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I-1. Brief Report on the Status and Future
Directions of the HITRAN Database

I. E. Gordon,* L. S. Rothman,* Y. Tan,* R. V. Kochanov,*
R. J. Hargreaves,” E. K. Conway ¢

¢ Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge MA 02138-1516, USA

HITRAN2016! is the current official release of the database. A brief explanation of
the extensions and improvements with respect to the previous compilation (HITRAN20122)
will be given. Some comments on the initial feedback to the database release will be
given. Examples of definite improvements of the quality and extent of the spectral pa-
rameters will be demonstrated with respect to applications. Some remaining problems
will also be shown and some immediate update plans will be explained.

The status and future plans for the HITEMP database® will also be discussed.

The HITRAN database is supported by NASA AURA and PDART program grants
NNX14AI55G and NNX16AGH1G.

1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).
L. S. Rothman, et al., J. Quant. Spectrosc. Radiat. Transf., 130, 4-50 (2013).
3L. S. Rothman, et al., J. Quant. Spectrosc. Radiat. Transf., 111, 2139-2150 (2010).
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I-2. Considerations for Sharing and Preserving
Research Software and Data

D. Bouquin®

® Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA

Access to research software and data are foundationally important to both the future
and the heritage of scientific research. Deep intellectual contributions are being made
by people building software that is increasingly unable to be decoupled from data itself.
Digital research artifacts like code in particular present new challenges to traditional
scholarly communication models and digital preservation practices as versioning and
authorship in these contexts are fluid. It is nevertheless essential that scientists are
encouraged to create these valuable resources and that practices are adopted to enable
people to share these complex, distributed, changing tools as easily as they share articles.
A brief overview of emerging best practices in this context will be presented along with
concrete actions scientists can take to make their research software and data more open,
citable, and persistent to ensure the legacy of their work.
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I-3. PNNL Databases for Atmospheric Monitoring

T. J. Johnson,* T. L. Myers,* S. W. Sharpe,” R. L. Sams,” R. G. Tonkyn,*
M. S. Taubman,” T. O. Danby,* J. C. Birnbaum ¢

®Pacific Northwest National Laboratory, Richland WA, USA

We will report technical details and content for three different PNNL infrared spectral
databases that are of utility to atmospheric scientists. The first is the original North-
west infrared (NWIR) gas-phase database sponsored by DOE: This data set contains
quantitative, gas-phase infrared spectra of 462 pure chemical species that can be used
for a variety of applications such as atmospheric monitoring, biomass burning studies,
threat detection, etc. It includes several background species as well as gases associated
with various energy production cycles. The data, recorded at 0.1 cm™' spectral reso-
lution, are pressure broadened to one atmosphere (N3) in order to mimic atmospheric
conditions. Each spectrum is a composite derived from multiple (10+) individual mea-
surements. The second database is also gas-phase and is technically identical to the first:
600 to 6500 cm ™! spectra recorded with gases pressure broadened to 760 Torr. This set
was sponsored by SERDP and includes 62 different molecules that are known or sus-
pected biomass-burning effluents, many being oxygenated volatile organic compounds
(OVOCs). The third, more recent, database is comprised only of liquids: In this effort,
sponsored by TARPA, we have derived the complex optical constants n and k for ~60
liquids by recording a series of quantitative spectra using cells of known path lengths.
Linear Beer-Lambert behavior is obtained in an iterative fashion using absorption bands
of both strong and weak intensities to get consistent values for k. Based on the method
of Bertie et al.! the real component n is then obtained using a refractometer to obtain
n followed by application of the Kramers-Kronig transform. Examples from each of the
three data sets will be discussed along with the experimental details, including both
strengths and limitations of the experimental data.

1J. E. Bertie, et al., Appl. Spectrosc., 47, 1100-1114 (1993).



SESSION I: Databases and Tools 5

I-4. Spectroscopic Toolbox for HITRAN

R. V. Kochanov,® I. E. Gordon,” L. S. Rothman,® Y. Tan,* C. Hill,
J. Karns,* W. Matt,® J. Lamouroux ¢

® Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics

Division, Cambridge, MA, USA

b Atomic and Molecular Data Unit, International Atomic Energy Agency, Vienna,
Austria

¢State University of New York at Oswego, Oswego, NY, USA

4 Independent Researcher, Paris, France

In this talk we give an overview of the current state and updates of the infrastructure
for the HITRAN! database. We will emphasize the new possibilities of data acquisi-
tion using the most recent version of the HITRAN Application Programming Interface
(HAPI, the description of the first version can be found in the corresponding paper?)
which is being developed in the HITRAN group. The HAPI toolkit is built upon the
object model, which include the basic spectroscopic entities and lets the user implement
the full cycle from downloading and parsing the data to obtaining complex molecular
spectra by a tiny amount of Python code. This new version (HAPI v2) extends the ca-
pabilities of the HAPI both in terms of the web-access (web-API) and the code (Python
SDK). The Python SDK (software development kit) is an open source project® which
will include additional features, such as additional line profiles, instrumental functions,
and line mixing. The web API extends the querying capabilities by providing the access
to meta-data for sources, as well as cross-sections for more than 300 molecules through
Python SDK. The graphical user interface (GUI) HAPIEST (HAPI and Efficient Spec-
troscopic Tools) will also be presented. The portable HAPIEST software is also available
on GitHub?* and enables the user to access the HAPI functionality without installation
of Python and its libraries.

1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).
2R. V. Kochanov, et al., J. Quant. Spectrosc. Radiat. Transf., 177, 1530 (2016).
3https://github.com/hitranonline/hapi
4https://github.com/hitranonline/hapiest
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I-5. Evaluation of the Spectroscopic Parameters of
Current Spectroscopic Databases, such as

GEISA-2015 and HITRAN-2016, in the Frame of
the New 2018 Release of GEISA

R. Armante,” A. Perrin,” N. Jacquinet,” N. Scott,” A. Chédin*

@ Laboratoire de Météorologie Dynamique, UMR 8539, Ecole Polytechnique, Route
départementale 36, F-91128 Palaiseau, France

The accuracy of molecular spectroscopy in atmospheric research has entered in a new
phase in the frame of remote sensing applications (meteorology, climatology, chemistry)
with the advent of highly sophisticated and resolved instrumentations.

The latest 2015 release of GEISA, including line parameters, cross-sections as well
as aerosols, has been described in Jacquinet et al.!

In parallel, the corresponding line parameters have been intensively validated us-
ing the powerful approach of the SPARTE chain? developed at LMD. For this release,
important conclusions have been obtained, especially for HyO, CO, and CH,.

GEISA and associated management software facilities are implemented and freely
accessible on the AERIS/ESPRI atmospheric data center website3. It is used on-line in
various domains like atmospheric physics, planetology, astronomy, astrophysics. GEISA
line parameter database is the reference for current or planned TIR/SWIR space mis-
sions, such as for IASI, IASI-NG, MERLIN, Microcarb.

Now, at LMD, we have initiated the next release of GEISA-2018, planned for the
end of this year. Using the SPARTE chain, and after a brief description of what will be
the main updates waited in GEISA-2018, we will give an overview of the current status
of the spectroscopy (GEISA-2015, HITRAN-2016, ...), as well as the preliminary results
of the validation of the first molecules updated in GEISA-2018 such as for H,O, COa,
03, NQO7 CO and CH4

IN. Jacquinet-Husson, et al., J. Mol. Spectrosc., 327, 31-72 (2016).
2R. Armante, et al., J. Mol. Spectrosc., 327, 180-192 (2016).
3https://cds-espri.ipsl.upme.fr /etherTypo/index.php?id=950&L=1
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I-6. MODTRANG Line-By-Line Algorithm
A. Berk,” F. Hawes,” T. Perkins
®Spectral Sciences Inc, Burlington MA, USA

A line-by-line (LBL) algorithm has been developed for use within the MODTRANG
atmospheric radiative transfer model. The model computes both emitted and scattered
line-of-sight radiances utilizing a spherical refractive geometry package and the DISORT
discrete ordinate model to solve the 1-D scattering problem. The MODTRANG6 LBL
method distinguishes itself from most other monochromatic models in that the radiative
transfer problem is solved at arbitrarily fine spectral resolution within disjoint and con-
tiguous 0.1 em~" steps, marching through the user-specified band pass. The advantage
of this approach is that the predominantly Lorentzian, temperature and pressure de-
pendent contributions to each 0.1 cm™! spectral bin from molecular transitions centered
more than 0.05 cm™! from the bin can be summed off-line and fit to a simple analytic
form. The line-shape of each molecular transition is explicitly modeled on-the-fly only
over a narrow 0.2 cm~! sub-region. The challenge of this approach is to ensure that spec-
tral discontinuities do not arise at spectral bin edges, where the method for modeling
absorption from individual molecular lines changes abruptly. Interpolations based on the
radiative transfer physics of the pre-computed line tail data are introduced to produce a
smooth transition across these edges. Spectral validations against LBLRTM verify the
fidelity of the approach. The new MODTRAN LBL algorithm is used to quantify the
accuracy of the MODTRAN band model and correlated-k statistical approaches under
varying conditions.
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I-7. Spectroscopic Databases for the VAMDC
Portal: New Tools and Improvements

C. Richard,” V. Boudon,* N. Moreau,” M.-L. Dubernet’

@ Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université
Bourgogne Franche-Comté, 9 Av. A. Savary, BP 47870, F-21078 Dijon Cedex, France

LERMA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne
Unwversity, UPMC' Univ Paris 06, 5 Place Janssen, F-92190 Meudon, France

Dijon spectroscopic databases include calculated line lists, in positions and inten-
sities, that are obtained from experimental spectroscopic analyses. They contain 6
molecules: CHy, Cy,Hy, CFy4, SFg, GeHy and RuO4 and are all compatibles with the
XSAMS (XML Schema for Atoms, Molecules, and Solids) format adopted with the Vir-
tual Atomic and Molecular Data Centre (VAMDC) Project. VAMDC, the worldwide
consortium which federates atomic and molecular databases through an e-science infras-
tructure, aims to provide a unique access point for scientists seeking the best atomic
and molecular data for their studies. So far, development of new tools allows to easily
download and compare data issued from different databases in a single XML document
or into the HITRAN2004 format. Making the comparison that easy will help data users
in the choice of data that best match their needs. It will also help data producers by
checking the consistency of their data.
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High Temperature Laboratory Measurements,

Atmospheric Retrievals, and Future Plans for
HITEMP

R. J. Hargreaves

® Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, 60 Garden Street, Cambridge, MA 02138, USA

This talk will overview my research in the field of spectroscopy. The first section
will discuss the motivations and observations of high temperature empirical line lists,
with emphasis on NH3 and CH,4, and how recent collaborations have combined both
theoretical and experimental methods to extend assignments and improve calculations.
Furthermore, for heavier molecules (e.g., CoHg) the challenge of producing line lists
is exacerbated at high temperatures, therefore experimental cross-sections have been
measured.

Next there will be a brief excursion into atmospheric retrievals of NH3 from nadir
viewing, hyperspectral sounding instruments (e.g., IASI). Full optimal estimation re-
trievals require large processing times, hence fast retrieval methods are required for
near-real time measurements. This talk will introduce the scaled linear retrieval tech-
nique, which aims to provide a better estimate for the total column of tropospheric
species (e.g., NH3) while remaining fast to compute.

Finally, the latest developments toward the upcoming release of HITEMP! will be
discussed. The current version of HITEMP contains five molecules (i.e., HoO, COs,,
CO, NO, and OH), however some molecules omitted due to limited or inaccurate high
temperature data, have now become important for the characterization of exoplanets,
cool stars and brown dwarfs (e.g., CHy). The next major update of HITEMP will
be discussed, with a brief description of the aims and difficulties that will need to be
addressed.

L. S. Rothman et al., J. Quant. Spectrosc. Radiative Transf., 111, 2139-2150 (2010).
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II-2. Frequency Comb Lasers in High-Temperature
Spectroscopy: Spectral Database Development to
Practical Field Measurements

P. Schroeder,” R. Cole,* J. Yang,* N. Malarich,® A. Draper,* M. J. Cich,’
B. J. Drouin,” G. B. Rieker®

¢ Precision Laser Diagnostics Laboratory, University of Colorado, 1111 Engineering
Drive, Boulder CO 80309, USA

b Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, CA 91109, USA

Frequency combs are a unique class of lasers that emit hundreds to hundreds of
thousands of distinct, equally-spaced wavelength elements (‘comb teeth’). Dual comb
spectroscopy (DCS) is a method for absorption spectroscopy that uses massively parallel
heterodyne detection between two frequency combs with slightly different tooth spacing.
When used with mode-locked frequency comb lasers, DCS is unique in its ability to
resolve the absorption on each comb tooth across a very wide spectral bandwidth using
a single high-speed photodetector. Recent advances in robust frequency comb technology
have enabled mobile DCS applications for the first time!, including for measurements of
temperature and species concentrations in high-temperature environments?. The success
of broadband, high-resolution absorption spectroscopy at high temperatures depends
on good underlying spectral databases providing accurate models of high-temperature
molecular absorption which can be used to fit data from unknown environments.

We present an overview of recent work to apply DCS to high-temperature environ-
ments. Specifically, we develop a spectral database for water vapor absorption from
6800 cm ! to 7190 cm ™! using a carefully-controlled tube furnace at temperatures up to
1300 K and advanced multispectral fitting techniques®. The dataset and multispectral
fitting approach provide an excellent opportunity to test the ability of different line-
shapes to model high-temperature water vapor lineshapes*. We apply the new database
for field measurements of temperature in a coal gasification system, and discuss new
directions for the technology in high-temperature environments.

1S. Coburn, et al., Optica, 5, 320 (2018).

2P. Schroeder, et al., Proceedings of the Combustion Institute, 36, 4565 (2017).
3P. Schroeder, et al., J. Quant. Spectrosc. Radiat. Transf., 210, 240 (2018).
4P. Schroeder, et al., Physical Rev. A, 96, 022514 (2017).
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I1I-3. Laboratory Spectroscopy for Exoplanets

P. F. Bernath?®

®Department of Chemistry and Biochemistry, Old Dominion University, Norfolk, VA,
USA

Recent results from our laboratory will be surveyed on the analysis of TiO spectra
and preparation of line lists for NH, OH, OH™ using experimental measurements with a
Fourier transform spectrometer for line positions and ab initio dipole moment functions
for line intensities. Our measured cross sections and line lists for high temperatures for
small polyatomic molecules such as methane and ammonia will also be presented as well
as measurements of infrared absorption cross-sections for small hydrocarbons.
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II-4. Line Positions and Intensities for the 3 Band
of 5 Isotopologues of Germane for Planetary
Applications

V. Boudon,® T. Grigoryan,® F. Philipot,” C. Richard,* F. Kwabia Tchana,’
L. Manceron,® A. Rizopoulos,® J. Vander Auwera,’ T. Encrenaz '

¢ Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université
Bourgogne Franche-Comté, 9 Av. A. Savary, BP 47870, F-21078 Dijon Cedex, France

b Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), UMR CNRS
7583, Universités Paris Est Créteil et Paris Diderot, Institut Pierre Simon Laplace, 61
Avenue du Général de Gaulle, 94010 Créteil Cedex, France

¢Synchrotron SOLFEIL, AILES Beamline, L’Orme des Merisiers, St-Aubin BP4S8,
91192 Cedex, France

IMONARIS, UMR 8233, Université Pierre et Marie Curie, 4 Place Jussieu, case 49,
F-75252 Paris Cedex 05, France

¢Service de Chimie Quantique et Photophysique C. P. 160/09, Université Libre de
Bruzxelles, 50 avenue F. D. Roosevelt, B-1050 Brussels, Belgium

! Laboratoire d’Etudes Spatiales et d’Instrumentation en Astrophysique (LESIA),
Observatoire de Paris, CNRS, UPMC, Univ. Paris Diderot, F-92195 Meudon, France

Germane (GeHy) is present in the atmospheres of the giant planets Jupiter and Sat-
urn. The ongoing NASA mission Juno has renewed interest in its spectroscopy. The
accurate modeling of which is essential for the retrieval of other tropospheric species.
We present here the first complete analysis and modeling of line positions and intensi-
ties in the strongly absorbing vy /vs stretching dyad region near 2100 cm™!, for all five
germane isotopologues in natural abundance!. New infrared spectra were recorded, ab-
solute intensities were extracted through a careful procedure and modeled thanks to the
formalism and programs developed in Dijon. A database of calculated germane lines,
GeCaSDa, is available online through the Virtual Atomic and Molecular Data Cen-
tre (VAMDC) portal? and at http://vamdc.icb.cnrs.fr/PHP /gecasda.php. GeHy will be
added the HITRAN database.

V. Boudon, et al., J. Quant. Spectrosc. Radiat. Transf., 205, 174-183 (2018).
2http://portal.vamdc.org
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II-5. Water Vapor: Line Intensity Study of 30
Enriched Spectra Between 6450 and 8000 cm™—! and
H>;0O Line Shape Parameters Broadened by CO,

L. Régalia,” X. Thomas,” E. Cousin,” H. Tran,’ S. Robert, V. Wilquet,°
A. C. Vandaele,® S. Mikhailenko ¢

*Groupe de Spectrométrie Moléculaire et Atmosphérique, UMR CNRS 7331, UFR
Sciences Fxactes et Naturelles, Moulin de la Housse, BP 1039 — 51687 Reims Cedex 2,
France

b Laboratoire de Météorologie Dynamique, Sorbonne Université, 4 place Jussieu, 75252
Paris Cedex 05, France

¢Planetary Aeronomy, Royal Belgian Institute for Space Aeronomy, 3 Avenue
Circulaire, 1180 Brussels, Belgium

V. BE. Zuev Institute of Atmospheric Optics SB RAS, 1, Academician Zuev place,
634055 Tomsk, Russia

This presentation will focus on two subjects, in a first part the study of Hy**O line
intensities around 1.3 ym and in a second part, the line-shape parameters of HyO in
collision with COs in the spectral regions of 2.7 and 6 pm. All high-resolution spec-
tra were recorded in the GSMA laboratory with the Connes-type Fourier Transform
Spectrometer! at room temperature.

The spectrum analysis of 80 enriched water vapor absorption between 6450 and
9300 cm™~! is in progress, using the same procedure as that performed previously in the
same spectral region but for the main isotopologue?. Overall, more than 3000 absorp-
tion lines of six water isotopologues (H2'%0, Hy'7O, Hy'#0, HDO, HD"O and HD'#0)
were observed. Among them, about 300 lines correspond to the transitions of previous-
ly unknown upper energies of Hy'80 and H,'7O. Some examples of the disagreements
between experimental spectra and the simulations using HITRAN2016 line list® in the
spectral region between 6450 and 8000 cm ™! will be presented and discussed.

In a second part, new results on the line-shape parameters of H,O lines broadened
by CO, will be presented. Considering the resolution of nowadays remote instruments,
accurate knowledge of line shape parameters of HoO in CO5 could be important for the
study of COs-rich atmospheres like those of Mars and Venus. New measurements of
COg-broadened H,0O line widths and shifts around 2.7 and 6 pm as well as comparisons
with literature*® will be presented.

L. Régalia, X. Thomas, S. N. Mikhailenko, 13** ASA Conference (united with 14" HITRAN Con-
ference). 2016. August 24-26. Reims. France.

L. Régalia, et al., J. Quant. Spectrosc. Radiat. Transf., 136, 119-136 (2014).
31. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).

4L. R. Brown, et al., J. Mol. Spectrosc., 246, 1-21 (2007).
%Y. G. Borkov, et al., J. Mol. Spectrosc., 344, 39-45 (2018).
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I1I-6. Line Positions and Intensities in the
7400—8600 cm~! Region of the Ammonia Spectrum

J. Vander Auwera,” T. Vanfleteren®

*Service de Chimie Quantique et Photophysique, C.P. 160/09, Université Libre de
Bruxelles, 50 avenue F.D. Roosevelt, B-1050 Brussels, Belgium

The positions and intensities of 1936 lines observed in the range 7400 — 8600 cm™!

of two absorption spectra of ammonia recorded at high resolution using Fourier trans-
form spectroscopy are reported. The accuracy of these line positions is estimated to
range from 0.001 to 0.002 cm™! from the lower to the upper limits of the spectral range
considered, while the accuracy of the line intensities is estimated to be around 10% or
better. Also reported are less-accurately measured positions and intensities of 1985 lines
retrieved from these two spectra or from only one of them. These results are compared
with the data measured recently in a spectrum recorded in 1980 at the Kitt Peak Na-
tional Solar Observatory! and provided in HITRAN 2016, as well as line positions and
intensities measured in this work in the same Kitt Peak spectrum.

'E. J. Barton, et al., J. Mol. Spectrosc., 325, 7-12 (2016).
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P-1. New Measurements of the Water Vapor
Absorption Cross Section in the Blue-Violet Range
by Cavity-Enhanced Differential Optical Absorption

Spectroscopy

R. Chiu,” R. Volkamer,” E. K. Conway,”* O. Polyansky ¢

®Department of Chemistry and Biochemistry and CIRES, University of Colorado
Boulder, Boulder, CO 80309, USA

b Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics

Division, Cambridge MA 02138-1516, USA

¢Department of Physics and Astronomy, University College London, London, WCI1FE
6BT, UK

The absorption cross section of water vapor in the blue-violet range (415-460 nm)
is currently not well known, and many weak spectral lines are not included in either
the HIgh resolution TRANsmission molecular absorption (HITRAN) database or its
HIgh TEMPerature companion, HITEMP. Direct measurements of the absorption cross
section of water vapor in this region have been limited by the slant column density
(SCD) of gaseous water molecules that is achievable in a laboratory setting. We use
cavity-enhanced differential optical absorption spectroscopy (CE-DOAS) to generate
water vapor SCDs comparable to those in remote sensing field measurements under
well controlled laboratory conditions. A pair of high-reflectivity (R > 0.99995) mirrors
are separated by ~80 cm to realize effective path lengths up to 16 km; water vapor is
generated from deionized water in a double-bubbler system. Broadband light sources
(e.g. an LED with a peak intensity at 455 nm) are used to measure multiple lines at
moderately high spectral resolution (0.15 nm). The first spectra were measured at room
temperature (298 K), and we are now taking measurements at higher temperatures
using an insulated heat exchanger system around the optical cavity. Our goal is to
refine available line lists for gas-phase water by combining laboratory measurements with
quantum chemical calculations; the mismatch between measured and calculated cross
sections is identified as residual structures, and used to improve the calculations. We
also compare the cross sections to field measurements of water in pristine air over remote
oceans, i.e., in scattered solar light limb spectra in the lower tropical free troposphere
that were recorded by Airborne DOAS aboard the NSF/NCAR GV aircraft during
the Tropical Ocean tRoposphere Exchange of Reactive halogen species and Oxygenated
VOC (TORERO) experiment.
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P-2. A Highly Accurate Ab Initio Dipole Moment
Surface for Water: Transitions Extending Into the
Ultraviolet

E. K. Conway,*® A. A. Kyuberis,® O. L. Polyansky,”¢ J. Tennyson,’
N. F. Zobov®©

*Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge MA 02138-1516, USA

bDepartment of Physics and Astronomy, University College London, Gower Street,
London WC1E 6BT, UK

¢ Microwave Spectroscopy, Institute of Applied Physics, Nizhny Novgorod, Russia

We present a new ab initio dipole moment surface (DMS) for the water molecule
valid for transitions which stretch into the near ultraviolet. Intensities computed using
this surface agree very well precise laboratory measurement designed to aid atmospheric
observations. This work is based on a data set encompassing 17,628 multi-reference con-
figuration interaction configurations that were calculated with the aug-cc-pCV6Z basis
set with the Douglass-Kroll-Hess Hamiltonian to second order and required approxi-
mately 116 years of CPU running time to complete.

Compared to recent experimental measurements in the far infrared region®, this
new DMS significantly improves agreement with theory for transitions in the previously
problematic bands (121), (300) and (102). For highly energetic overtones located in both
the visible and ultraviolet regimes, we successfully predict the intensity of all measured
bands to within 10% of the latest atmospheric observations?. These include bands at 487
nm (303), 471 nm (511), and 363 nm (900), for which previous models underestimated
the intensity by up to 139%. Absorption features are also predicted in the 290 nm to
355 nm window and the theoretical shape demonstrates reasonably good behaviour with
previously measured cross sections. The 10 v; band is identified as the strongest absorber
in this region and the maximum intensity is approximately 6.3 x 10727 ¢cm molecule™,
which should be observable in atmospheric spectra.

M. Birk, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 88-102 (2017).
2J. Lampel, et al., Atmos. Chem. Phys., 17, 1271-1295 (2017).
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P-3. Comparison of Different Water Vapour
Absorption Line Lists to Measured Atmospheric
Absorptions using Ground-Based MAX-DOAS
Observations

J. Lampel,*® A. Kyuberis,® O. Polyansky,>¢ J. Tennyson,’ D. Péhler,*?
M. Yang,* M. Horbanski,** S. Schmitt,* U. Frie,” T. Wagner,’ U. Platt ¢*/

®Heidelberg, Institute of Environmental Physics, Physics, Heidelberg, Germany
b Airyr GmbH, Justus-von-Liebig-Str. 14, 69214 Eppelheim, Germany
¢Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia

4 Department of Physics and Astronomy, University College London, Gower St,
London, WC1E 6BT, UK

¢ Plymouth Marine Laboratory, Prospect Place, Plymouth, PL1 3DH, UK
F Max Planck Institute for Chemistry, 55128 Mainz, Germany

Water vapour absorptions can be found from the microwave to the near ultraviolet
spectral region. They overlay the absorption structures of a number of other trace gas
species. Precise knowledge of the water vapour absorption cross-section can therefore be
crucial for precise spectroscopic measurements of various other trace gases in the Earth’s
atmosphere, such as e.g., NOy, O3, HONO, O4, 10 and Glyoxal. Based on absorption
spectra measured by ground-based MAX-DOAS instruments at medium spectral reso-
lution (typically 0.5 nm), we present an assessment of how well present water vapour
absorption line lists represent measured absorptions in the Earths atmosphere in dif-
ferent spectral regions from 333 nm (30,000 cm™!) to 570 nm (17,500 cm™!'). These
measurements were done in the course of a whole year at the south coast of England
and thus provide measurements at different absolute humidities. We compare the line
lists HITRAN 2008, HITRAN 2012 / HITEMP, HITRAN 2016, BT2 and POKAZATEL.
We show that recent ab initio absorption spectra represent water vapour absorption in-
creasingly well. For the UV spectra range we could show before that certain line lists
predict the shape and wavelengths of water vapour absorption bands quite well. In
this presentation we now show that recent improvements increase also the agreement in
the blue spectral regions, where previously differences in the magnitude of more than
50% were reported. We use the MAX-DOAS measurements to compare them the mea-
sured absorption structures to currently available water vapour line lists in order to
provide a quantitative measure of their agreement with atmospheric observations. In
this study we also estimate potential cross-interferences of the respective water vapour
absorption line list on the retrieved amount of tropospheric absorbers of interest. In the
blue spectral range, differences between NO, evaluations of up to 5 x 10'® molec cm™2
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were observed under mid-latitude summer conditions using the listed line lists above.
This corresponds to about 0.2 ppb of NOy for a light path length of 10 km. This is
significant for measurements in pristine regions. Significant differences are also found
for 10, glyoxal and other compounds. These findings are therefore of interest for the
spectral retrieval of various atmospheric absorbers measured by any type of DOAS setup.
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P-4. Validation of Non-Voigt Line Shape Function
in Tunable Diode Laser Absorption Spectroscopy of
Water Vapor at 1390 nm

J.S. Lim,” Y. Kim*

“Center for Gas Analysis, Korea Research Institute of Standards and Science (KRISS),
Gagjeong-ro 267, Yuseong-gu, Daejeon 34113, Republic of Korea

The validity of non-Voigt line shape functions was investigated by using tunable
diode laser absorption spectroscopy (TDLAS) of water vapor at 1390 nm. Water vapor
was contained in Brewster-angled quartz cell (I ~ c¢cm). Optical layout was fully fiber
coupled. A branch of the DFB laser was fed to an optical spectrum analyser in order
to calibrate wavelength. Fiber coupled InGaAs photodiode detected a transmitted laser
power. Laser wavelength was modulated at ~60 Hz of symmetric triangular function.
Since a laser power was modulated meantime, a modulation depth of the DFB laser was
optimized to secure full vertical resolution of 12-bit oscilloscope of which sampling rate
was around 50 Ms/sec. In order to generate absorption spectra, background lines were
fitted by third order polynomial of which validity was ensured by separated measure-
ment with dummy cell. Absorption line shapes were fitted by reduced functions from
Hartman-Tran functions such as Voigt, Rautian, Speed Dependent Voigt, and Speed
Dependent Rautian functions. Source code of the Hartman-Tran function in the HAPI
code written by the PYTHON was abstracted and translated to the MATLAB in order
for implementation to our own code. The Galatry function was formulated based on the
hypergeometric function. To fit the experimental line shapes, a Levenberg-Marquardt
algorithm was used. Our code will be extended to perform forward and inverse mod-
eling of high-resolution spectra measured by various spectroscopic techniques including
high resolution FTIR, cavity ringdown (or enhanced) spectroscopies. The fitting re-
sults of spectra measured at 2.5 Torr and room temperature showed best result with
SD-Voigt. Global standard deviation of residual was 4.89x10~%. This suggests that
speed dependence due to inelastic collision should be considered when considering self
broadening. Our research will be improved to provide Sl-traceable oscillator strengths
and broadening coefficients.
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P-5. Vibrational Dependence and Prediction of Line
Shape Parameters for the H,O-H, Collisional
System

R. R. Gamache,” B. Vispoel *

@ Unaversity of Massachusetts Lowell, Department of Environmental, Farth, and
Atmospheric Sciences, 265 Riverside Street, Lowell, MA, 01854, USA

The Modified Complex Robert-Bonamy (MCRB) formalism was used to calculate
the half-width, -, and line shift, §, for the HyO-Hjy collision system at 14 temperatures
between 200 and 3000 K for over 7 thousand rotational transitions for the rotation band,
the (301)-(000) band and bands for v, v», and v3 with 1-4 vibrational quanta exchanged.
These data were used to study the vibrational dependence of the half-width and line
shift. It is shown that the HoO-H; collision system is strongly off-resonance. The results
demonstrate strong and unusual vibrational dependence.

The half-width and line shift data for different vibrational bands were used to de-
termine if a prediction routine for v and ¢ could be developed. Following the work of
Jacquemart et al.! and Gamache and Lamouroux?, the expressions

v [(1/;, V;,Vé) [+ (1/;/, z/g, I/g> z] = [}’H. + Ajei (e1 |Avn] + co |Ava| + c5 |Avs])™

and

) [(1/;, 1/;, Vé) [+ (1/1/, 1/;, yg> z] = I?H + By (e1 |An] + e |Ava| + ¢35 |Avs|)?

were used to predict the half-width and line shift where the powers p., ps, and coefficients
IJYH, Arey, I]‘Z «; » and By ; were determined by non-linear least-squares techniques. In
addition, a normal mode prediction technique was also studied.

The results of the fits are discussed in the context of this unusual collision system.

ID. Jacquemart, R. R. Gamache, L. S. Rothman, J. Quant. Spectrosc. Radiat. Transf., 96, 205-239
(2005).
2R. R. Gamache, J. Lamouroux, J. Quant. Spectrosc. Radiat. Transf., 130, 158-171 (2013).
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P-6. Ab Initio Reduced Matrix Elements for Hy'%0
for Modified Complex Robert-Bonamy Calculations

B. Vispoel,* R. R. Gamache*

@ Unaversity of Massachusetts Lowell, Department of Environmental, Farth, and
Atmospheric Sciences, 265 Riverside Street, Lowell, MA, 01854, USA

The determination of the reduced matrix elements (RMEs) is an important part of
the Modified Complex Robert-Bonamy (MCRB) calculations. Lamouroux et al.! used
ab initio wavefunction of Partridge and Schwenke? to determine the RMEs and derived
sums rules on RMEs, based on physical properties, to check the calculated RMEs.

In this work, the sums rules have been applied to the RMEs of a number of vibrational
states. For many rotational states the sum rules are obeyed, however for many others
they do not give the correct sum. The use of incorrect RMEs is a source of inaccuracy
in the MCRB calculations that can significantly affect the determination the collisional
half-width and the line-shift. Calculation using the ground state and the vibrational
dependent RMEs were performed to show the influence of this spectroscopic effect.

In order to understand this spectroscopic effect, RMEs computed for different vibra-
tional states were compared to the ground state values. The differences were related to
the symmetry, oblateness/prolateness, and Ma rule paring of the ab initio H,O wave-
functions.

1J. Lamouroux, R. R. Gamache, D. W. Schwenke, J. Quant. Spectrosc. Radiat. Transf., 148, 49-57
(2014).
2H. Partridge, D. W. Schwenke, J. Chem. Phys., 106, 4618-39 (1997).
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P-7. Line Intensities of the 30011e — 00001e Band
of 12C1%0, with Laser-Locked Cavity Ring-Down
Spectroscopy

A.-W. Liu,* P. Kang,” J. Wang,* G.-L. Liu,” Y. R. Sun,* S.-M. Hu*

®Hefer National Laboratory for Physical Sciences at Microscale, i Chem center,
University of Science and Technology of China, Hefei, 230026, China

Thirty well isolated ro-vibrational transitions of the 30011e — 00001e band of 2C1¢0,
at 1.54 pum have been recorded with a laser-locked cavity ring-down spectrometer. The
line intensities were obtained with accuracies better than 0.85%. Comparisons of the
line intensities determined in this work with literature experimental values® and those

from HITRAN20162, AMES?, UCL-IAO* and CDSD-296° line lists are given.

'R. A. Toth, et al., J. Mol. Spectrosc., 239, 221-242 (2006).

2I. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).
3X. C. Huang, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 224-241 (2017).
1E. Zak, et al., J. Quant. Spectrosc. Radiat. Transf., 177, 31-42 (2016).

5S. A. Tashkun, et al., J. Quant. Spectrosc. Radiat. Transf., 152, 45-73 (2015).
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P-8. Laser Spectroscopy Monitoring of 1*C*®0¢0O
and 2C170'%0 of Atmospheric Carbon Dioxide

J. H. Shorter,” D. D. Nelson,” J. B. McManus,* M. S. Zahniser,” S. Ono®

®Aerodyne Research, Inc., Billerica, MA 02421, USA

b Massachusetts Institute of Technology, Earth, Atmospheric and Planetary Sciences,
Cambridge, MA 02139, USA

One of the main challenges to making accurate predictions of future changes in car-
bon dioxide (CO3) concentration is the capability to determine what fraction of human
produced CO; remains in the atmosphere. We present our progress in the application
of Tunable Infrared Laser Direct Absorption Spectroscopy (TILDAS) to the measure-
ment of the primary clumped (**C'80'°0) as well as 17O (2C170!0) isotopologues of
atmospheric CO,, as a tracer of its sources and sinks. We expect unique isotopologue
signals in CO4 from high-temperature combustion sources, plants, soils, and air-sea ex-
change processes. High sampling frequency (a few minutes for each sample vs. reference
cycle) achieved by a TILDAS instrument is expected to enable us to document local
heterogeneous sources and temporal variations.

The TILDAS is equipped with a 400-meter optical absorption cell which provides
sufficient sensitivity for direct measurements of the rare clumped isotopologue. We
designed a dual pressure measurement technique in which the clumped isotopologue,
OO0, and BC*PO0 are first measured at ~25 Torr cell pressure. This is fol-
lowed by measurement of 12C170Q1°Q, 2C18000 and 2C°0°0 at lower (~2 Torr) cell
pressure. Isotopologue ratios are compared between reference and sample gases. We
demonstrated a precision approaching 0.03%o for the ratio 3C*¥0*0/13C*000 and
0.08%0 for AC0O0 value (1o repeatability for 4 min sample vs. reference cycle).
Sample size for a single analysis is approximately 100 mL of air (1.6pumol of CO,). Given
the previously observed range of variations for AC*¥0%0 and A'"O in atmospheric
samples (as large as 0.6 to 0.3%o, respectively), TILDAS offers the possibility of real
time, nearly continuous monitoring of these signals.

Achieving better than 0.1%o precision requires careful matching of CO, mixing ra-
tios between reference and sample air. A primary cause of pressure and mixing ratio
dependence is inaccurate baseline fitting analogous to abundance sensitivity or pressure
baseline for IRMS). Given that mixing ratios of atmospheric carbon dioxide can vary as
much as 50% or more, a dynamic dilution scheme, where sample air is diluted by CO,
free air to match the reference mixing ratio, is being developed. An in-line calibration
source of hot, equilibrated CO, isotopologues is also being tested. We will discuss the
current instrument performance, areas for improvement, and project future applications.
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P-9. Consistency of Absolute Ozone Intensities in
MW, 10 and 5 Micron Ranges from Ab Initio
Predictions and Laboratory Observations

V. Tyuterev,” A. Barbe,” S. Mikhailenko,’ E. Starikova "¢

*GSMA,UMR CNRS 7331, UFR Sciences Ezactes et Naturelles, BP 1039 - 51687
Reims Cedex 2, France

YLTS, V.E. Zuev Institute of Atmospheric Optics SB RAS, av. 1, Akademician Zuev
square, 634021 Tomsk, Russia

CQUAMER laboratory, Tomsk State University, 36 Lenin Avenue, 634050 Tomsk,
Russia

The problems of the consistency of the ozone intensity data of the ozone molecule
in various spectral infrared regions including 10 ym, 5 um and the UV cross-sections
has been subject of many discussion in the past decades but is not yet completely
solved!»2:3:4:5:6 We present ab initio calculations for absolute line intensities in the most
important absorption regions: in the microwave (rotational transitions) in the 10 micron
range (stretching fundamentals) and in the 5 micron range (first triad of stretching over-
tone and combination bands) using our potential energy® and dipole moment” surfaces.
The estimated intensity accuracy of our theoretical list is expected to be about 1% or
even better. Our ab initio predictions will be compared to the recent yet unpublished
FTS measurements of GSMA Reims group covering the ranges 800-2300 cm ™" as well as
to existing databases (S&MPO®, HITRAN?, GEISA!®, JPL!M). Origins of various error
sources and data inconsistencies will be discussed. We acknowledge the support from
LEFE CHAT CNRS French program and from Mendeleev funding TSU grant.

1J.-M. Flaud, et al., J. Geophys. Res., 108, 4269 (2003).

2B. Picquet-Varrault, et al., J. Phys. Chem. A, 109, 1008 (2005).

3M. A. Smith, et al., J. Quant. Spectrosc. Radiative Transf., 113, 825 (2016).
4J. Orphal, et al., J. Mol. Spectrosc., 327, 105 (2016).

5C. Janssen, et al., J. Mol. Spectrosc., 326, 48 (2016).

SV1. Tyuterev, et al., J. Chem. Phys., 139, 134307 (2013).

"V1. Tyuterev, R. Kochanov, S. Tashkun, J. Chem. Phys., 146, 064307 (2017).
8Y. Babikov, et al., J. Quant. Spectrosc. Radiative Transf., 145, 169 (2014).
1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).
1ON. Jacquinet-Husson, et al., J. Molec. Spectrosc., 112, 2395 (2016).

11]. Pearson, et al., J. Quant. Spectrosc. Radiat. Transf., 111, 1614 (2010).
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P-10. Isotopic Effects in Infrared Spectra of
Phosphine (PH3) and Hydrocarbons (CH,, CoHy)
via Ab Initio and Variational Calculations

D. Viglaska,” M. Rey,” A. Nikitin,® E. Starikova,”® V. Tyuterev®

*GSMA, UMR CNRS 7331, Unwwersité de Reims Champagne Ardenne, Moulin de la
Housse, BP 1039-51687 REIMS Cedex 2, France

bLaboratory of Theoretical Spectroscopy, Institute of Atmospheric Optics, SB RAS,
634055 TOMSK, Russia

“QUAMER Laboratory, Tomsk State University, Russia

Isotopic substitutions as H — D or even 2C — !3C have substantial consequences
on molecular spectra. To interpret correctly the experimentally observed spectra of
molecules in their natural abundances, it is essential to have realistic and reliable theo-
retical models.

There is much less information on assigned experimental spectra of rare isotopo-
logues, particularly for the intensities. The corresponding line lists at medium spectral
resolution could be provided by the ab initio theory and global nuclear motion variational
calculations.

The aim of this work will be to study the effects of isotopic substitutions in PH3, CHy,
and CyHy, on both line positions and line intensities, from nonlinear transformations and
symmetry considerations. In case of phosphine we consider PH,D, PHD, isotopologues!,
and 2C — 13C substituted species for the methane and the ethylene. All calculations are
based on our recent ab initio potential and dipole moment surfaces?*42:6:7 using varia-
tional normal mode calculations®®. The corresponding line lists will be made available
via the TheoReTS information system!®:1%12,

ID. Viglaska, et al., to be submitted.

2A. Nikitin, et al., J. Chem. Phys., 131, 244312 (2009).

3A. Nikitin, et al., Chem. Phys. Lett., 565, 5 (2013).

4T. Delahaye, et al., J. Chem. Phys., 141, 104301 (2014).

°T. Delahaye, et al., Chem. Phys. Lett., 639, 275 (2015).

6A. Nikitin, et al., J. Chem. Phys., 145, 114309 (2016).

TA. Nikitin, et al., J. Quant. Spectrosc. Radiat. Transf., 200, 90 (2017).
SM. Rey, et al., J. Chem. Phys., 141, 044316 (2014).

9M. Rey et al., J. Chem. Phys. A, 119, 4763 (2015).

10M. Rey, A. Nikitin, Y. Babikov, V. Tyuterev, J. Mol. Spectrosc., 327, 138 (2016).
"http://theorets.univ-reims.fr

2http://theorets.tsu.ru
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P-11. Atlas of Experimental and Theoretical
High-Temperature Methane Cross-Sections from
T=296 K to 1000 K

A. Wong,” P. F. Bernath,* M. Rey,” A. Nikitin,? V. Tyuterev"’

®Department of Chemistry and Biochemistry, Old Dominion University, Norfolk, VA
238529, USA

bGroupe de Spectrométrie Moléculaire et Atmosphéique, UMR CNRS 7331, Reims,
France

¢ Laboratory of Theoretical Spectroscopy, Institute of Atmospheric Optics, SB RAS,
634055 Tomsk, Russia

YQUAMER laboratory, Tomsk State University, 36 Lenin Avenue, 634050 Tomsk,
Russia

Spectra of hot methane were recorded at Old Dominion University using a tube fur-
nace, a quartz cell (optical path length of 50 cm) and a Bruker 120/125 HR spectrometer.
For each temperature, a total of 600 interferograms were recorded for both the sample
and corresponding background at a resolution of 0.02 cm™!. The experimental setup
is similar to that in Hargreaves et al.! In the present work, we obtained experimental
absorption spectra at eight temperatures T' = 296 K, 400 K, 500 K, 600 K, 700 K, 800
K, 900 K and 1000 K. These experimental records cover the near infrared range from
5400 to 9000 cm~!. We have converted these into an atlas of absorption cross-sections at
each temperature for the methane Tetradecad, Icosad and Triacontad polyads, excluding
some particular spectral intervals strongly contaminated by water. On the theoretical
side, the spectra were simulated from the ab initio-based Reims-Tomsk line list for the
same experimental conditions. This line list has been constructed by global variational
calculations from potential energy and dipole moment surfaces followed by empirical line
position corrections deduced from previously published cold temperature analyses as de-
scribed in Nikitin et al.? and Rey et al.>* (and references therein). The comparisons
showed very good overall agreement between observations and theory at least at medi-
um spectral resolution. Preliminary assignments resulted in identifications of more than
10000 lines for each temperature. A full set of the theoretical absorption cross-sections
is also included in the atlas. The data should be of major interest for the interpretation

of current and future astronomical observations®.

'R. J. Hargreaves, P. F. Bernath , J. Bailey, M. Dulick, Astrophys. J., 813, 12 (2015).

2A. V. Nikitin, M. Rey, V. G. Tyuterev, J. Quant. Spectrosc. Radiat. Transf., 200, 90-99 (2017).
3M. Rey, A. V. Nikitin, V. G. Tyuterev, Astrophys. J., 847, 105 (2017).

4M. Rey, A. V. Nikitin, Y. Babikov, V1. G. Tyuterev, J. Molec. Spectrosc., 327, 138-158 (2016).
5P. F. Bernath, Phil. Trans. R. Soc. A, 372, 20130087 (2014).
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P-12. Preliminary Analysis of the Interacting
(v + 2vy, Vo + v3, 4vs, V1 + 215, 2v1) Pentad of CF,

M. Mattoussi,”” M. Rey,” A. V. Nikitin,° I. Chizhmakova,’ M. Rotger,*
H. Aroui,’ S. Tashkun,® V1. G. Tyuterev®

*GSMA, UMR CNRS 7331, Université de Reims Champagne Ardenne, Moulin de la
Housse B.P.1039, F-51687 Reims Cedex 2, France

LDMMP, Université de Tunis, Ecole Nationale Supérieure d’Ingénieurs de Tunis, 5
Av. Taha Hussein, 1008 Tunis, Tunisia

¢ Laboratory of Theoretical Spectroscopy, Institute of Atmospheric Optics, Russian
Academy of Sciences, 634055 Tomsk, Russia

4 Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk State
University, 36 Lenin Avenue, 634050 Tomsk, Russia

Tetrafluoromethane CFy is a very powerful and long living greenhouse gas. Because
of its chemical stability the lifetime of CF4 in the atmosphere is estimated as more
than 50,000 years'. This molecule has both natural and anthropogenic origin. It is
released predominantly during aluminum refining and semiconductor manufacturing?
into the atmosphere in significant quantities. Consequently the knowledge of the infrared
spectrum of this molecule is essential for atmospheric measurements.

Experiment spectra of CF4 in the region 1600-1800 cm ™! have been recorded in
the GSMA Laboratory of the University of Reims Champagne-Ardenne using a Fourier
transform Spectrometer of Connes type coupled to a multi-pass cell at 295 K with a
spectral resolution of 0.003 cm™!. All spectrum analyses and fits have been realized
using the MIRS software® based on tetrahedral tensorial formalism. In addition, direct
predictions have been made possible using full ab initio ro-vibrational normal mode
predictions? and non-empirical contact transformation Hamiltonians®%. We are able to
perform a simultaneous fit of effective Hamiltonian parameters of several cold and hot
bands of CF,. Hamiltonian operator was expanded up to the sixth order for the ground
state and for the (vo42vy, vo+vs, 4vs, 114219, 211) pentad. Line assignments are made
up to J = 70 and line positions are fitted with a global root mean square deviation of
1.616x107% cm~! while line intensities were watched directly to those predicted by the
ab initio variational calculations.

'R. A. Morris, et al., J. Geophys. Res. D, 100, 1287 (1995).

2M. A. K. Khalil, et al., Environ. Sci. Technol., 37, 4358 (2003).

3A. V. Nikitin, M. Rey, J.-P. Champion, V1. G. Tyuterev, J. Quant. Spectrosc. Rad. Transf., 113,
1034 (2012).

4M. Rey, A. V. Nikitin, V. Tyuterev, J. Mol. Spectrosc., 327, 138 (2016).

V1. G. Tyuterev, et al., SPIE Proc., 5311, 165 (2004).

SVI1. G. Tyuterev, et al., J. Phys. Chem. A, 117, 13779 (2013).
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P-13. Line Positions and Intensities for the vg and
2v3 Bands of Methyl Iodide (1?CH3I)

F. Kwabia-Tchana,* Y. Attafi,” L. Manceron,”® D. Doizi,?
J. Vander Auwera,® A. Perrin/

@ Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), UMR CNRS
7583, Univ. Paris Est et Paris Diderot, IPSL, 61 Av. du Général de Gaulle, 94010
Créteil, France

bSynchrotron SOLEIL, Beamline AILES, L’Orme des Merisiers, BP 48, 91192

Saint-Aubin, France

¢Sorbonne Univ., CNRS, MONARIS, UMR 8233, 4 place Jussieu, Paris,F-75005

France

1CFEA, Saclay (DEN, Département de Physico-chimie), 91191 Gif sur Yvette Ceder,
France

¢Service de Chimie Quantique et Photophysique, C.P. 160/09, Université Libre de
Bruxelles, 50 avenue F.D. Roosevelt, B-1050 Brussels, Belgium

! Laboratoire de Météorologie Dynamique/IPSL, UMR CNRS 8539, Ecole
Polytechnique, Université Paris-Saclay, RD36, 91128 PALAISEAU Cedez, France

The goal of this study is to determine for the first time line positions and absolute
line intensities for the v and 25 bands of methyl iodide (**CH;3I) centered near 893
and 1060 cm™!, respectively. High-resolution Fourier transform spectra were recorded
in the 500 to 1450 cm™~! spectral range at various pressure-pathlength products. Using
these spectra, a large set of CHjsl individual line intensities was measured for the v
band and least squares fit to derive the expansion of the 4 transition moment operator.
For both line positions and intensities, the theoretical model accounts for the hyperfine
structure in the 6! and ground states and for the vibration-rotation resonances that
couple together the 6! energy levels with those of the 3% and 2! vibrational states'. As
the 213 band is extremely weak, its associated transition moment operator was estimated
from band strength values collected from the literature. In this way, a comprehensive
list of line positions and intensities was generated at 10 pum for the 14 and 23 bands of
CHz3l. This list could be used to help for the detection of this species in the atmosphere
by the future IASI-NG satellite mission?.

LA. Perrin, et al., J. Mol. Spectrosc., 324, 28-35 (2016).
https:/ /iasi-ng.cnes.fr/en /IASI-NG /index.htm
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P-14. The Experimental Pure Rotational Spectrum
of Some Substituted Nitrogen Hydrides. New Lines
and Accurate Analyses for °ND,, °ND and °NH

F. Tamassia,* E. Cané,* L. Dore,’ C. Degli Esposti,” M. Melosso,’
L. Bizzocchi®

¢ Dipartimento di Chimica Industriale “Toso Montanari”, Universita di Bologna, Viale
del Risorgimento 4, 1-40136 Bologna, Italy

b Dipartimento di Chimica “Giacomo Ciamician”, Universita di Bologna, via F. Selmi
2, I-40126 Bologna, Italy

¢Center for Astrochemical Studies, Max Planck Institut fiir extraterrestrische Physik
Gieffenbachstrafie 1, D-85748 Garching bei Miinchen, Germany

The pure rotational spectra of the amidogen radical ND, and of the imidogen
radicals 1’ND and ’NH were recorded by a millimetre- and a submillimetre-wave spec-
trometer up to the THz region.

This work represents the first experimental laboratory detection of both »ND, and
I5ND. In the case of the amidogen radical, the analysis of the data provided a large set
of rotational, electron spin-rotation and hyperfine terms. In the case of >’ ND, our tran-
sitions were merged with the already existing data for NH, ND and NH and analysed
in a multi-isotopologue Dunham-type fit. As far as NH is concerned, the N = 10
transition, for which just one fine-structure component was known!, was detected around
1 THz.

1S. Bailleux, et al., Astron. Astrophys., 538, A135 (2012).
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P-15. Update of the HITRAN Collision-Induced
Absorption Section

T. Karman,*® I. E. Gordon,* Y. Baranov,® C. Boulet,? M. Gustafsson,®
J.-M. Hartmann,” R. L. Kurucz,” K. Sun,” K. Sung,’ R. M. Thalman,"
E. H. Wishnow,’ R. Wordsworth,” W. J. van der Zande,’ A. A. Vigasin,”
R. Volkamer"

¢ Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge, MA 02138, USA

Theoretical Chemistry, Institute for Molecules and Materials, Radboud University,
Nigmegen, Netherlands

¢Institute of Experimental Meteorology, Obninsk, Russia
1CNRS, Universite de Paris-Sud, Centre d’Orsay, Orsay Cedex, France

¢ Department of Engineering Science and Mathematics, Lulea University of Technology,
Lulea, Sweden

FLMD/IPSL, CNRS, Ecole polytechnique, Sorbonne Université, Palaiseau F-91120,
France

9 Jet Propulsion Laboratory, Caltech, Pasadena, CA, USA

h Department of Chemistry and Biochemistry, University of Colorado Boulder, Boulder,
Co, USA

“University of California, Berkeley, Space Sciences Laboratory, 7 Gauss Way,
Berkeley, CA, USA

I Department of Earth and Planetary Sciences, Harvard University, Cambridge,
Massachusetts, USA

¥ Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, Moscow,
Russia

Correct parametrization of the Collision-induced Absorption (CIA) phenomena is
essential for accurate modelling of the diverse planetary atmospheres. The HITRAN
spectroscopic database provides these parameters in a dedicated section. Here we sig-
nificantly revise and extend the HITRAN CIA data with respect to the original effort
described in Richard et al.! The extension concerns new collisional pairs as well as
wider spectral and temperature ranges for the existing pairs. Some of the data were
replaced with new superior results. The database now contains CIA for No-Ny, No-Ho,
NQ—HQO, NQ—CH4, NQ—OQ, 02—02, OQ—COQ, COQ-COQ, HQ-HQ, HQ-HG, HQ-CH4, HQ—H, H-
He, CH4-CHy4, CH4-CO4, CHy4-He and CHy-Ar collision pairs. We continue to provide

'Richard, et al., J. Quant. Spectrosc. Rad. Transf., 113, 1276 (2012).
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Newly added or updated
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“Main” and “Supplementary” folders. The main folder contains recommended sets of
collision-induced absorptions whereas the supplementary folder contains two types of
data. One type is the data alternative to that in the main folder. This is especially
characteristic for the Oy-X complexes (see the corresponding section for details). In
these cases “altern” is added to the filenames. Another type of data in the “Supple-
mentary” folder is when the data is provided however one has to be cautious as we
expect uncertainties in presented parameters are likely to be large. A wish list to elim-
inate remaining deficiencies or lack of data from the astrophysics perspective is also
presented.
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P-16. Measurement of Temperature-Dependent
N>-N, Collision-Induced Absorption and
H,>-Broadening of Cold and Hot CH,4

K. Sung,” E. H. Wishnow,’ V. Malathy Devi,” D. C. Benner,® T. Crawford,*
B. J. Drouin,® I. Ozier,” A. W. Mantz,* M. A. H. Smith/

@ Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA
bSpace Science Lab., Univ. of California at Berkeley, CA, USA
“Dept. Phys., The College of William and Mary, Williamsburg, VA, USA
dDept. of Phys. € Astron., Univ. of British Columbia, Vancouver, BC, Canada
¢Dept. of Phys., Astron. & Geophys., Connecticut College, New London, CT, USA
fScience Directorate, NASA Langley Research Center, Hampton, VA, USA

We report final results from two laboratory measurements on No-Ns collision-induced
absorption (CIA) in the far-infrared and Hy-broadened CHy in the near infrared region,
respectively.

(1) The No-Ny CIA coefficients have been measured in the 30-300 cm ™" at temperatures
from 78 to 130 K by using a Fourier transform spectrometer (Bruker IFS-125HR) at Jet
Propulsion Laboratory, configured with a coolable multipass White-type gas cell that
was designed and built at the University of British Columbia. The cell mirror separation
is 1 m and measurements were conducted using an absorption pathlength of 52 m. The
temperature was monitored by four platinum resistors mounted on the exterior of the
cell, and the cell pressure was measured by a capacitance pressure transducer. The Ny
and He gases used had stated purities of 99.999%, and gas pressures were between 0.6
and 2.5 atmospheres. Our measurements show stronger absorption than is predicted by
the models. For the temperatures 78.3, 89.3, 109.6, and 129.0 K, the measurements at
the peak exceed the Borysow models by 19, 14, 10, and 8%, respectively. The mea-
surements at 129.0 K exceed those previously reported by Dagg et al.' at 126 K by
9% with stated measurement errors of £10%. Further details on these measurements,
and their deviations from models with respect to temperature, will be discussed in the
presentation.

(2) In support of the Jovian and exoplanet atmospheric remote sensing in the near in-
frared, Ho-broadened CHy spectra were obtained at a broad temperature range between
80 and 370 K. For this, three custom-built gas absorption cells (two cold and one hot)
were used, which are configured to a high-resolution Fourier transform spectrometer
at JPL. The spectra have been analyzed with a non-linear multispectrum curve fitting

1. R. Dagg, et al., Canadian J. Phys., 64, 1467-1474 (1986).
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program package (along with recently developed graphical-user-interface version), which
adopted speed-dependent non-Voigt line shape model with the line mixing effects tak-
en into account. The retrieval results for the line parameters from the manifolds from
P(4) through R(6), including Hy-broadened half widths, frequency shifts, and their tem-
perature dependences will be presented and compared with published values currently
available only at room temperature for the methane Octad band.
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P-17. Water Vapor Line-Broadening Coefficients for
Molecules in the HITRAN Database

Y. Tan,* I. E. Gordon,” L. S. Rothman,* R. V. Kochanov **

® Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge MA 02138-1516, USA

®Tomsk State University, Laboratory of Quantum Mechanics of Molecules and
Radiative Processes, Tomsk, Russia.

The new edition of the HITRAN database (HITRAN2016') has substantially in-
creased the potential for the database to model radiative processes in the terrestrial and
planetary atmospheres. Water vapor in our atmosphere is highly variable which causes
water to represent a potentially significant cross-sensitivity source. With that the water
vapor is a very efficient broadener in comparison to nitrogen and oxygen and make an ob-
servable impact on the retrievals especially in the tropics. Interestingly, the atmospheres
of rocky planets that may have suffered giant impacts are expected to have “steamy”
atmospheres. For purpose of characterizing and reducing uncertainties in modeling the
spectra of atmospheres with significant amounts of water vapor, the line-shape parame-
ters for the line-broadening coefficients and the temperature dependence exponents for
molecules of terrestrial interest broadened by water vapor were investigated through
both experimental and theoretical studies. As a first step, oxygen broadened by water
vapor was successfully investigated. A clear rotational dependence of HyO broadening
coefficients of O, lines was observed and then fitted by an empirical law?3%°. Empirical
Law used for fitting: 5

1 + 1T + CQIEQ + 033E4

(1)

We also performed similar investigation® for water vapor broadening coefficients of CO,,
CH4, CO, NH3, N5,O, OCS, CH3CN and H,CO lines. As a final step, a complete data set
for all these broadening parameters due to pressure of water vapor will be implemented
into the HITRAN database and will improve the accuracy of remote-sensing experiments
in the future.

Y20 = A+

1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).

2T. Delahaye, et al., J. Quant. Spectrosc. Radiat. Transf., 184, 316-321 (2016).

3B. J. Drouin, et al., J. Quant. Spectrosc. Radiat. Transf., 133, 190-198 (2014).

4G. Fanjoux, et al., J. Chem. Phys., 101, 1061-1071 (1994).

SM. A. Koshelev, et al., J. Quant. Spectrosc. Radiat. Transf., 154, 24-27 (2015).

SSupported by NASA AURA and PDART program grants NNX14AI55G and NNX16AG51G.
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P-18. H;, He and CO; Line-Broadening Coefficients
for Molecules in the HITRAN Database. Part 1II:
CO,, N,O, H,CO, HCN, H,S, OH

S. Samuels,*’ Y. Tan,” R. V. Kochanov,*¢ L. S. Rothman,* I. E. Gordon*

¢ Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge MA, USA

b University of Massachusetts Lowell, MA, USA

¢Tomsk State University, Laboratory of Quantum Mechanics of Molecules and
Radiative Processes, Tomsk, Russia.

The new HITRAN database edition! features broadening and shift parameters due to
the planetary perturbing gases such as Hy, He and CO5 which had been added into the
database for the first time, see Wilzewski et al.? In order to increase the potential for the
database to model the spectra of atmospheres dominated by gases different from nitrogen
and oxygen, especially in planets beyond the earth, including Venus® and Mars?, and gas
giants, the previous work accomplished by Wilzewski et al., which includes molecules
for SO,, NH3, HF, HCI, OCS and CyH,, needed to be expanded further.

In this work®, the line-shape parameters for the line-broadening coefficients and the
temperature dependence exponents for molecules including CO4, NoO, OH, H,CO, HCN
and HsS broadened by H,, He, and COy have been assembled from available peer-
reviewed experimental and theoretical results. A set of semi-empirical models was de-
veloped based on the collected data, and then has been populated into the database so
that every HITRAN line of the studied molecules has its corresponding parameters as
well as its uncertainties and source information.

1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).

2J. S. Wilzewski, et al., J. Quant. Spectrosc. Radiat. Transf., 168, 193-206 (2016).
3Exploration of Venus [Special Issue], Planet. Space Sci., 113-114, 1-394 (2015).
4Dynamic Mars [Special Issue], Icarus, 251, 1-338 (2015).

5Supported by NASA PDART program grant NNX16AG51G
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P-19. Applications of Complex Refractive Index
Data for Aerosols: Case Studies for Stratospheric
Aerosols

J. A. Dykema,* F. N. Keutsch,” D. W. Keith*

@School of Engineering and Applied Sciences, Harvard University, Cambridge, MA,
02138 USA

Aerosol radiative forcing depends on the location of the aerosol, its composition, and
its physical details (particularly its size). Depending on these details, the aerosol may
introduce a positive or negative net perturbation to the balance between these incoming
and outgoing radiative flows. A quantitative understanding of aerosol perturbations to
the climate radiative balance requires a detailed understanding of the processes that
govern radiative transfer in the atmosphere. These processes rest on fundamental opti-
cal properties, such as the complex refractive index, of the condensed phase materials
that constitute aerosols. In situ measurements of stratospheric aerosols have revealed
that aerosol composition includes significant contributions more species that just sul-
furic acid and water. Organic carbon and mineral inclusions are two frequently found
species. To understand the radiative perturbations attributable to aerosol containing
these components requires wavelength-dependent data for aerosol optical depth, scat-
tering efficiency, and scattering phase. Radiative forcing is primarily due to scattering
and absorption of infrared radiation. Infrared absorption leads, in the stratosphere, to
temperature increases, which both influence stratospheric dynamics and chemistry, and
can cause additional modulations of radiative forcing itself. For multi-component species,
particle morphology also must be known. Case studies will be presented for different
assumptions about composition, season, and location for multi-component stratospheric
aerosols. Using refractive index data from the HITRAN database, radiative forcing and
radiatively-induced temperature changes will be calculated. Uncertainties due to short-
comings in the current state of knowledge about aerosol composition and morphology
will be highlighted. These uncertainties are relevant not only to radiative forcing esti-
mates, but also to measurement results from both remote sensing approaches and from
in situ measurements that utilize optical measurement techniques.



Poster Session 39

P-20. HITRAN Application Programming Interface
and Efficient Spectroscopic Tools (HAPIEST)

J. Karns,*® W. N. Matt,** R. V. Kochanov,” I. E. Gordon,’
L. S. Rothman,’ Y. Tan,’ R. Hashemi,’? S. Kanbur,” B. Tenbergen ¢

¢State University of New York at Oswego, Oswego, NY, USA

b Atomic and Molecular Physics, Harvard-Smithsonian Center for Astrophysics,
Cambridge, MA, USA

¢Tomsk State University, Laboratory of Quantum Mechanics of Molecules and
Radiative Processes, Tomsk, Russia

4 University of Lethbridge, Alberta, Canada

Current high-resolution spectroscopic data have become more and more complex and
extensive. In order to make a connection between the spectroscopic data in different
formats and spectra observed in different applications, one needs a reliable and flexible
tool, which is easy to use and deploy.

The HITRAN Application Programing Interface and Efficient Spectroscopic Tools
(HAPIEST) is the joint project which started in the fall of 2017 as a collaboration be-
tween the HITRAN team and the State University of New York (Oswego). The purpose
of HAPIEST is to simplify experiences using the HITRAN Application Programing In-
terface®? (HAPI) to work efficiently with the HITRAN database HITRAN3. HAPIEST
provides cross-platform graphical interactive tools giving access to the basic features of
HAPI such as data fetching and selection, as well as generating and plotting of the spec-
tral functions (absorption coefficients, transmittance, absorption, and radiance spectra).

HAPIEST provides interactive access to most of the controls which are involved in
the spectral filtering and simulation, and is distributed both as binary and source code.
The recent version of the source code can be found on Github*. The HAPI library,
on which the HAPIEST is based, is a free open-source Python module (library) which
provides a set of tools for working with the structured spectroscopic data from different
sources. The principal aim of HAPI is facilitating physically-sound interpretation of
observations and more realistic models for a wide variety of applications such as astro-
physics, planetary science, climate simulations, remote sensing, theoretical spectroscopy,
and data mining. Having such a tool is important in particular to prevent possible errors
in radiative transfer calculations caused by misuse of spectroscopic tools and databas-
es. The description of the first version of HAPI and its features can be found in the
dedicated paper! and on the official web page?.

'R. V. Kochanov, et al., J. Quant. Spectrosc. Radiat. Transf., 177, 1530 (2016).
2http:/ /hitran.org/hapi

31. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2017).
“https://github.com/hitranonline /hapiest
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P-21. Expanding Bytran Capabilities with
Hardware Sensors and Device Interconnect

D. Pliutau®
“bytran.org, 1083 Independence Blvd., P.O. Box 134, Virginia Beach, VA 23455, USA

We describe new functionality implemented in the bytran software! since its original
release including the upcoming update to version 1.3. The new features include the
support of external and built in hardware sensors for semi-empirical modeling and bytran
communication capability for remote control and data retrieval.

The hardware sensor support was introduced to provide an option to acquire empiri-
cal data from ambient meteorological sensors (temperature, humidity and total pressure)
for calculations as an alternative to manual entry. The sensors supported by bytran 1.2
include the external SensorTag module over Bluetooth?, and the currently limited use
of the built in cell phone sensors®. The Raspberry Pi’s Sense Hat* support is planned
for version 1.3.

To enable simplified integration of bytran into existing hardware systems without
the need in source code modifications the capability to control bytran remotely was im-
plemented in version 1.3. Such remote operation may be carried out over the Internet
(with Bluetooth and the Serial Port support planned) using the newly introduced bytran
communication protocol® and a variety of computer languages and programming envi-
ronments. In particular, bytran execution over the Internet is based on the WebSockets
protocol. WebSockets communication may be carried out using a wide array of pro-
gramming languages including HTML5 and JavaScript from within a web browser. As
such simple web-based applications may be developed to remotely control and retrieve
calculation results from bytran® running on dedicated hardware such as a cell phone.

The above new features were meant to improve usability and make it relatively
easy to integrate bytran into existing hardware systems. The near-term future plans
for further bytran improvements include code optimizations to increase speed and the
implementation of the Hartmann-Tran lineshape profile.

Recently Qt bindings with the Python language have gained attention due to the
increased popularity of the Python language. Libraries implementing such capability
include PySide and the PyQt. There has been recent work to extend their support
to the Android and iOS operating systems. Originally developed as a separate branch

'D. Pliutau, K. Roslyakov, Earth Sci. Inform., 10, 395 (2017).
2http://www.ti.com /sensortag
3http://doc.qt.io/qt-5/compatmap.html
4https://www.raspberrypi.org/products/sense-hat/
Shttp://www.bytran.org/protocol.htm
Shttp://www.bytran.org/websockets.htm
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PySide is to become included” into the main Qt development environment at the end
of 2018. This opens a future possibility of creating a hybrid application by combining
the bytran’s cross platform Qt interface with the HAPI’s Python computational code to
function under mobile and desktop environments.

"http://blog.qt.io/blog/2018/02/22 /qt-roadmap-2018/
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P-22. The Smithsonian PLanetary ATmosphere
interface to VLIDORT (SPLAT-VLIDORT)

C. Chan Miller,” R. Spurr,” G. Gonzalez Abad,” X. Liu,* P. Zoogman,®
K. Chance*®

¢ Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge MA 02138-1516, USA

YRT Solutions, Cambridge MA, USA

The explosion of Earth atmosphere observations from space was a challenge for ac-
curate and fast radiative transfer model (RTM) calculations. Over the years we have
developed the capabilities needed for real time processing of large datastreams. The use
of such Earth-centric RT'Ms in planetary applications has been limited by their complex-
ity. In light of this we have developed a flexible and user-friendly FORTRAN interface
to VLIDORT, a discrete ordinate RTM for polarized light.

The Smithsonian PLanetary ATmosphere interface to VLIDORT (SPLAT-VLIDORT)
retains features for Earth simulations whilst being capable of simulating more general
situations. Features include:

e User-specified major atmospheric constituent inputs needed for Rayleigh scatter-
ing.

e User-specified gas absorption inputs, including allowances for collision induced
absorption and HITRAN-based pressure-temperature lookup tables.

e A flexible cloud/particle scattering interface, with additional tools for customizable
scattering properties.

e Anisotropic treatment of surface reflectance, based on semiempirical BRDF ker-
nels.

We will illustrate some of the capabilities of the new interface with simulations of Earth
radiance observations from the upcoming TEMPO geostationary satellite mission.
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P-23. New Method to Establish Frequency
Calibration of FTS with Multireflection Cells

C. Roeske,” M. Birk,” G. Wagner “

*German Aerospace Center (DLR), Remote Sensing Technology Institute, Miinchner
Strafie 20, D-82234 Wefsling, Germany

In laboratory FT spectroscopy in the infrared region, instrumental line shape (ILS)
determination and the associated frequency calibration is necessary for accurate mea-
surements. For high pressure measurements, both can be obtained from a previous
measurement of a calibration gas at low pressure, preferably under otherwise similar
conditions. However, especially in combination with a multireflection cell, a subsequent
change in pressure causes an alteration in the adjustment of multireflection cell due to
mechanical deformations and change of refractive index. The beam path and profile are
thus shifted, which especially comes into effect for high absorption paths. An unavoid-
able correction of the adjustment then usually causes a deviation from the original ILS
and thus from frequency calibration. ILS contributions are distributed over the infrared
beam in the spectrometer optics and therefore the adjustment can influence the ILS.
Especially the detector and detector window exhibit a strong angular dependence of
reflectivity, thus influencing the ILS.

The known method of using a small cell with a calibration gas in series with the
multireflection cell fails when narrow band filters are applied for obtaining good signal
to noise ratios and there is no calibration gas available with strong lines in the spectral
region of interest.

Here, a method is presented by which the re-adjustment of the instrument can be
performed in a way to restore the previous ILS and frequency calibration for large
absorption paths and pressure changes of about 1 bar. Explained is the detailed restoring
procedure as well as exemplary results using a multireflection cell of 0.8 m base length
set to an absorption path of more than 100 m, where a secondary reference cell was used
to validate the method.
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P-24. Ammonia Spectra in the Cryogenically
Cooled Herriott Cell

P. Cermik,” P. Cacciani,’ J. Cosléau®

®Department of Fxperimental Physics, Faculty of Mathematics, Physics and
Informatics, Comenius University, Bratislava, Slovakia

YUMR 8523 - PhLAM - Physique des Lasers, Atomes et Molecules, F-59000 Lille,
France

A 7m path long cryogenically cooled Herriott cell was used to probe ammonia ab-
sorption in two spectral regions. In the mid-infrared the Vertical External Cavity Surface
Emitting Laser! was used in the 42754355 cm™! range and couple of New Focus ex-
ternal cavity diodes lasers covered the 6500-6800 cm~! range in the near infrared?34.
The absorption spectra were recorded for the two main isotopologues in the tempera-
ture range from 122 to 300 K with the temperature accuracy of £0.15 K. Most recently,
investigation of the deuterated isotopologues began with the observation of the NDyH
and NHyD species.

Besides the spectroscopic description of ammonia isotopologue and comparison with
the most recent studies (e.g., Al Derzi, et al.’, Yurchenko®, Barton, et al.”), the topic of
the presented contribution is to discuss the improved method for measurements of lower
state energies of transitions with datasets from independent spectra.

1P, Cermék, et al., J. Quant. Spectrosc. Radiat. Transf., 137, 13-22 (2014).

2P. Cacciani, et al., J. Quant. Spectrosc. Radiat. Transf. 113, 1084-1091 (2012).
3P. Cacciani, et al., Mol. Phys., 112, 24762485 (2014).

4J. El Romh, et al., J. Mol. Spectrosc., 326 122-129 (2016).

SA. Al Derzi, et al., J. Quant. Spectrosc. Radiat. Transf., 161, 117-130 (2015).
6S. Yurchenko, J. Quant. Spectrosc. Radiat. Transf., 152, 28-36 (2015).

"E. Barton, et al., J. Quant. Spectrosc. Radiat. Transf., 189, 60-65 (2017).
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P-25. The Effect of Diffusivity Factor
Approximation on the Representation of Spectral
Outgoing Longwave Radiation

J. Feng,” Y. Huang“
*McGill University, 845 Sherbrooke Street West, Montreal, Quebec, Canada

The infrared outgoing longwave radiation (OLR) flux is calculated through an an-
gular integration of directionally dependent radiances over zenith angle. To reduce
computational labor in the process, a common technique is to use the radiance intensi-
ty obtained along a specific zenith angle to approximate the isotropic radiance, known
as Diffusivity-factor approximation!. The choice of diffusivity factor has been inten-
sively discussed over the past half-century, and it is mathematically determined to be
e'/? = 1.6487213 using a one-node Gaussian quadrature method (1GQ)2.

However, the proposed diffusivity factor may not properly represent spectral OLR for
several reasons. First, the 1GQ method residual is dependent on optical depth, leading
to error with opposite signs between window bands and absorption bands. Second, the
optical transmission path is simplified to straight-line-of-sight, such that earth geometry
and path refraction are not considered. The curvature of path thus increases the limb-
view optical depth of the lower atmosphere, adding further uncertainties. Third, as
weighting function varies greatly across the spectral, the summation of OLR contributed
from each vertical level is hard to be represented by one diffusivity factor.

This study investigates into the spectral error of DF approximation with path curva-
ture and tests the feasibility of using band-dependent diffusivity factor. It is found that
the DF approximation overestimates window band OLR by 3% while underestimates
CO3 and Oj contribution by around 1.5%, resulting from a combination of path curva-
ture effect and GQ method residual. In the window band, the contribution from both
surface and atmosphere are important, in which case, the choice of diffusivity factor is
not only dependent on optical depth. Therefore, we suggest a latitudinal and seasonal
dependent diffusivity factor for the 11 bands over infrared spectral.

'W. M. Elsasser (1942). Heat Transfer by Infrared Radiation in the Atmosphere. Harvard Meteoro-
logical Studies, Vol. 6, Harvard University Press, 107.
2J. Li, J. Atmospheric Sci., 57, 753-765 (2000).
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P-26. A Scaled Linear Retrieval Technique for
Tropospheric Pollutants

R. J. Hargreaves,*® A. Dudhia,” R. G. Grainger ®

®Farth Observation and Data Group, Atmospheric, Oceanic & Planetary Physics,
Unwersity of Oxford, Parks Road, Oxford, OX1 3PU, UK

®Now at: Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, 60 Garden Street, Cambridge, MA 02138, USA

Fast retrieval methods for the detection of tropospheric trace gases from hyper-
spectral nadir sounding satellite observations (e.g., IASI) often provide unreliable total
column measurements. Alternatively, more accurate iterative retrieval methods require
large processing times, making them inadequate for near-real time monitoring. We
present a scaled linear retrieval method that aims to provide a better estimate for the
total column of tropospheric trace gases (e.g., NHg, SO,), while remaining fast to com-
pute and appropriate for near-real time retrievals. The performance of this method is
compared to current retrieval methods for NHj.
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P-27. High-Spin Electronic States of Molecular
Oxygen

G. J. Vazquez,* H. P. Liebermann,’” H. Lefebvre-Brion

Instituto de Ciencias Fisicas, Universidad Nacional Autonoma de Mexico (UNAM),
Cuernavaca, Morelos, Mezico

bFachbereich C-Mathematik und Naturwissenschaften, Universitit Wuppertal,
Wuppertal, Germany

¢Institut des Sciences Moléculaires d’Orsay, Université Paris-Sud, Orsay, France

As a by-product of an ongoing rather comprehensive study of the electronic structure
of the lowest valence and Rydberg states of O, chiefly singlets and triples, in this contri-
bution we focus on high-spin electronic states, namely, quintets and septets. Although
these latter states may be thought of as of pure academic interest, the current calcu-
lations show interesting features of their potential energy curves (PECs) which have
not been studied and are actually unknown for most diatomics made up of first-row
atoms (plus hydrogen and helium). Experimentally, there is essentially no information
whatsoever, aside from some indirect evidence of the possible involvement of high-spin
species in the spectroscopy or photodissociation processes. Theoretically, there are a few
studies, but they are usually issued from early and modest calculations, so the accuracy
is not good enough.

We report in this contribution an insight into the quintet and septet electronic states
of molecular oxygen. Their PECs display a rich and complex structure, and interactions
among states which could not be anticipated. We report PECs of valence, Rydberg
and ion-pair quintet states as well as of various Rydberg septet states. Most PECs are
repulsive, as expected, yet, a few of the high-spin states are bound. Excitation energies
are tabulated for all states. Spectroscopic constants are given for the bound states.
A case is also presented of a bound sextet state of OF, along with potential curves of
several sextet repulsive states of the cation.
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III-1. Characterization of Exoplanet Atmospheres
via Molecular and Atomic Spectroscopy

A. Oklop¢cié®

® Harvard-Smithsonian Center for Astrophysics, Institute for Theory and Computation
Division, 60 Garden Street, Cambridge, MA 02138, USA

Obtaining information about the chemical composition and the physical conditions in
the atmospheres of exoplanets is crucial for improving our understanding of the physical
processes that govern planet formation and evolution. The main observing techniques
for atmospheric characterization are transmission and emission/reflection spectroscopy.
Although major advances have been made over the past decade, there are still many
challenges associated with the interpretation of exoplanet spectra, which is why we need
to keep searching for new probes of exoplanet atmospheres that are complementary to
the currently existing diagnostics. In the context of molecular spectroscopy, I will discuss
one such method, based on the detection of spectral signatures of Raman scattering on
atmospheric molecules at short visible wavelengths. High-resolution spectra of atomic
lines, on the other hand, can give us valuable insights into the structure and properties of
the upper layers of exoplanetary atmospheres, i.e. thermospheres and exospheres. I will
present recent results on using the helium triplet line at 1083 nm as a new window into
the extended exoplanet atmospheres, which can be used to improve our understanding
of atmospheric escape and mass loss in close-in exoplanets.
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III-2. The Calculation of Atomic and Molecular
Opacities for Astrophysical Applications

R. Freedman *°

*NASA Ames Research Center, Mail Stop 245-3; Moffett Field, CA 94035, USA
YSETI Institute, Mountain View, CA, USA

In order to properly model and study the emergent spectra of a variety of astro-
nomical objects it is necessary to adequately model the opacity of their atmospheres.
The objects of interest to our group span a range of temperatures from very cold solar
system objects to the lower temperature limits of stellar atmospheres. There is also
a large range in pressures from fractions of a millibar to hundreds of bars. An added
complication is that, unlike the typical stellar atmosphere that is predominantly neu-
tral or ionized hydrogen and helium, these objects have atmospheres that are mainly
molecular hydrogen and helium. In some cases involving hypothetical rocky planets that
have suffered giant impacts there may be high concentrations of water (steam) or other
volatiles. This creates problems for properly defining the line broadening parameters
and even the line shape itself.

Another major challenge can be the very large size of certain molecular data sets
that contain tens of billions of lines. As astronomical objects may span a large range
of temperatures in a given atmosphere there is a real challenge at high temperatures
when you have to do line-by-line calculations with such large data sets. I will review
how our own group currently handles these problems and how others have suggested
alternative approaches. I will emphasize the need for better data and discuss some of
the many challenges including getting line widths for species and broadeners that are
not usually studied either in the lab or through computational simulations. I will also
point out what will be needed as the resolution of astronomical observations improves
in the future.
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I11I-3. Planetary Spectrum Generator: An Accurate
Online Radiative Transfer Suite for Atmospheres,
Comets, Small Bodies and Exoplanets

G. L. Villanueva,” M. D. Smith,* S. Protopapa,’ S. Faggi, A. M. Mandell *

*NASA Goddard Space Flight Center, Greenbelt, MD, 20771, USA
b Department of Space Studies, Southwest Research Institute, Boulder, CO 80302, USA

We have developed an online radiative-transfer suite! applicable to a broad range
of planetary objects (e.g., planets, moons, comets, asteroids, TNOs, KBOs, exoplan-
ets). The Planetary Spectrum Generator (PSG) can synthesize planetary spectra (at-
mospheres and surfaces) for a broad range of wavelengths (UV/Vis/near-IR/IR/far-
IR/THz/sub-mm/Radio) from any observatory (e.g., JWST, ALMA, Keck, SOFIA),
any orbiter (e.g., ExoMars, Juno), or any lander (e.g., MSL). This is achieved by com-
bining several state-of-the-art radiative transfer models, spectroscopic databases and
planetary databases (i.e., climatological and orbital). PSG has a 3D (three-dimensional)
orbital calculator for most bodies in the solar system, and all confirmed exoplanets, while
the radiative-transfer models can ingest billions of spectral signatures for hundreds of
species from several spectroscopic repositories. It integrates the latest radiative-transfer
and scattering methods in order to compute high resolution spectra via line-by-line cal-
culations, and utilizes the efficient correlated-k method at moderate resolutions, while
for computing cometary spectra, PSG handles non-LTE and LTE excitation processes.
PSG includes a realistic noise calculator that integrates several telescope / instrument
configurations (e.g., interferometry, coronagraphs) and detector technologies (e.g., CCD,
heterodyne detectors, bolometers). Such an integration of advanced spectroscopic meth-
ods into an online tool can greatly serve the planetary community, ultimately enabling
the retrieval of planetary parameters from remote sensing data, efficient mission planning
strategies, interpretation of current and future planetary data, calibration of spectro-
scopic data, and development of new instrument/spacecraft concepts.

thttps://psg.gsfc.nasa.gov
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I1I-4. Fast Spectral Synthesis for a New (Generation
of Solar and Stellar Brightness Variability Models

M. Cernetic,* A. I. Shapiro,” V. Witzke,* N. A. Krivova,” S. K. Solanki,**
R. V. Tagirov®

* Maz-Planck-Institut fir Sonnensystemforschung, Justus-von-Liebig-Weg 3, 37077,
Gottingen, Germany

b Physics Department, Imperial College London, South Kensington Campus London
SW7T 247, UK

¢School of Space Research, Kyung Hee University, Yongin, Gyeonggi, 446-701, Republic
of Korea

Regular space-borne observations revealed that solar brightness varies on timescale
from minutes to decades. Concurrently, photometric measurements of Sun-like stars
uncovered similar variations. Whereas the Sun’s variability has impact on the Earth’s
atmosphere and in turn on the climate, stellar brightness variations are a limiting factor
for the detectability and habitability of exoplanets. The brightness variations of the
Sun and Sun-like stars are fully controlled by the Fraunhofer lines present all over their
spectra. In particular, Fraunhofer lines define the amplitude of the stellar brightness
variability on timescales greater than a day and in case of the Sun even the phase of the
solar brightness variability over the 11-year magnetic activity cycle. Molecular lines play
a special role is stellar brightness variations due to their strong sensitivity to temperature
chances. For example, the maximum of the absolute spectral brightness variability of
the Sun is associated with the CN violet system.

Recently a new generation of models for solar and stellar variability, based on the
3D magnetohydrodynamics simulations of the stellar atmospheres and state-of-the art
radiative transfer approaches, has appeared. A huge amount of Fraunhofer lines makes
calculations with such models extremely time consuming. Building on the well-known
approach of the opacity distribution functions (ODFs) we have developed a more efficient
method to account for the Fraunhofer lines in the radiative transfer calculations: the
optimised opacity distribution functions (OODFs). Such a method takes the current
models of solar and stellar brightness variations to a new level and makes it possible
to investigate a whole range of a new phenomena. The applications of our method
is not limited to modelling brightness variations and we believe it to be useful for a
broad community of researches working on the radiative transfer in stellar, solar, and
planetary atmospheres. To obtain comprehensive OODFs an accurate treatment of the
underlying atomic and molecular lines is needed. We plan to incorporate the latest and
most complete linelists (and especially utilise HITRAN for the molecular linelists) before
making our routines and data publicly available.
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IV-1. The ExoMol Project: Progress and
Perspectives

J. Tennyson,” S. N. Yurchenko,” and the ExoMol team

®Department of Physics and Astronomy, University College London, Gower Street,
London WC1E 6BT, UK

The ExoMol project aims to provide molecular line lists for exoplanets and other
atmosphere with a particular emphasis on those atmospheres which are significantly
hotter than the Earth’s!. ExoMol has now computed line lists for about 40 molecules
including, in most cases, isotopologues. These are available at www.exomol.com. Key
new line lists include ones for Hi 2, NO3 CyH;? and a significantly improved one for
hot water®, as well as for a range closed and open shell diatomic molecules.

The ExoMol database underwent a major reformat and upgrade in 2016°%; it now
provides information on a variety of topics including, of course, line lists, cross sections
(generated from the same line lists), lifetimes and Landé g-factors. Our new flexible
code ExoCross can rapidly generate cross sections even from huge line lists. ExoCross’
also allows facile conversion between ExoMol and HITRAN formats.

1]J. Tennyson, S. N. Yurchenko, Mon. Not. R. Astr. Soc., 425, 21 (2012).

2I. 1. Mizus, et al., Mon. Not. R. Astr. Soc., 468 1717 (2017).

3A. Wong, et al., Mon. Not. R. Astr. Soc., 472, 882 (2017).

4B. P. Mant, A. Yachmenev, J. Tennyson, S. N. Yurchenko, Mon. Not. R. Astr. Soc., in press.
50. L. Polyansky, et al., Mon. Not. R. Astr. Soc., in press.

6J. Tennyson, S. N. Yurchenko, ExoMol Team, J. Mol. Spectrosc., 372, 73 (2016).

7S. N. Yurchenko, A. F. Al-Refaie, J. Tennyson, Astron. Astrophys., in press.
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IV-2. TheoReTs — Ab Initio Based Information
System For Astrophysical Applications: Line Lists,
Cross-Sections And Validation Versus Observed
Spectra

M. Rey,* A. Nikitin,>* Y. Babikov,’ V. Tyuterev®

*Groupe de Spectrométrie Moléculaire et Atmosphérique, UMR CNRS 7331, Reims,
France

b Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk State
Unwersity, Russia

¢ Laboratory of Theoretical Spectroscopy, Institute of Atmospheric Optics, SB RAS,
634055 Tomsk, Russia

TheoReTS!2:3 — is an information system for theoretical spectra based on variation-
al predictions from molecular potential energy and dipole moment surfaces for various
molecular species of interest for planetology and astrophysical applications jointly de-

veloped by Reims and Tomsk teams?.

The current TheoReTS implementation contains information on four-to-six atomic
molecules, including phosphine, methane, ethylene, silane, methyl-fluoride, tetrafluo-
romethane, germane and their isotopic species 3 CHy, *?CH3D, 2CH,Ds, 12CDy, 2CyH,.
An extension to deuterated isotopologues PH,D, PHD,, CoHyDo, 2CBCH,D,y, CoHsD
and to NF3, HyCO is in progress. Predicted hot ethylene data up to 700 K and of
methane line lists up to T = 3000 K %7 are included. The information system provide
associated software for spectra simulation including absorption coefficient, absorption
and emission cross-sections, transmittance and radiance. The simulations allow Lorentz,
Gauss and Voight line shapes. Rectangular, triangular, Lorentzian, Gaussian, sinc and
sinc squared apparatus function can be used with user-defined specifications for broad-
ening parameters and spectral resolution. All information is organized as a relational
database with the user-friendly graphical interface.

The validations of recent ab initio predictions for rotationally resolved spectra of

M. Rey, Y. Babikov, A. Nikitin, V. Tyuterev, J. Mol. Spectrosc., 327, 138 (2016).

2http:/ /theorets.univ-reims.fr

3http://theorets.tsu.ru

4Supports from ANR e-PYTHEAS and Mendeleev funding Tomsk State University grant are ac-
knowledged.

°D. Viglaska, et al., Poster at this Workshop : HITRAN (2018) — see page 27.

SM. Rey et al., Aston. Astrophys., 594, A47 (2016).

M. Rey et al., Astrophys. J., 847, AA8909 (2017).
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related molecules with respect to high-resolution experimental data®?:!° low resolution
records (PNNL experimental library), Titan atmospheric observations'! and compar-
isons with HITRAN and GEISA databases will be discussed.

8A. Wong, et al., Poster at this Workshop : HITRAN (2018) — see page 28.
9R. Georges, et al., private communication.

10M. Rey, et al., Phys. Chem. Chem. Phys., 18, 176 (2016).

HM. Rey, et al., Icarus 303, 114 (2018).
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IV-3. The Spectroscopy of C3: New Challenges and
New Physics

D. W. Schwenke ¢

*NASA Ames Research Center, MS T27B-1, NAS Facility, Moffett Field, CA 94035,
USA

We discuss first principles calculations of electronic transitions in C3. The challenges
are the need for explicitly including diagonal corrections to the Born-Oppenheimer ap-
proximation, the need to generate diabatic states to untangle avoided crossings, and
the limitations of currently available electronic structure methods. In the process of
overcoming these challenges, we have encountered a very unusual breakdown of the
Born-Oppenheimer approximation.
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IV-4. Molecular Simulations for the Spectroscopic
Detection of Biosignature (Gases and Other Volatiles

C. Sousa-Silva,” J. J. Petkowski,” S. Seager ¢

*Massachusetts Institute of Technology, EAPS, 77 Massachusetts Ave, Cambridge,
USA

Unambiguously identifying molecules in spectra is of fundamental importance for a
variety of scientific and industrial uses; a compelling modern focus is the spectroscopic
detection of volatiles in exoplanet atmospheres, and the assessment of habitability and
inhabitability of these planets. Analyses of observational spectra require information
about the spectrum of each of its putative components. However, spectral data currently
only exist for a few hundred molecules and only of fraction of those have complete
spectra (e.g., H,O, NHj). Consequently, molecular detections in exoplanet atmospheres
are vulnerable to false positives, false negatives and miss-assignments. There is a key
need for spectral data for a broad range of molecules.

Using a combination of experimental measurements, organic chemistry, and quantum
mechanics, ATMOS (Approximate Theoretical MOlecular Spectra) is a programme that:

(a) Provides approximate spectral data (band centres and relative intensities) for thou-
sands of molecules in seconds.

(b) Assesses hundreds of molecules simultaneously, highlighting patterns and any distin-
guishing features. Traditional methods for obtaining spectra are extremely costly and
time-consuming (i.e., months/years per molecule); ATMOS will inform prioritization
protocols for future high accuracy studies.

(c) Demonstrates that, at low resolution, individual spectral features could belong to a
large number of molecules. Molecular detections in spectra are often made by assigning
one, or a few, spectral features to a given molecule. ATMOS can highlight ambiguities
in such molecular detections and also direct observations towards spectral regions that
reduce the degeneracy in molecular identification.



SESSION IV: Theoretical Linelists for Exoplanets 59

IV-5. Sub-percent accuracy for the intensities of top
five HITRAN molecules

O. L. Polyansky,*® J. Tennyson,” A. A. Kyuberis,” E. K. Conway,’
N. F. Zobov*

@ Institute of Applied Physics, Russian Academy of Sciences, Ulyanov Street 46, Nizhny
Nowgorod, 603950, Russia

b Department of Physics and Astronomy, University College London, Gower Street,
London, WC1E 6BT, UK

Recent progress on the high accuracy intensity calculations of HyO, COs, ozone, CO
and N,O is described. The need for high accuracy line intensities for these molecules
for the modelling atmospheres of the Earth and exoplanets is well-established. The
three major factors for accurate intensity calculations are the nuclear motion program,
accurately fitted potential energy surface (PES) to the experimental rovibrational energy
levels and high accuracy ab initio dipole moment surface (DMS). The details of use
of these three factors for the sub-percently accurate line intensities of the molecules,
listed as the first five most important molecules in HITRAN database, will be given.
In particular, the results of our calculations on the IR lines of HyO 12 and CO, %456
have been incorporated into the HITRAN2016 database. The new results on water IR
and optical-UV region will be presented as well as O3 7, CO and N,O line intensities
calculations.

1. Lodi, J. Tennyson and O. L. Polyansky, J. Chem. Phys., 135, 034113 (2011).
2M. Birk, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 88-102 (2017).

30. L. Polyansky, et al., Phys. Rev. Lett., 114, 243001 (2015).

4E. Zak, et al., J. Quant. Spectrosc. Radiat. Transf., 177, 31-42 (2017).

°E. Zak, et al., J. Quant. Spectrosc. Radiat. Transf., 189, 267-280 (2017).

SE. Zak, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 265-281 (2017).

70. L. Polyansky, et al., J. Quant. Spectrosc. Radiat. Transf., 210, 127-135 (2018).
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V-1. Atmospheric Spectroscopy at the Smithsonian
Astrophysical Observatory: From Mount Sinai to
Geostationary Orbit and Beyond

K. Chance®

® Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge, MA, USA

I will address the solar and atmospheric measurements at SAO beginning with its
establishment in 1890, through the establishment of an observatory on Mount Saint
Katherine (Zebel Gebir), a spur of Mount Sinai, in 1933, with the assistance of Archi-
mandrate Joakim and the monks of the Monastery of Saint Katherine on Mount Sinai,
to more recent balloon, aircraft, ground, and satellite-based measurements of the physics
and chemistry of the stratospheric ozone layer, climate-altering greenhouse gases, and
atmospheric pollution. There will be a brief excursion into the atmospheric spectroscopy
of exoplanets.
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V-2. Spectroscopy for Remote Sensing of
Tropospheric Composition: Perspectives from the
Aura-TES and OCO-2 Teams

V. H. Payne*“
(on behalf of the TES and OCO-2 ABSCO and algorithm teams)

@ Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

The accuracy of remotely-sensed quantities depends directly on the accuracy of the
spectroscopic input to the forward model used in the retrievals (line shape, line pa-
rameters and continuum). Here, we provide perspectives on spectroscopy-related needs
and challenges for two NASA satellite missions that measure trace gases in the tropo-
sphere: the Aura Tropospheric Emission Spectrometer (TES) and the Orbiting Carbon
Observatory reflight (OCO-2).

TES, a Fourier transform spectrometer measuring thermal infrared radiances at high
spectral resolution (0.1 cm™! apodized), was launched on the Aura satellite in July
2004 and decommissioned in January 2018. The TES radiances have been used to
retrieve estimates of temperature, HyO and a range of different tropospheric trace gases,
including O3, CO, HDO, CHy, CO,, NH3, CH30OH, HCOOH, OCS and PAN. Molecular
absorption coefficients are pre-calculated and stored in look-up tables for use within
the TES retrieval algorithm. We discuss the spectroscopic input currently used in the
calculation of these tables and highlight outstanding sources of systematic error affecting
the analysis of the radiance measurements from TES and other thermal-infrared space-
borne spectrometers.

The Orbiting Carbon Observatory (OCO-2), launched in July 2014, is a grating
spectrometer measuring in the 0.76 micron Oy A-band and the 1.61 and 2.06 micron
CO4 bands. The OCO-2 radiances are analyzed to yield estimates of the CO, dry air
mole fraction, Xcps2. Look-up tables of molecular absorption coefficients are also utilized
within the OCO-2 algorithm. Retrievals of well-mixed greenhouse gases such as COy
place particularly stringent demands on the accuracy of the forward model, since the
variations of these gases in the atmosphere are small compared to the background. The
goal for OCO-2 is to obtain Xgpe with accuracy of 0.25% (1 ppm out of the 400 ppm
background), in order to understand carbon sources and sinks on regional scales over
the globe. To accomplish this goal, it will be necessary to simulate spectral radiances
to an accuracy of around 0.1%. This places particularly stringent demands on the spec-
troscopic input to the retrieval algorithm. We discuss recent developments and ongoing
efforts to reduce systematic errors associated with spectroscopy in the OCO-2 forward
model. We show results of validation of the current version of absorption coefficients us-
ing ground-based atmospheric measurements from the Total Carbon Column Observing
Network (TCCON) as well as spectral residuals from OCO-2 retrievals. We highlight
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remaining challenges in the OCO-2 bands, including accuracy of absolute intensity mea-
surements for COs, the representation of line mixing (LM) for CO5 and O,, collision
induced absorption (CIA) for Oy and temperature dependence of LM and CIA. Final-
ly, we point to new, high signal to noise laboratory measurements (Cavity Ring Down
Spectroscopy from NIST and Photoacoustic Spectroscopy from the California Institute
of Technology) and associated multispectrum fitting analysis underway to address these
challenges.
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V-3. Re-evaluating the Use of Oz a'A, Band in
Spaceborne Remote Sensing of Greenhouse Gases

K. Sun,® I. E. Gordon,’ C. E. Sioris,® X. Liu,” K. Chance,” S. C. Wofsy ¢

*RENEW (Research and Education in eNergy, Environment and Water) Institute,
University at Buffalo, Buffalo, NY, USA

b Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge, MA, USA

¢Environment and Climate Change Canada, Toronto, Ontario, Canada

4School of Engineering and Applied Sciences and Department of Earth and Planetary
Sciences, Harvard University, Cambridge, MA, USA

Although the Oy a'A, band has long been used in ground-based greenhouse gas
remote sensing to constrain the light path, it is challenging for nadir spaceborne sensors
due to strong mesosphere/stratosphere airglow. Spectroscopic simulations using upper
state populations successfully reconstruct the airglow spectra with excellent agreement
with SCTAMACHY limb observations (residual root-mean-square < 0.7%). The accurate
knowledge of airglow spectrum enables retrieval of Oy(a'A,) number density, volume
emission rate, and temperature. For nadir spaceborne observations, the a'A, airglow will
lead to a negative bias of ~ 10% to Oy column, if not considered. However, when properly
included, the airglow spectral feature can be adequately separated from O absorption
(mean bias < 0.1%) at the spectral resolution of modern spaceborne spectrometers.
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V-4. Satellite Remote Sensing of the Atmosphere:
Past (MIPAS) and Future (FORUM) Challenges

B. M. Dinelli,* A. Di Roma,*® L. Palchetti,” P. Raspollini,” M. Ridolfi,>*
J.-M. Flaud*

*ISAC-CNR, Bologna, Italy
YDIFA, University of Bologna, Bologna, Italy
¢INO-CNR, Sesto Fiorentino (FI), Italy
dJFAC-CNR, Sesto Fiorentino (FI), Italy
¢LISA-CNRS, Paris, France

Satellite remote sensing techniques are widely used to measure the chemical and
physical state of the Earth atmosphere and of the atmospheres of other planets. These
techniques rely on the measurement of the atmospheric spectrum, in a variety of spec-
tral ranges. In particular, remote sensing measurements of the atmospheric and Earth
emitted radiation are performed in the Infrared and Far-Infrared spectral regions, where
most of the black body emission at their temperatures is located. To extract informa-
tion from these measurements on the atmospheric state, very accurate knowledge of the
spectroscopy of the atmospheric major and minor gases is required. The retrieval of the
vertical profiles of temperature and atmospheric constituents is usually performed by
fitting to the observations a full-physics model taking into account emission and absorp-
tion of all molecules. As a consequence the quality of the retrievals is directly linked to
the availability and accuracy of the spectroscopic parameters.

MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) was a Fourier
transform spectrometer designed for the measurement of the Earth atmospheric limb
emission in the thermal infrared (TIR) spectral range (6852410 cm™!). Tt flew onboard
the polar orbiting ENVISAT satellite for approximately 10 years, from June 2002 to
April 2012, performing measurements during both day and night with relatively high
spectral resolution (0.025 cm™! in the first part of the mission and 0.0625 cm™! in the
second part). MIPAS/ENVISAT measurements represent a unique database for the
study of the vertical distribution and time variation of the atmospheric composition on
a global scale with data on more than 20 minor atmospheric constituents. On top of
that, the high resolution of MIPAS measurements has provided a unique benchmark for
the accuracy of current spectroscopic data.

FORUM (Far-infrared-Outgoing-Radiation Understanding and Monitoring) is a new
sounder selected by ESA for the phase A studies for the selection of the future Earth
Explorer 9 mission. It has been designed to measure the complete spectrum of the Earth
outgoing long wave radiation from space including the FIR (Far InfraRed) spectral region
for the first time ever. The instrument will measure the top of the atmosphere radiation
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in the FIR TIR spectral regions (from 100 to 1600 cm™!) with a spectral resolution of
0.3 cm~t. On top of that, FORUM will provide information on the vertical distribution
of water vapour, temperature and other minor constituents. The exploitation of the
FIR spectral range (100-667 cm™!) poses new requirements for the knowledge of the
spectroscopy in this so-far unexploited spectral region.

Here we will report some of the results of spectroscopic studies driven by MIPAS and
the results of the sensitivity studies to spectroscopic data performed for the FORUM
proposal.
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V-5. Spectroscopy Issues for the Atmospheric
Chemistry Experiment

C. D. Boone,” P. F. Bernath®

@ Unaversity of Waterloo, Waterloo, Ontario, Canada

b Department of Chemistry and Biochemistry, Old Dominion University, Virginia, USA

The Atmospheric Chemistry Experiment is a satellite-based mission for remote sens-
ing of the the Earth’s atmosphere. The primary instrument on board is a high res-
olution (0.02 cm™') Fourier transform spectrometer (FTS) operating in the infrared
(750-4400 cm™1). Tt has been collecting solar occultations measurements for more than
14 years. A mission overview will be presented, along with a description of the new
processing version for the FTS (version 4.0) that is currently underway. The spectro-
scopic line list employed for version 4.0 processing is based primarily on HITRAN 2016.
Spectroscopic issues encountered with this line list will be discussed.
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V-6. CO;,; Spectroscopy and Forward Modelling
Accuracy in the Thermal Band: An Assessment
Study with TASI Spectral Observations

G. Masiello,” C. Serio,* G. Liuzzi®

*University of Basilicata, School of Engineering, 85100 Potenza, Italy
YNASA Goddard Space Flight Center, Greenbelt, USA

The Infrared Atmospheric Sounder Interferometer (IASI) has been demonstrated to
be both radiometrically and spectrally stable! and therefore its observations are par-
ticularly suited for assessment studies of spectroscopy and forward modeling accuracy.
Towards this objective we have used a suitable set of IASI soundings recorded over the
GRUAN (Global climate observing system (GCOS) Reference Upper-Air Network) val-
idation station of Manus (Papua New Guinea, 2.06°S, 147.42°E, 6 m asl). The set of
observations has been recorded from January to June 2014, until the station has been
active. Night-time, clear sky, sea surface soundings have been considered in order to
avoid non-LTE problems in the CO, v3 band. IASI soundings have been complemented
with Temperature and HyO mixing ratio profiles, which have been continued to the up-
per stratosphere through the use of time-space collocated ECMWEF analysis. Care has
been particularly taken to collocate IASI soundings with radiosonde observations and
ECMWTF analysis. Because Manus is close to the equator, we could exploit the satellite
crossing time close to 12 UTC, which also coincides with one of the canonical hours of
radiosonde launch and ECMWF' analysis. In this way, collocation is performed better
than 30 min in time and better 50 km in space.

Spectroscopy and forward modelling accuracy have been assessed by computing spec-
tral residuals (Observations-Calculations). Calculations have been performed with our
forward /inverse model, ¢-TASI, which uses the whole IASI spectral coverage and retrieve
all surface and atmospheric parameters, which IASI is sensitive to?.

Our forward model o-IASI is a monochromatic radiative transfer code, which uses a
look table of monochromatic optical-depth computed by LBLRTM (Line-by-Line Radia-
tive Transfer Model). For the present analysis the look-up table is derived from LBLRTM
model version 12.4, which in turn is based on the Atmospheric Environmental Research
or AER v_3.4 line parameter database with the continuum absorption MT_CKD 2.5.7.3

The analysis shows that the COs 15 spectral region, which is probing the troposphere,
yields a spectral residual within the TASI noise already with the temperature and water
vapor radiosonde observations. Upon retrieval, we have a complete consistency, within

1C. Camy-Peyret et al., J. Quant. Spectrosc. Radiat. Transf., 201, 197-208 (2017).
2G. Liuzzi et al., J. Quant. Spectrosc. Radiat. Transf., 182, 128-157 (2016).
3e.g., see http://rtweb.aer.com/Iblrtm_frame.html
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IASI noise, both in COs vy and NyO/COq v5 spectral regions. We will show that initial
discrepancy in the CO4y v spectral region, which is probing the stratosphere, is due to
ECMWF temperature profile inadequacy in the upper stratosphere. Furthermore, we
show that the COy 15 and NoO/COs v3 spectral regions show a consistent behavior for
channels, which are probing the troposphere.

Based on these findings, we have used IASI observations to derive COy column
amount for a 4-years long record (2014-2018) of IASI soundings close to the Mauna
Loa validation station (Hawaii). The analysis shows that COs column amount can be
derived solely from the data, without the use of heavy constraints, which is the common
practice with COs retrieval from Space. The results confirm that state of art CO,
spectroscopy and related improvement in Line Mixing® are accurate enough to yield
COq retrievals with unprecedented accuracy.

4J. M. Hartmann et al., J. Quant. Spectrosc. Radiat. Transf., 213, 178-227 (2018).
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V-7. Evaluating Different HITRAN Databases
Using AIRS and CrlIS

S. DeSouza-Machado,” L. L. Strow ¢

@ Joint Center for FEarth Systems technology/Department of Physics, University of
Maryland Baltimore County, Baltimore, MD 20250, USA

Satellite hyperspectral infrared sounders for Numerical Weather Prediction have
been operational for almost 20 years. This era began with NASA Atmospheric In-
frared Sounder (AIRS) in May 2002 in a 1:30 orbit, followed by EUMETSAT’s TASI
in 2007 in the 9:30 orbit. The AIRS record is now supplemented with the Cross Track
Infrared Sounder (CrIS) on the Suomi platform (October 2011) and more recently on
the NOAA-20 (November 2017). Our group has provided fast radiative transfer algo-
rithms (RTAs) for all of these instruments to NASA (AIRS, CrIS) and NOAA (CrIS,
IASI) for operational 1D-var retrievals. We have used our own line-by-line algorithms,
fast monochromatic algorithms (kCARTA), and AER’s LBLRTM to generate the inputs
for these satellite RTAs. These satellite sounders are particularly sensitive to spectral
line shape models (line-mixing), continuum models (H2O), and non-LTE emission. We
provide an overview of the status of these fast models, particularly in the context of
present uncertainties in their accuracy using various validation approaches.
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V-8. Low-Temperature, High-Precision
Measurements of the O, A-Band

E. M. Adkins,” M. Ghysels,” D. A. Long,* J. T. Hodges*

®National Institute of Standards and Technology, Gaithersburg, MD, USA

The remote sensing of atmospheric species such as COy typically requires the de-
termination of column-integrated airmass from co-located observations of O, A-band
transmission spectra. To avoid airmass-dependent biases in the retrieved concentration
of the target species, the most accurate and precise measurements require predictive
models of transmitted solar irradiance in the Oy A-band region. Previous studies have
shown that these models must account for the temperature- and pressure-dependence
of advanced line shapes, line mixing (LM), and collisional induced absorption (CIA).
Although a recently published self-consistent model of the O, A-Band accounted for
these effects, it was compromised by the lack of high-resolution, low-temperature mea-
surements in the R-branch region. In this work, we report recent measurements of the
entire Oy A-band which were made with a variable-temperature cavity ring-down spec-
troscopy system. Spectra were acquired over the temperature, pressure and Oy molar
fraction ranges of (220 K — 290 K), (6.6 kPa — 133 kPa) and (0.2 — 15%), respectively.
The low-range molar fraction data provides information on the temperature dependence
of advanced line shape parameters such as speed dependence, while higher mole frac-
tion data corresponding to optically thick samples can be analyzed to yield the LM
and CIA model parameters. This work is expected to reduce uncertainty in predicted
temperature- and pressure-dependent Oy A-band absorption cross sections for use in
retrieval algorithms such as those used by the Orbiting-Carbon Observatory-2 Mission.



SESSION V: Spectroscopy of the Terrestrial Atmosphere 72

V-9. Multispectrum Analysis of the Oxygen A-Band

B. J. Drouin,* M. J. Cich,* K. Sung,* E. Adkins,’ J. T. Hodges,” E. Lunny,°
M. Okumura“

@ Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

b Material Measurement Laboratory, National Institute of Standards and Technology,
Gaithersburg, Maryland, USA

¢ Division of Chemistry and Chemical Engineering, California Institute of Technology,
Pasadena, CA, USA

Composition measurements from remote sensing platforms require knowledge of air
mass to better than the desired precision of the composition. Oxygen spectra allow
determination of air mass since the mixing ratio of oxygen is fixed. The OCO-2 mission is
currently retrieving carbon dioxide concentration using the oxygen A-band for air mass
normalization. The 0.25% accuracy desired for the carbon dioxide concentration has
pushed the state-of-the-art for oxygen spectroscopy. To produce atmospheric pressure A-
band cross-sections with this accuracy requires a sophisticated line-shape model (Rautian
or Speed-Dependent) with line mixing (LM) and collision induced absorption (CIA).
Models of each of these phenomena exist, but an integrated self-consistent model must
be developed to ensure accuracy.

This presentation will describe the ongoing effort to parameterize these phenomena
on a representative data set created from complementary experimental techniques. The
techniques include Fourier transform spectroscopy (FTS), photoacoustic spectroscopy
(PAS) and cavity ring-down spectroscopy (CRDS). CRDS data allow long-pathlength
measurements with absolute intensities, providing lineshape information as well as LM
and CIA, however the subtleties of the lineshape are diminished in the saturated line-
centers. Conversely, the short paths and large dynamic range of the PAS data allow the
full lineshape to be discerned, but with an arbitrary intensity axis. Finally, the FTS
data provides intermediate paths and consistency across a broad pressure range. These
spectra are all modeled with the Labfit software using first the spectral line database
HITRAN, and then model values are adjusted and fitted for better agreement with the
data.
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VI-1. Recent Progress in the Infrared Spectroscopy
of Ozone

A. Barbe®

*GSMA, UMR 7331 CNRS, Université de Reims Champagne-Ardenne, BP 1039-51687
Reims Cedex 2, France

The recent and unpublished results on the ozone spectra analyses will be reported
here. All the spectra have been recorded on the Fourier Transform Spectrometer of
GSMA (Reims) in Infrared with resolution of 0.002 cm™*.

(1.) 60,

The spectra of main isotopologue of ozone were analyzed in 5 and 10 microns regions,
3735 transitions were assigned belonging to the dyad {(100)/(001)} up to J= 81 and
6336 transitions to the triad {(200)/(101)/(002)}. The observed data were modelled with
rms deviations of 0.12x1072 cm™!; the strongest lines are obtained with the precision
better than 4x1075 cm ™!,

In the whole spectral domain, the transitions affected by local resonances are replaced
by observed ones through changes of energy levels. The intensities of the v; and v
bands were revisited, the resulting calculated line list shows good agreement with recent
ab initio calculation'. In the 5 microns range, the problem of inconsistencies among
different microwindows? is now resolved.

(2.) 160160180

Spectra of quasi pure ozone generated from various ¥0y-10, mixtures have allowed
observing and assigning 15 bands of the most abundant isotopic species **0*0*0 in
the atmosphere in the 950-3900 cm ™! spectral range. These bands were fully analyzed,
leading to the assignment of a total of 9976 transitions, corresponding to 7030 energy
levels. The analyses were performed using appropriate effective Hamiltonian and effec-
tive dipole transition moment operators with the help of theoretical predictions on the
band centres, rotational constants and part of coupling parameters®*.

(3.) 17O enriched isotopic species

The FTS spectra of ozone generated from mixtures of 170, 10 and 'O oxygen atoms
were recorded in the 5 and 10 microns ranges. This mixture leads to the formation of

V1. G. Tyuterev, R. Kochanov, S. Tashkun, J. Chem. Phys., 146, 064307 (2017).

2C. Janssen, et al. J. Mol. Spectrosc., 326, 48-59 (2016).

3VL. G. Tyuterev, R. Kochanov, S. Tashkun, Proceedings of X VII International Symposium HighRus-
2012, 6 (2012).

4V1. G. Tyuterev, et al., J. Chem. Phys., 139, 134307 (2013).
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18 isotopic species, mainly enriched by 7O. In addition to already analyzed species® %7,

we were able to assign and analyze 3 and 14 + 3 bands of four isotopologues of ozone:
7000, 1"OBO0, "O700 and "OO0. The retrieved parameters are in good
agreement with theoretical predictions®*. All these new results will be included in the
S&MPO information system?®.

5S. N. Mikhailenko, Y. L. Babikov, V1. G. Tyuterev, A. Barbe, Comput. Technol., 7, 64-70 (2002).
Shttp://smpo.iao.ru
"http://smpo.univ-reims.fr
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VI-2. New Spectroscopic Data for Tropomi/S5P in
the 2.3 pum region for CH4 and H2O and a New UV
Database for Ozone

M. Birk,” G. Wagner,” D. Mondelain,’ A. Campargue,’ F. Hase,*
J. Orphal,® V. Tyuterev?

“German Aerospace Center (DLR), Wessling, Germany
bUniv. Grenoble Alpes, CNRS, LIPhy, Grenoble, France
¢Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

4 Université de Reims Champagne Ardenne, Reims, France

The ESA project “SEOM-Improved Atmospheric Spectroscopy Databases (IAS)”
will improve the spectroscopic database for retrieval of the data products CO, CH,,
O3 and SO5 column amounts measured by the TROPOMI instrument (TROPOspheric
Monitoring Instrument) aboard the Sentinel-5 Precursor. The project was launched in
February 2014 with 3 years duration extended to 2018.

New spectroscopic data have been obtained for CO, CH; and HyO in the 2.3 pum
region. Measurements were mainly taken with a high resolution Fourier Transform
spectrometer combined with a coolable multi reflection cell. Cavity ring down measure-
ments served for validation. While water analysis with multispectrum fitting turned
out to be straight forward the analysis of methane turned out to be very complicated
and time consuming. The input database HITRAN2012 was found to be not suitable
as initial guess and a theoretical database provided by V. Tyuterev and A. Nikitin was
used instead. Still about 2900 misplaced/new lines (1300 lines removed) were found
which required pure methane measurements at low and ambient temperature in order to
fit the lower state energy of the unassigned lines. In order to fit the spectrum down to
the noise level speed dependence, Rosenkranz line mixing and temperature dependence
of line mixing had to be considered. The data quality of the new database was vali-
dated by solar occultation measurements where residuals showed solar lines only, but
no spectroscopic database error. Furthermore, atmospheric CH, profiles in agreement
with models could be obtained using the new spectroscopic data, for the first time. The
significant impact of the new spectroscopic data with respect to HITRAN2012 for CHy
and CO columns for TROPOMI observations was derived by retrieval simulations.

New UV measurements for a new temperature dependent absorption cross section
database for O3z have been carried out. Large effort has been taken to ensure a good
baseline and to obtain highly accurate number densities in the cell. The new database
shows good agreement (better than 1%) with other databases for the 253 nm mercury
line, but 1-2% lower values above 330 nm in the region relevant for atmospheric remote
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sensing. Together with our new MIR results' these results also could close the 4% gap
between UV and infrared atmospheric observations.

Isee presentation “New Absolute and Relative Line Intensities of Ozone Fundamentals — A Step
Towards the End of the Ozone UV/MIR Dilemma” on page 78.
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VI-3. New Absolute and Relative Line Intensities of
Ozone Fundamentals — A Step Towards the End of
the Ozone UV /MIR Dilemma

G. Wagner,” M. Birk,* J.-M. Flaud,” A. Barbe,* M.-R. de Backer,*
M. Rotger®

®German Aerospace Center (DLR), Wessling, Germany
b Laboratoire Inter-Universitaire des Systems Atmospheriques (LISA), Paris, France

¢Univ. Grenoble Alpes, CNRS, LIPhy, Grenoble, France

New ozone mid infrared measurements in the frame of an ESA project (SEOM-
IAS) have been carried out at DLR and Reims. These measurements were combined
with previous measurements taken in 1998 and published in 2002!. The analysis was
performed with a multispectrum fitting approach. It turned out that the treatment of
the instrumental lineshape has a large influence on the line intensities in case of nearly
Doppler-broadened measurements. Furthermore, it was found that without considering
speed dependence the line intensities for measurements even in the 1 mbar range were
too small by about 1%. Self speed dependence was expressed in terms of a polynomial
versus the Lorentzian self broadening.

Alternatively, the approach by H. Tran et al.? was used to calculate the speed
dependence from the temperature exponent of the Lorentzian self broadening, which
was available since one of the measurements was recorded at 233 K. The absolute and
relative line intensities were found to be significantly different from HITRAN, where the
relative line intensities have remained unchanged for 26 years. The new line intensities
in the v3 region, which is most relevant for atmospheric applications, were larger by 2%
for weak and up to 4% for strong lines.

It should be noted that atmospheric ozone retrievals pointed out a discrepancy of
about 4% when ozone was retrieved from infrared and UV measurements. An increase
of MIR ozone line intensities would partly close this gap. A new quantum mechanical
treatment of the new data will also be presented. The results given are based on DLR
measurements alone. A spectrum from a Reims measurement was used for validation.

LG. Wagner, M. Birk, F. Schreier, J.-M. Flaud, J. Geophys. Res., 107, 4626 (2002).
2H. Tran, et al., J. Quant. Spectrosc. Radiat. Transf., 111, 2012-2020 (2010).
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VI-4. Measurements of Ozone Line Intensities at
5 and 10 pum

D. Jacquemart,” C. Boursier,” H. Elandaloussi,” M. Vaudescal-Escudier,®
P. Jeseck,’ Y. Té, F. Thibout,? C. Janssen®’

*Sorbonne Université, CNRS, De la MOlécule auxz NAno-objets : Réactivité,
Interactions et Spectroscopies, MONARIS, 75005 Paris, France

bSorbonne Université, Observatoire de Paris, Université PSL, CNRS, Laboratoire
d’Etudes du Rayonnement et de la Matiere en Astrophysique et Atmospheres,
LERMA-IPSL, 75005 Paris, France

¢Sorbonne Université, CNRS, Institut des NanoSciences de Paris, INSP, 75005 Paris,
France

1Sorbonne Université, Laboratoire Kastler Brossel, CNRS, ENS-Université PSL,
Collége de France, 75005 Paris, France

In the present study, high resolved (resolution of 0.002 cm™!) Fourier transform
ozone spectra have been recorded both around 5 ym and 10 pgm from the same sample
of gas. For that a “H” shape cell has been used (see Figure 3) in order to have a 20 cm
absorption path length for the region at 5 ym and a 5 cm absorption path length at 10

pam.

The rapid scan interferometer Bruker IFS 125 from QualAir platform allowed us to
record alternatively the 5 pym and 10 pm spectral regions every hour. Interferograms
were recorded for one hour at 5 ym, then 2 hours were dedicated for the 10 pm region.
This scheme was repeated 4 times during approximately 12 hours. Consequently, almost
simultaneous recording of the 2 spectral regions (with same amount of ozone) have been

Figure 3
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performed allowing to get rid of relative errors mainly due to the quantity of ozone in
the cell. In order to reach quantitative measurements, the pressure of ozone in the cell
has been continuously monitored by UV measurements at 252.65 nm. Cross sections
from the literature have been averaged in order to deduce accurate pressure of ozone in
the cell.

The analysis of the 2 spectral regions was carefully performed on isolated transitions,
taking into account small apparatus function effects as the finite size of the beam in the
interferometer. Effect of such correction is in this case in the order of 1% which is not
negligible for ozone line intensity measurements. A multispectrum fitting procedure was
used to retrieve final set of line parameters based on the analysis of 6 spectra recorded
with different pressures of ozone. Around 800 and 600 transitions have been analyzed in
the 10 pm and 5 pm regions respectively. Comparison of line intensities from this work
and those from literature and databases will be presented.
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VI-5. Comb-Assisted CRDS of Water Vapor: From
Extensive Spectral Coverage to Doppler-Free
Saturation Dips

A. Campargue,® S. Kassi, D. Mondelain,” S. N. Mikhailenko **

*Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France

b Laboratory of Theoretical Spectroscopy, V.E. Zuev Institute of Atmospheric Optics,
SB, Russian Academy of Science, 1, Akademician Zuev square, 634021 Tomsk, Russia

In the last years, we have combined our high sensitivity cavity ring down spectrom-

eters to an auto-referenced frequency comb to address different aspects of water vapour
spectroscopy:

(i) The room temperature absorption spectrum of water vapour highly enriched in
170 was studied by comb assisted-cavity ring down spectroscopy (CA-CRDS) between
1.50 pm and 1.26 um (6667-7921 cm~1)12. As a consequence of the high sensitivity of
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Figure 4: Absorption line and Lamb dips for the Jjg < Jy1 and Jj;
+ Jjo doublets of Hy'6O (J= 6, 7). On the lower panels, individual
measurements points are showed to illustrate the higher resolution to
sampling the dips range.

1S. N. Mikhailenko et al., J. Quant. Spectrosc. Radiat. Transf., 206, 163-171 (2018).
2D. Mondelain et al., J. Quant. Spectrosc. Radiat. Transf., 20, 206-212 (2017).
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the recordings (noise equivalent absorption, i, ~1071% cm™!), a series of spectra could
be recorded at very low pressure (less than 0.1 Torr) allowing for accurate determina-
tion of line centres and the spectral resolution of highly blended multiplets. Overall, the
experimental list includes more than 14,000 water lines which were assigned to six iso-
topologues (Hy'60, Hy'7O, Hy®O, HDO, HD'7O and HD'O). Their intensities span
seven orders of magnitude from 1072% to 1072! ¢cm molecule™ at 296 K. The center val-
ues of non blended lines are reported with an accuracy better than 3 MHz (10™* cm™1)
which represents an improvement compared to previous determinations (in particular
for the main isotopologue, Hy'%0). The comparison to the water vapor line list provided
by the 2016 version of the HITRAN database reveals a number of issues.

(i) Doppler-free saturated-absorption Lamb dips were measured at sub-Pa pressures on
rovibrational lines of Hy'%O near 7180 cm ™!, using optical feedback frequency stabilized
cavity ring-down spectroscopy®. By referencing the laser source to the optical frequency
comb, transition frequencies were determined down to 100 Hz precision and kHz accu-
racy. The developed setup allows resolving highly K-type blended doublets (J;q « Jj;
and Jj < Jjo) separated by about 10 MHz (Figure 4), providing valuable tests for
spectroscopic databases and recent variational calculations.

3S. Kassi et al., J. Chem. Phys., 148, 054201 (2018).
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VI-6. Investigation of the vg and v5; Bands of
Propane at 11.5 and 10.9 pm: Evidence of Large
Amplitude Tunnelling Effects

A. Perrin,® J.-M. Flaud,’ F. Kwabia-Tchana,’” L. Manceron,>® P. Groner ®

¢ Laboratoire de Météorologie Dynamique/IPSL, UMR CNRS 8539, Ecole
Polytechnique, Univ. Paris-Saclay, RD36, 91128 Palaiseau Cedex, France

b Laboratoire Interuniversitaire des Systemes Atmosphériques (LISA), UMR7583 CNRS
Univ. Paris Est Créteil and Paris Diderot, IPSL, Créteil, France

¢Synchrotron SOLEIL, Beamline AILES, L’Orme des Merisiers, BP /8, 91192
Saint-Aubin, France

dSorbonne Univ., CNRS, MONARIS, UMR 8233, 4 place Jussieu, Paris,F-75005
France

¢ Department of Chemistry, Uniwversity of Missouri-Kansas City, 5100 Rockhill Rd.,
Kansas City, MO 64110, USA

We present the first investigation of the vy B-type band (870.3 cm™') of propane
(CH3CH,CH3) together with an extended analysis of the neighbouring v9; A-type band!
(921.4 ecm™!). For both bands the rotational energy levels in the 8' and 21 upper
states are split because of interactions with the internal rotations of the methyl groups,
leading to the identification of AA, EE, AE and EA torsional components. An effective
“vibration - torsion - rotation” Hamiltonian model was built in the G3g symmetry group,
which shows that these torsional splittings are due to the existence of anharmonic and
Coriolis resonances, coupling the 8' and 21! rotational levels to nearby highly excited
levels of the two internal rotations of the methyl groups. Accordingly, a code computing
the line intensities was developed to allow unambiguous torsional component identifica-
tions. The line assignments were performed using a high resolution (0.0015 cm™!) IR
spectrum of propane, recorded at 142 K using the French SOLEIL synchrotron facility
coupled to a Bruker IFS125HR Fourier transform spectrometer. A list of individuals
line positions and intensities to be used for the detection of propane in the Earth and
outer planets atmospheres was produced and compared with the existing pseudolines?

Or Cross sections3.

LA. Perrin, et al., J. Mol. Spectrosc., 315, 55 (2015).

2K. Sung, G. C. Toon, A. W. Mantz, M. A. H. Smith, Icarus, 226, 1499 (2013).

3A. Wong, R. J. Hargreaves, B. Billinghurst, P. F.Bernath, J. Quant. Spectrosc. Radiat. Transf.,
198, 141 (2017).
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VI-7. Quantitative Infrared Spectroscopy of
Halogenated Species for Atmospheric Remote
Sensing

J. J. Harrison “%°¢

®National Centre for Farth Observation, University of Leicester, Leicester, UK
b Department of Physics and Astronomy, University of Leicester, Leicester, UK

¢Leicester Institute for Space and Earth Observation, University of Leicester, Leicester,
UK

Fluorine- and chlorine-containing molecules in the atmosphere are very strong green-
house gases, meaning that even small amounts of these gases contribute significantly to
the radiative forcing of climate. In addition, a number of these molecules, such as
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), are harmful to the
Earth’s ozone layer and for this reason their use is regulated by the 1987 Montreal Pro-
tocol. The recent Kigali Amendment has added hydrofluorocarbons (HFCs) to the list
of controlled substances, coming into effect on 1 January 2019. HFCs, which do not
deplete stratospheric ozone, were introduced as refrigerant replacements for CFCs and
HCFCs. They are potent greenhouse gases, with global-warming potentials many times
greater than carbon dioxide, and are increasing in the atmosphere at a very fast rate.

A number of satellite instruments can monitor these species, in particular the At-
mospheric Chemistry Experiment Fourier transform spectrometer (ACE-FTS), a high
resolution (0.02 cm™!) instrument covering the 750-4400 cm™! spectral region in solar
occultation mode. With long atmospheric pathlengths (~300 km) and the sun as a
radiation source, the ACE-FTS measures the vertical profiles of more molecules in the
atmosphere than any other satellite instrument.

Quantification of the atmospheric abundances of these halogenated species requires
accurate quantitative infrared spectroscopy. HITRAN contains absorption cross sec-
tion datasets for a number of these species, but many of them have minor deficiencies
that introduce systematic errors into satellite retrievals. This talk will focus on new
and improved laboratory spectroscopic measurements for a number of these important
halogenated species.
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VI1-8. Precise Line Positions from Laser-Locked
Cavity Ring-Down Spectroscopy

J. Wang.,* Y. R. Sun,* L.-G. Tao,* T.-P. Hua,* J. Chen,* A.-W. Liu,*
S.-M. Hu*

®Hefei National Laboratory for Physical Sciences at Microscale, i Chem center,
Unwversity of Science and Technology of China, Hefei, 230026 China

Line positions are the most frequently referenced information from the spectral
database. However, the accuracy of most absorption line positions in the near infrared is
limited to 1073-10"* em ™! due to the broadening effects (Doppler and collision induced)
and/or the weakness of the overtone transitions. Using the method of laser-locked cavi-
ty ring-down spectroscopy, where the laser frequency is tightly locked to the cavity and
eventually locked with an optical frequency comb, we realized spectroscopy with ultra-
high precision and high sensitivity as well. Taking advantages of the power enhancement
by the cavity, we are able to record saturation spectra of molecular overtone transitions in
the near infrared using continuous-wave diode lasers of milli-Watt power. As a demon-
stration, Lamb dips of ro-vibrational transitions of CO at 1.6 um were recorded and
their positions were determined with sub-kHz (1078 ¢cm™!) accuracy'. Precise positions
of water vapor? and acetylene® transitions near 0.8 pum were also determined with an
accuracy of a few kilohertz (1077 em™). The accuracy of the line positions were also
investigated by the analysis of ground state combination differences.

Absorption coefficient (Mm™)
191 440 612 665 (kHz)

VO'

2 0 2 0 1
Frequency shift (MHz) Pressure (Pa)

Figure 5: (a) Saturation spectra of the R(10) line in the (3-0) band
of 12C160. (b) Line positions determined from spectra recorded with
different sample pressures.

1J. Wang, et al., J. Chem. Phys., 147, 091103 (2017).
2J. Chen, et al., J. Quant. Spectrosc. Radiat. Transf., 205, 91 (2018).
3L.-G. Tao, et al., J. Quant. Spectrosc. Radiat. Transf., 210, 111 (2018).
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VI-9. Molecular Line Intensities of Carbon Dioxide
in the 1.6 um Region Determined by Cavity
Ringdown Spectroscopy

Z. D. Reed,” D. A. Long,* A. J. Fleisher,” J. T. Hodges*“

®National Institute of Standards and Technology, Material Measurement Laboratory,
100 Bureau Dr Gaithersburg MD, USA

Here we present some recent advances in frequency stabilized cavity ring-down spec-
troscopy (FS-CRDS) measurements of molecular line intensities of carbon dioxide in
the (30012) <« (00001), the (30013) <+ (00001) and (30014) < (00001) bands. The
FS-CRDS spectrometer used to carry out most of these measurements has been de-
scribed extensively in previous work! and provides precise and accurate measurements
of line shape parameters and intensities. We also measured the (30012) «— (00001) band
with another spectrometer based on the frequency-agile rapid scanning (FARS) CRDS
technique, also described previously?. This latter approach provides an independent
measurement platform with dramatically higher acquisition rates, allowing for a more
complete survey and assessment of our measurement uncertainty. All sample temper-
atures were near 296 K and were actively regulated at the tens of mK level. For each
transition, spectra were acquired at four pressures, from 8.7 kPa to 20 kPa. We also used
certified COq-in-air gaseous samples with SI-traceable mixing ratios nominally equal to
390 pmol/mol for the (30012) and (30013) CO, bands and 1% for the relatively weak
(30014) band. All temperature, pressure and amount-of-substance measurements were
Sl-traceable. Ring-down spectra were acquired on samples in a flowing configuration at
a nominal flow rate of 0.04 L/min to minimize wall effects and outgassing.

We compared the line intensities (based on fits of the Hartmann-Tran Profile to
measured spectra) to those reported in several spectroscopic databases, including the ab
initio calculations reported by Zak et al. (i.e., HITRAN 2016)3. The overall agreement
between these results and the ab initio calculations of Zak et al. is excellent?, although
some individual transitions show deviations of up to 1%. Comparisons between mea-
sured and calculated intensities for the (30012) <— (00001) show average agreement
and relative standard deviations at the 0.1% level. Preliminary measurements on the
(30013) < (00001), and the (30014) < (00001) bands in this region also show good
agreement with the ab initio calculations of Zak et al. for the (30013) <« (00001),
but considerably poorer agreement for the (30014) <— (00001) band. No significant
J-dependence up to J ~ 3040 was observed for any of the three bands. We have

'H. Lin, Z. D. Reed, V. T. Sironneau, J. T. Hodges, J. Quant. Spectrosc. Radiat. Transf., 161,
11-20 (2015).

2G. W. Truong, et al., Nat. Photonics, 7, 532-534 (2013).

3E. J. Zak, et al., J. Quant. Spectrosc. Radiat. Transf., 189, 267-280 (2017).
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previously reported agreement at the 0.3% level for the (30013) < (00001) with ab ini-
tio calculations?, and have recently demonstrated agreement at the 0.3% level for the
(20012) <+ (00001) band near 2 ym?®. This work demonstrates significant improvement in
the measurement of CO, line intensities in the 1.6 um region, and provides independent-
ly determined uncertainties of theoretical line intensities. These results demonstrate the
feasibility of achieving %o-level relative uncertainties in ab initio calculations for global
determinations of line intensities.

40. L. Polyansky, et al., Phys. Rev. A, 114, 243001 (2015).
SH. Yi, J. Quant. Spectrosc. Radiat. Transf., 206, 367-377 (2018).
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VI-10. Towards a Coherent Spectral Line Parameter
Set for the Complete 2v3-Band of *N,%0 Using
High Resolution FTIR-Spectroscopy

V. Werwein,” G. Li, O. Werhahn,” V. Ebert

® Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig,
Germany

The Total Carbon Column Observing Network (TCCON) monitors the atmospheric
abundance of the key greenhouse and ozone-depleting gas nitrous oxide (N;O) using
the 2v3-band of the most abundant isotopologue *Ny'®O. For this purpose, spectral
reference line parameters for this band are needed. The present reference data, however,
show a lack with respect to a metrological determination and a detailed uncertainty
analysis. Moreover, direct measurements in the 2r3-band are, partially, missing so that
data from other spectral regions are used.

Within the scope of our recent high resolution (0.002 cm~!) FTIR-spectroscopy stud-
ies!'23 of Ny,O, we determined a new and coherent spectral line parameter set for the
R-branch of the 2v3-band. The individual spectra were measured at 296 K with spe-
cial focus on metrological determination of the most relevant input parameters, i.e.,
pressure, temperature and absorption path length, and on a detailed uncertainty assess-
ment. These input parameters are traceable to the SI*®. Their respective uncertainties
are determined according to the GUMS 78, The data set consists of line strengths
and parameters for air- and self-induced broadening and shift. All parameters for the
TCCON-window were experimentally determined in the 2v3-band with the same infras-
tructure including these lines which were missing so far.

In our present contribution, we extend our previous R-branch analysis of the mea-
sured high resolution FTIR-spectra also to the P-branch. Here, we report our results for
line strengths and parameters for self-induced broadening and shift for rotational levels
from J=1 up to J=40. For self-broadening and self-shift coefficients, for example, the
uncertainties are reduced compared to literature data by a factor of up to 15 and 19,
respectively. The future extension of our analysis to air broadening and air shift which
is particularly important for the TCCON remote sensing network will be discussed.

V. Werwein, et al., J. Mol. Spectrosc., 323, 28-42 (2016).

2V. Werwein, et al., Appl. Opt., 56, E99-E105 (2017).

3V. Werwein, et al., J. Mol. Spectrosc., in press.

4The International System of Units (SI), Bureau international des poids et mesures (BIPM), 2006.

Shttp://www.bipm.org/en/measurement-units

SEvaluation of Measurement Data - Guide to the Expression of Uncertainty in Measurement, Inter-
national Organization for Standardization, 2008.

Thttp://www.iso.org/sites/JCGM/GUM-JCGM100.htm

8http://www.bipm.org/utils/common /documents/jcgm /JCGM_104_2009_E.pdf
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The extension of our previous analysis was realized within the continuation of the
EUMETRISPEC? project to establish a European spectroscopy infrastructure enabling
measurements of spectral line parameters traceable to the SI.

9www.eumetriscpec.org
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VI1I-1. Line-Shape Problems in Modelling
Laboratory and Atmospheric Spectra and
Predictions of High-Order Line-Shape Parameters
using Molecular Dynamics Simulations

H. Tran?

@ Laboratoire de Météorologie Dynamique, CNRS, Sorbonne Universite, 4 Place Jussieu,
75252 Paris Cedex 05, France

It is now well known that the widely-used Voigt profile does not well describe ab-
sorption line shapes of molecular gases. This is due to several collision effect which
are neglected by the use of the Voigt profile such as the Dicke narrowing, the speed
dependences of the collisional parameters, the collisional interferences between lines
(line-mixing). Examples of the influence of these non-Voigt effects on the extraction
of spectral line parameters from laboratory measured spectra as well as on atmospheric
spectra analysis will be given. A short review on the recent theoretical approaches, mod-
els and results on the topic of isolated line shapes and of line-mixing will be presented.
The last part of this presentation is devoted to the recent results obtained with the use
of molecular dynamics simulations to predict line-shape parameters of refined line-shape
models, with examples for CO, H,O and Os.
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VI1I-2. First Comprehensive Dataset of
Beyond-Voigt Line-Shape Parameters from Ab

Initio Quantum Scattering Calculations for the
HITRAN Database

P. Wcislo,” F. Thibault,” N. Stolarczyk,” H. Jézwiak,* M. Stowinski,®
M. Konefal,>*? S. Kassi,*® A. Campargue,®? Y. Tan,*? J. Wang,*
A.-W. Liu,® S.-M. Hu,* K. Patkowski,” R. Ciurylo,* D. Lisak,*

R. V. Kochanov,’" I. E. Gordon?

®Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus
Copernicus Uniwversity, Grudziadzka 5, 87-100 Torun, Poland

bInstitut de Physique de Rennes, UMR CNRS 6251, Université de Rennes 1, Campus
de Beaulieu, Bat.11B, Rennes F-35042, France

¢ University of Grenoble Alpes, LIPhy, F-38000 Grenoble, France
1CNRS, LIPhy, F-38000 Grenoble, France

¢Hefeir National Laboratory for Physical Sciences at Microscale, iChEM, University of
Science and Technology of China, Hefei, 230026, China

! Department of Chemistry and Biochemistry, Auburn University, Auburn, AL 36849
USA

9 Harvard-Smithsonian Center for Astrophysics, Atomic and Molecular Physics
Division, Cambridge, MA 02138, USA

" Tomsk State University, Laboratory of Quantum Mechanics of Molecules and
Radiative Processes, Tomsk, Russia

Molecular collisions are manifested as a perturbation of the shapes of molecular op-
tical resonances. Therefore, on one hand, the line-shape analysis of accurate molecular
spectra constitutes an important tool for studying quantum scattering and testing ab
initio molecular interactions. On the other hand, the collisional effects can deteriorate
the accuracy of atmospheric measurements of the Earth and other planets, modify the
opacity of the exoplanetary atmospheres as well as influence the accuracy in optical
metrology based on molecular spectroscopy. Recently a new relational structure has
been introduced to the most extensively-used line-by-line spectroscopic database HI-
TRAN, enabling the collisional, beyond-Voigt line-shape effects to be represented. It is,
however, extremely challenging to populate the entire database with purely experimen-
tal parameters for all the molecular transitions and thermodynamical conditions (all the
bands, branches and temperature ranges).

We demonstrate a new methodology of generating a comprehensive dataset of the
beyond-Voigt line-shape parameters from fully ab initio quantum-scattering calculations.
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We also demonstrate first such a complete dataset for the helium-perturbed Hy bench-
mark system. We provide the temperature dependences for the pressure broadening and
shift parameters, as well as for the Dicke parameter using generalized spectroscopic cross
sections resulting from quantum scattering calculations on accurate ab initio potential
energy surfaces. The results are consistent with the recently adapted HITRAN parame-
terisation of the Hartman-Tran profile. The calculations and methodology are validated
on the ultra-accurate experimental data recorded with cavity ring-down spectroscopy.
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VI1I-3. Temperature Dependence of Half-Widths
and Line Shifts for Molecular Transitions in The
Microwave and Infrared Regions

R. R. Gamache,” B. Vispoel ¢

@ Unaversity of Massachusetts Lowell, Department of Environmental, Farth, and
Atmospheric Sciences, 265 Riverside Street, Lowell, MA, 01854, USA

An expression was derived from an expansion of the optical cross-sections in powers
of the radiator-perturber relative velocity, cut off at second order, that correctly mod-
els the temperature, T, dependence of the half-width, v, over large temperature ranges
and the T dependence of the line shift, §, even for cases where the shift changes sign.
Data were collected for more than 100 thousand transitions and the power law (PL)
expression for v and ¢, when the shift doesnt change sign, were compared with the new
double power law expression. Figure 6 shows data (symbols) and fits (solid lines) for
the 2 59 < 3 13 rotation band transition of H,O in collision with Hs; left-hand upper
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and lower panels are the PL fits for v and 9, right-hand upper and lower panels are the
DPL fits for v and 9.

The DPL model gives much improved results for the half-widths and for line shifts,
even those data that exhibit unusual structure, which the standard power law cannot
model. For transitions where § changes sign, the DPL model fits the data well. The
DPL model for the T dependence of § was compared with the linear model, which is
currently used on the HITRAN database. In all cases, the DPL model gave much better
results than the linear model, no matter what temperature range was studied. The
new formalism allows a substantial reduction in the number of parameters needed to be
stored in databases and the same expression can be utilized in radiative transfer and
simulation codes for both the half-width and line shift.
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V1I-4. Line Shape Parameters for the 1<—0 Bands of
CO Isotopologues

M. A. H. Smith,” V. Malathy Devi,” K. Sung,® A. Predoi-Cross %¢

®Science Directorate, NASA Langley Research Center, Hampton, VA 23681, USA

b Department of Physics, The College of William and Mary, Williamsburg, VA 23187,
USA

¢Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, CA 91109, USA

4 Department of Physics and Astronomy, University of Lethbridge, Lethbridge, AB T1K
3M4, Canada

¢ Present Address: 512 Silkstone Crescent West, Lethbridge, AB T1J 4C1, Canada

In 2012 we reported the results of studies of air- and self-broadened line shape pa-
rameters, including temperature dependences, in the 2<-0 bands of 2C*¢0, 13C'60, and
120180 based on analyses of high-resolution spectra recorded at temperatures from 150
to 298 K using Fourier transform spectrometers (FTS)!2. We have now completed sim-
ilar studies in the 1<-0 bands of the same isotopologues using high-resolution spectra
from two FTS systems: the Bruker IFS-125HR FTS at Jet Propulsion Laboratory (JPL)
and the McMath-Pierce FTS at the National Solar Observatory on Kitt Peak, AZ. The
JPL spectra were recorded with 3C- or 180-enriched CO samples at temperatures from
149 K to 299 K, while the Kitt Peak spectra were recorded with a CO sample of natural
isotopic abundance at temperatures between 79 and 296 K. Selected groups of 20 (for
12C180) or 21 (for 13C'0) spectra from both FTS systems were analyzed by nonlinear
least-squares multispectrum fitting to determine air-broadened line shape parameters,
including temperature dependences and line mixing for the fundamental bands of these
two isotopologues®*. The multispectrum fitting algorithm was also applied to a group
of 38 Kitt Peak spectra to determine line parameters including self- and air-broadening
coefficients, pressure-induced shifts, and line-mixing parameters, including temperature
dependences for 2C'%0 5. The results for the 1<—0 bands will be compared with previous
published measurements and calculations and with the current HITRANS® values.

V. Malathy Devi, et al., J. Quant. Spectrosc. Radiat. Transf., 113, 10131033 (2012).

2V. Malathy Devi, et al., J. Molec. Spectrosc., 276, 3348 (2012).

3V. Malathy Devi, et al., J. Quant. Spectrosc. Radiat. Transf., (2018) submitted.

4V. Malathy Devi, et al., International Symposium on Molecular Spectroscopy, Champaign-Urbana,
IL, June 18-22, FF01 (2018).

5A. Predoi-Cross, et al., International Conference on Spectral Line Shapes, Dublin, Ireland, June
17-22 (2018).

1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transf., 203, 3-69 (2016).
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VII-5. Recent Enhancements to the MT_CKD
Continuum: Part 1
Mlawer,* M. J. Alvarado,” K. E. Cady-Pereira,* R. Pernak,*

E. J.
D. D. Turner,’ S. Paine,® L. Palchetti,’ G. Bianchini,? J. Delamere,’
V. Payne’/

* Atmospheric and Environmental Research, Lexington, MA, USA
"NOAA-ESRL, Boulder, CO, USA
¢Smithsonian Astrophysical Observatory, Cambridge, MA, USA
d[stituto Nazionale di Ottica - CNR, largo E. Fermi 6, 50125 Firenze, Italy
¢ Alpenglow Scientific, , Fairbanks, AK, USA

I Jet Propulsion Laboratory NASA, California Institute of Technology, Pasadena, CA,
USA

Various recent upgrades to the MT_CKD continuum will be presented. The enhance-
ments that will be presented were derived from a number of different sources, including
improvements to the far-IR /sub-millimeter /microwave (derived from ground-based mea-
surements), and near-IR (lab measurements). Part II follows on page 98.
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VII-6. Recent Enhancements to the MT_CKD
Continuum: Part 11

M. J. Alvarado,* E. J. Mlawer,* K. E. Cady-Pereira,” R. Pernak,*
D. D. Turner,’ S. Paine,® L. Palchetti,’ G. Bianchini,? J. Delamere,’
V. Payne’/

* Atmospheric and Environmental Research, Lexington, MA, USA
"NOAA-ESRL, Boulder, CO, USA
¢Smithsonian Astrophysical Observatory, Cambridge, MA, USA
d[stituto Nazionale di Ottica - CNR, largo E. Fermi 6, 50125 Firenze, Italy
¢ Alpenglow Scientific, , Fairbanks, AK, USA

I Jet Propulsion Laboratory NASA, California Institute of Technology, Pasadena, CA,
USA

A recent upgrade to the MT_CKD continuum in the mid-IR, based on lab, satellite,
and ground-based measurements will be presented. This talk will start off where the
previous MT_CKD talk ends. Part I precedes on page 97.



SESSION VII: Lineshapes and Continua 99

VII-7. Influence of Humidity on Absorption by N
and CO, Near 4 pm: Calculations, Comparisons
with Measurements and Atmospheric Consequences

J.-M. Hartmann,* H. Tran,” R. Armante,* C. Boulet,” G. C. Toon*

®Laboratoire de Météorologie Dynamique, Ecole Polytechnique, 91128 Palaiseau cedex,
France

bInstitut des Sciences Moléculaires d’Orsay, Université Paris-Sud, 91405 Orsay ceder,
France

¢Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, CA 91109, USA

Molecular Dynamics Simulations (MDS) based on the use of the equations of clas-
sical mechanics and input intermolecular potentials are used for predictions of the time
evolutions of the positions and orientations of ensembles of No-HO and CO5-HyO gas
molecules'. From this knowledge, the interaction-induced dipole in No-H,O pairs is de-
termined at all times based on the long range induction mechanisms associated with the
polarizabilities and electric multipoles of the molecules. The time auto-correlation func-
tion (ACF) of this dipole then yields the absorption spectrum, through Laplace-Fourier
transform. For CO,-HyO pairs, the dipole moment (of CO,) is obtained from the COq
axis orientations and the Laplace-Fourier transform of its ACF provides the spectrum.
The results of such computations, in which no parameter was adjusted, are compared
with measurements for No-Ho,O? and CO,-H,0? absorptions near 4 pm. Equivalent
previously made comparisons between experimental results and those of similar MDS
computations for pure Ny 4 and pure CO,? are also presented.

These comparisons show the quality of the theoretical calculations. Indeed, the latter
predict both the magnitude and shape of the absorption spectra as well as the large
differences between the effects of No-Ny and No-H5O collisions and those of CO5-COq
and CO,-H50 interactions. This demonstrates the interest of the classical approach, in
particular for molecular systems which cannot be treated quantum mechanically, and it
opens perspectives for a variety of other systems involving complex molecules (e.g., Oa-
H,0, CH4-H,O, ...). Finally, the fact that the air humidity must be taken into account for
accurate predictions of atmospheric spectra (and associated retrieval exercises) around
4 pm is demonstrated using measurements of transmissions from ground and of radiances
from space.

1J.-M. Hartmann, et al., J. Chem. Phys., 148, 054304 (2018).

2Y. Baranov, et al., Phil. Trans. R. Soc. A, 370, 2691-709 (2012).

3H. Tran, et al., Icarus, 306, 116-21 (2018).

4J.-M. Hartmann, et al., J. Geophys. Res. Atmos., 122, 2419-28 (2017).
5J.-M. Hartmann, et al., J. Chem. Phys., 134, 184312 (2011).
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VII-8. Near-Infrared Water Vapour Continuum
Derived from Sun-Pointing FTS Measurements

J. Elsey,” K. P. Shine,” M. D. Coleman,’ T. Gardiner®

?Department of Meteorology, University of Reading, Reading, RG6 6BB, UK
b National Physical Laboratory, Teddington, Middlesex, TW11 OLW, UK

The water vapour continuum is the smoothly-varying wavelength-dependent absorp-
tion not attributable to local spectral lines of the water vapour molecule. This absorption
is weak in comparison to line absorption; however in the near-infrared windows at 2.1
and 1.6 pum it is the largest gaseous contributor to atmospheric absorption and is impor-
tant in radiative transfer applications both for energy budget and climate studies, and
for remote sensing using these windows.

While it is currently parameterised in models (usually using the MT_CKD contin-
uum), its strength and temperature dependence are not well constrained. Laboratory
observations of the self-continuum near room temperature differ by a factor of around
100 in the centre of the 1.6 ym window and by a factor of 5 to 10 near the centre of the
2.1 um window?!, with no agreement within the respective measurement uncertainties.
These laboratory measurements are taken at or above room temperature; given the dif-
ficulty in extrapolating these measurements to lower temperature, the true continuum
strength in the atmosphere is even more difficult to ascertain.

This work presents an analysis aiming to extract the continuum strength from at-
mospheric measurements made by the UK National Physical Laboratory, using an ab-
solutely calibrated sun-pointing Fourier Transform Spectrometer; these measurements
have recently been used to improve estimates of the near-IR extraterrestrial solar spec-
tral irradiance?. Deriving the continuum is a more challenging task, due to the need
to correct for aerosol scattering, time-varying water vapour amounts and measurement
uncertainties. Despite these uncertainties, we find a continuum strength in these win-
dows with central values larger than those predicted by MT_CKD. Advances that will
be needed to better constrain the uncertainty in the near-infrared continuum in future
atmospheric measurements will also be discussed.

LK. P. Shine, et al., J. Molec. Spec., 327, 193-208 (2016).
2J. Elsey, M. D. Coleman, T. Gardiner, K. P. Shine, Geophys. Res. Lett., 44, 10071-10080 (2017).
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VII-9. Accurate Measurements of Weak Absorption
Continua of H,O, CO5 and O, by Cavity-Enhanced
Spectroscopic Techniques

D. Mondelain,” A. Campargue,® R. Grilli,’ S. Kassi,” L. Lechevallier,’
L. Richard,* D. Romanini,* S. Vasilchenko,* I. Ventrillard ¢

*Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France
b Univ. Grenoble Alpes, CNRS, IGE, 38000 Grenoble, France

Since now few years we are involved in the determination of continua of atmospher-
ic species (i.e., HyO, CO, and O3) in the infrared by cavity-enhanced spectroscopy
techniques. Thanks to their sensitivity and base line stability these techniques, cavity
ring down spectroscopy (CRDS) and optical feedback cavity-enhanced absorption spec-
troscopy (OF-CEAS), are perfectly adapted to measure weak absorptions slowly varying
with frequency.

Using a variety of laser sources, the water vapor self-continuum cross-sections was
accurately determined by CRDS and OF-CEAS in the transparency windows centered
around 4.0, 2.1, 1.6 and 1.25 um®. The corresponding cross-sections were derived either
from the baseline variation of water vapor spectra recorded for a series of pressure values
over a small spectral interval or from baseline monitoring at fixed laser frequency during
pressure ramps. After subtraction of the local water monomer lines contribution, the
measurements provide a unique set of cross-sections which has been used to adjust the
last version (3.2) of the semi-empirical MT_CKD model (Mlawer-Tobin_Clough-Kneizys-
Davies), widely incorporated in atmospheric radiative-transfer codes. Temperature de-
pendence of the absorption continuum was also measured in the 23-50°C range for a few
spectral points and compared to literature values.

Recently we have started to investigate the collision induced absorption (CIA) coef-
ficients of the a'A,~X*¥ " band of oxygen near 1.27 ym. More precisely, the Bos_os,
Bos_n2 and Bpo_ 4 coefficients have been determined with a reduced uncertainty from
series of low density spectra (from 0.36 to 0.85 amagat) of pure oxygen and No+Oq mix-
ture with Oy relative abundance of 20.95%. CIA is obtained from the difference between
the absorbing samples spectra and argon spectra recorded for the same densities after
removal of the local contribution of the absorption lines. The low densities at which
the spectra are recorded are very useful to reliably remove this local contribution. The
retrieved coefficients are compared to the CIA reported in Maté et al.2 A good over-

all agreement is found but differences between 5 to 8% are observed for Bps_ ;- below
7850 m~!.

L. Lechevallier, et al., Atmos. Meas. Tech., 11, 1-13 (2018).
2B. Maté et al., J. Geophys. Res., 104, 30585-30590 (1999).
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HITRAN Anthem

As sang at Larry Rothman’s retirement party in May 2017

(Music from “If You're Happy and You Know It”)

It’s the spectral database - It’s called HITRAN
It is used from San Francisco to Milan
It is used in the US, and in Russia and in France

FEverybody use HITRAN, HITRAN, HITRAN

If you want to find a leak in your gas pipe
Or you want to find a non-terrestrial life
Or check pollution at your plant, that is when you use HITRAN

Fverybody use HITRAN, HITRAN, HITRAN

To detect an early cancer in the breath
Or to see if someone bakes the crystal meth
You should make a proper plan: How to use HITRAN, HITRAN

FEverybody use HITRAN, HITRAN, HITRAN

What about that nasty ozone hole?
Is it shrinking over the North Pole?
You should check the database, against what you see from space

FEverybody use HITRAN, HITRAN, HITRAN

Larry Rothman made it so much fun
When we use the spectra from HITRAN
It is such a useful tool, and we all say big THANK YOU

And we all say big THANK YOU, THANK YOU, THANK YOU
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