopy &
Radiative Transfer

http://dx.doi.org/10.1016/j.jqsrt.2016.04.009
0022-4073/& 2016 Elsevier Ltd. All rights reserved.
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And Now, some actual examples of these 
techniques applied to real problems

• Cross correlation studies: H2O & TiO for example - see 
paper by McKemmish, et al. Problem of needing very 
accurate line positions - what about line shifts - usually 
not the biggest problem as the observations for these 
studies are done in the upper part of the atmosphere of 
exoplanets where the pressure is generally low. The 
current line list for TiO due to Schwenke did not seem to 
have accurate enough wavenumbers to satisfy the needs 
of a cross correlation study. Recalculate with better line 
positions. H2O is also a candidate as many studies have 
been done to try to quantify the presence of water vapor.



• For cross correlation studies it is necessary to derive 
accurate physical parameters of the object being observed 
including a value of Vsin(i) [the inclination of the rotational 

axis to the line of sight]


• If there are significant errors in the line pressure 
broadening widths this will lead to values for Vsin(i) that 

are not physically meaningful - values of hundreds of Km/
sec or more


• This greatly complicates any attempt to use cross 
correlation methods  











Peering into the physics of brown 
dwarfs: spectroscopy with JWST/
NIRSpec 

Catarina Alves de Oliveira, European Space Agency 
JWST/NIRSpec Instrument & Calibration Scientist 
 
 
Collaborators:  
R. Parker (LJMU), P. Tremblin (CEA) 
and the NIRSpec team 



Y dwarfs - NIRSpec simulations 

Atmospheric models from  
Tremblin+2015 & Morley+2014 
 
Y dwarf: 
Teff: 450K 
logg: 4 
distance: 5 pc 
 
Simulations:  
NIRSpec, 15 minutes on-source 

! Can NIRSpec observations of Y dwarfs distinguish between different 
model predictions? JWST/NIRSpec, PRISM, ~15 minutes 

CH4 
H2O 

NH3 NH3 NH3 NH3 NH3 

CH4 CH4 CH4 
H2O 

H2O 

NH3 



Y dwarfs - NIRSpec simulations 

! Can we observe Y dwarfs at different temperatures? 

Atmospheric models from  
Morley+2014 
 
Y dwarf: 
Teff: 450K, 350K, 250K 
logg: 4 
distance: 5 pc 
 
Simulations:  
NIRSpec, 1 hour on-source 

JWST/NIRSpec, PRISM, ~1hour 



Y dwarfs - NIRSpec simulations 

! Can we extend the study of cool atmospheres to the lowest temperature 
Y dwarf known? 

Atmospheric models from  
Morley+2014 
 
Y dwarf (e.g., WISE0855): 
Teff: 250K 
logg: 4 
distance: 2.3 pc 
 
Simulations:  
NIRSpec, 1 hour on source 

JWST/NIRSpec, PRISM, ~1 hour 
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Fig. 1.— Collision-induced absorption coefficient for H2-H2 collisions at T = 500, 1000 and
2000K, from bottom to top, respectively. Each broad peak corresponds to a change in the

vibrational quantum number of ∆υ = 0, 1, 2... from left to right, respectively. The calcula-
tions of Borysow and collaborators (Borysow et al. (2001); Borysow (2002), and references

therein) and the recent work of Abel & Frommhold (Frommhold et al. 2010; Abel et al.
2011) are shown in red and blue, respectively. 1 amagat= 2.6867774 × 1019 cm−3. [See the

electronic edition of the Journal for a color version of this figure.]
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Fig. 2.— Same as Figure 1 for H2-He CIA. The older calculation labeled “Borysow” is
from Borysow et al. (1989), Jorgensen et al. (2000), and references therein. The “Abel &

Frommhold” calculation is from Abel et al. (2012). [See the electronic edition of the Journal

for a color version of this figure.]
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photon count of the planet, lDB T( *) is the blackbody radiation
integrated over a wavelength band (i.e., ò l lDl lD

B T d( *) ),
and h is the Planck constant.

Figure 7 plots the theoretical (solid line), mock (cross), and
blackbody (dotted lines) secondaryeclipsedepth spectra
for(a) Teq = 3000 K,(b) 2500 K, and(c) 2300 K. When
calculating the mock spectra, we use the false normal random
number generation circuit (William et al. 1996)and include the
statistical noise, assuming the normal distribution with the
standard deviation s = N* . We assume A = (5/2 m)2 as a
fiducial value, roughly corresponding to that of theJames
Webb Space Telescope (JWST; Clampin 2008), and that R
= 100 in 0.3–1 μm and 10 in 1–100 μm, tobs = 10 hr, and
d = 100 pc. The blackbody spectra are calculated from
Equation (17) with the assumption =l lF B T( )p, .

As demonstrated in Figure 7, the spectral features of Na, K,
and SiO are represented by the blackbody spectra with different
temperatures (i.e., brightness temperature Tbr). For example, in

the case of Teq = 3000 K (see Figure 7(a)), Tbr � 3200 K at
10 μmand 2700 K at 4 μm owing to SiO. Additionally,
although not shown, Tbr � 3500 K at 0.6 μm and 0.8 μm
(which are due to Na and K, respectively)and 3100 K at
100 μm (SiO). At the other wavelengths, �T Tgbr (e.g.,
Tbr = 2350 K for Teq = 3000 K), because the atmosphere is
optically thin at those wavelengths.
Comparing the mock spectra with the blackbody spectra, one

can quantify the detectability of the spectral features of Na, K,
and SiO. The error bars become larger in both shorter- and
longer-wavelength regions, because the number of incident
photons (i.e., lDB T( *)) is small in such wavelength regions.
Also, the values of R, which are assumed to be 100 in
0.1–1 μm and 10 in 1–100 μm, affect the value of lD(S N) . As
shown in Figure 7(a), the spectral features of SiO are
sufficiently detectable at 4, 10, and 100 μm for
Teq = 3000 K. The SiO feature is also sufficiently detectable
at 10 μm for Teq = 2500 K (Figure 7(b)), while the feature is
marginally undetectable for Teq = 2300 K (Figure 7(c)).
The S/N for detecting the line absorption spectral feature of

the secondary eclipse depth is generally smaller than that for
the secondary eclipse detection. Thus, we define the secondary
eclipse depth relative to that with no atmospheric feature (i.e.,
blackbody with Tg), hl lD, , as

òh
l
l

º
-

Dl l
l

l l l l

l
D

+D � �

�
( )T d

, (21)
g

,
BB,

where l� T( )gBB, is the secondary eclipse depth by the
blackbody radiation with Tg. Using hl lD, , we estimate the
detectability of the line spectral features. From Equations (20)
and (21), we introduce a new quality, lD(S N)L, , which is
defined as

h=l l l lD D D(S N) (S N) . (22)L, ,

When lD(S N)L, is sufficiently large, we can detect the line
spectral feature of the secondary eclipse depth. Thus, if the
minimum value of lD(S N)L, required to detect a line spectral
feature, lD∣ ∣(S N)L, min, is 3, hl l lD D⩾(S N) 3 , is required to
do so.
Figure 8(a) shows hl lD, for Teq = 3000 K (red), 2500 K

(green), and 2300 K (blue) withR = 100 in 0.3–1 μm and 10
in 1–100 μm. As shown in Figure 8(a), hl lD, takes large values
at some wavelengths, because of the strong line features:
h ~l lD, 1 at 0.6 μm (Na) and ∼0.35 at 10 μm (SiO) for
Teq = 3000 K (red). hl lD, is large at ∼4 μm because of the SiO
feature peak only for Teq = 3000 K (red), since the SiO feature
is weaker than Na and K features for Teq = 2300 and 2500 K.
Also, Figure 8(b) shows hl l lD D∣ ∣(S N)L, min , º lD∣ ∣( (S N) )min

for Teq = 3000 K (red), 2500 K (green), and 2300 K (blue),
assuming lD∣ ∣(S N)L, min = 3 as a minimum fiducial value to
detect the line spectral feature withR = 100 in 0.3–1 μm and
10 in 1–100 μm. We obtain that lD∣ ∣ 1(S N) min 100 around 4,
10, and 100 μm; for example, lD∣ ∣(S N) min � 60 at 10 μm for
Teq = 2300 K (blue) and lD �∣ ∣(S N) min 10 at 4 μm for
Teq = 3000 K (red). Thus, observation of an HRSE in
secondary eclipse can detect the components of the mineral
atmosphere such as Na, K, and SiO, provided that its S/N is
larger than lD∣ ∣(S N) min.

Figure 6. Predicted dayside-averaged emission spectra of a hot rocky super-
Earth of 2 ÅR in secondary eclipse that has a mineral atmosphere in equilibrium
with an underlying BSE magma ocean. The secondary eclipse depth (see
Equation (17)) is shown as a function of wavelength in the range of (a)
0.1–100 μm and (b) 0.3–1 μm. The inset in panel (a) is an enlarged view of the
spectra in 3–5 μm. Five equilibrium temperatures are chosen: Teq = 1800 K
(black), 2000 K (cyan), 2300 K (blue), 2500 K (green), and 3000 K (red). The
corresponding atmospheric structures are shown by dashed lines in Figure 4.
The host star is assumed to be a Sun-like star with radius of 1 :R (i.e., the
planetary/stellar radius ratio being 0.02) and emitting a blackbody radiation of
6000 K.
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Conclusions
As observations improve and line data sets expand more attention  
will have to be paid to problems that were either ignored or could 
not be easily addressed. In the future large, ground based 
telescopes could provide much higher resolution data in the IR 
regions that are accessible from the ground and this may require a 
constant re-examination of the techniques being used in 
generating opacities for both modeling and for comparison with 
high quality observations.



