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Traceable spectral reference data for atmospheric monitoring

INTRODUCTION

This PTB-Report compiles the oral presentations and posters originally performed at the 1% stakeholder
workshop organized by the EUMETRISPEC project consortium in Wolfenbdittel & Braunschweig, Germany, 2012
November 15/16.

The EUMETRISPEC project is embedded in the framework of the European Metrology Research Programme
(EMRP). It aims to establish a metrology infrastructure for measuring molecular spectral reference line data for
atmospheric monitoring. Since the beginning of the EUMETRISPEC project in late 2011, one of the first project
goals was to implement and maintain a sustained interrelationship with the atmospheric monitoring, the lab
spectroscopy and the spectral data simulation communities as the key stakeholders of the project’s aims. Next
to the EUMETRISPEC partners’ own participations and impacts to scientific conferences, network meetings, or
atmospheric bodies, a sequence of stakeholder workshops was intended to serve the EUMETRISPEC
consortium’s wish of a close collaboration with stakeholders. To streamline the project efforts this first
workshop of this sequence was organized already in the initial phase of the project.

The organizing committee intended to attract people from meteorological organizations, from ground- and
satellite-based monitoring networks, from field measurement-oriented academia as well as from quantum
chemical modeling groups to present their views and needs on spectral reference data for use in atmospheric
retrievals or in validation of simulated ab-initio spectral data. The workshop aimed to bring together experience,
whishes and needs of environmental monitoring community with metrological points of view and goals of the
EMRP project. To date, gathered spectral data, i.e. broad spectra or analyte-specific line-by-line spectral
information are very often processed by means of reference data taken from data bases where accuracy and
traceability are not in focus or not stated. Consequently, issues based on ill-defined accuracy or lack of
traceability can evoke problems for long-term time atmospheric monitoring series or comparability between
different remote sensing groups using different sources of line parameters when improving experimental
measurement capabilities. Similarly, models that rely on spectral reference data input cannot improve on the
reference data’s quality. However, due to limitation in funding, lab-based investigations in line parameters are
often difficult to realize by atmospheric community groups. So, the European Metrology Research Programme
initiated by EURAMET e.V. and funded by the EU identified some possible area herein, where the metrology
community could impact to assist the still existing efforts from the other communities.

During the workshop 9 invited 45-min. talks on spectroscopy and metrology key topics were given, accompanied
by 6 additional presentations on EUMETRISPEC and the EMRP. Finally, a poster session comprising 21 posters
from 91 authors coming from 30 institutions completed the workshop. In total 49 scientists attended the
workshop, representing 31 institutions from 12 different nations. The report composed and presented here
comprises all talks (part 1 of this report) and all posters (part 2) as they were authorized by the respective
authors. We herewith would like to express our gratitude to all contributing speakers ,all poster presenters and
all participants for their valuable input and hope that this report will reciprocate some of their efforts and
provide a referable source of information for all involved communities. We hope you all come back for the next
EUMETRISPEC workshop in 2014.

Braunschweig, February 2013,  Olav Werhahn (PTB)
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EUMETRISPECS STAKEHOLDER WORKSHOP AGENDA

Thursday November 15, 2012 @ Wolfenbiittel Palace

08:30 — 08:40 Welcome
08:40 — 08:55 Jorn Stenger, EMRP Chair, on the “EMRP program”
08:55-09:25 Introduction to the EUMETRISPEC project
09:25 -10:05 Mark Zondlo, Princeton University
“Atmospheric trace gas sensing: Community needs with respect to spectral line
data”
10:05 - 10:35 Coffee break
10:35—-11:15 Geoffrey Toon, California Institute of Technology
“Ground-based atmospheric monitoring networks using FTIR: Present / future
needs of the NDACC and TCCON community with respect to spectral line data”
11:15-11:55 Johannes Orphal, Karlsruhe Institute of Technology
“Satellite-based remote sensing: Community needs with respect to spectral line
data”
11:55-13:25 Lunch break
13:25 - 14:05 Iouli Gordon, Harvard-Smithsonian Center for Astrophysics
“Efficient use of laboratory and theoretical spectroscopic data in HITRAN”
14:05 — 14:30 Johannes Orphal, Karlsruhe Institute of Technology
“The GEISA Spectroscopic Database for Atmospheric Remote Sensing: Content
Description and Critical Evaluation”
14:30 — 15:10 Manfred Birk, German Aerospace Center
“FT-based high resolution lab spectroscopy for atmospheric line data
measurements”
15:10 - 15:40 Coffee break
15:40 — 16:20 Sergei Yurchenko, University College London
"Absorption/emission spectra from first principles: Towards large-scale
production of line lists for molecules of atmospheric importance"
16:20 — 17:00 Ha Tran, Laboratoire Interuniversitaire des Systémes Atmosphériques
“The role of refined line shape models and line mixing for the extraction of high
accuracy spectral line data: Status and need for experimental validation”
17:00 — 17:20 Stefan Persijn, Van Swinden Laboratory
“Primary Reference Gas Mixtures: Preparation and Analysis”
17:20 — 17:40 Jean-Jacques Zondy, Laboratoire national de metrologie et d'essais
“EUMETRISPEC work package 17
17:40 — 18:00 Jens Brunzendorf, Physikalisch-Technische Bundesanstalt
“EUMETRISPEC work package 2”
18:00 — 18:20 Jan C. Petersen, Dansk Fundamental Metrologi
“EUMETRISPEC work package 3”
20:00 Workshop dinner

Friday November 16, 2012 (@ PTB Braunschweig

08:15 -09:00 Bus transfer to PTB
09:00 — 10:45 Poster Session and Coffee
10:45 - 11:30 Daniel Lisak, Nicolaus Copernicus University in Torun
"Cavity ring-down spectroscopy for high-precision molecular line parameters”
11:30 — 11:45 Conclusion
11:45-13:00 PTB laboratory tour



Traceable spectral reference data for atmospheric monitoring

CONTENTS: PART A - TALKS

Volker Ebert, Physikalisch-Technische Bundesanstalt (PTB)
“Introduction to the EUMETRISPEC project on
Traceable Reference Spectral Line Data for environmental monitoring”

Jorn Stenger, Physikalisch-Technische Bundesanstalt (PTB)
“EMRP and EMPIR: How EUMETRISPEC is embedded
in the joint European metrology research”

Mark Zondlo, Princeton University
“Atmospheric trace gas sensing:
Community needs with respect to spectral line data”

Geoffrey Toon, California Institute of Technology
“Ground-based atmospheric monitoring networks using FTIR:
Present / future needs of the NDACC and TCCON community

with respect to spectral line data”

Johannes Orphal, Karlsruhe Institute of Technology
“Satellite-based remote sensing:
Community needs with respect to spectral line data”

Iouli Gordon, Harvard-Smithsonian Center for Astrophysics

“Efficient use of laboratory and theoretical spectroscopic data in
HITRAN”

Johannes Orphal on behalf of N. Jacquinet-Husson, Ecole Polytechnique
“The GEISA Spectroscopic Database for Atmospheric Remote Sensing:
Content Description and Critical Evaluation”

Intro-
duction
15

EMRP /
EMPIR

37

Invited
Talk 1
47

Invited
Talk 2
71

Invited
Talk 3
95

Invited
Talk 4
125

Invited
Talk 5
153



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16, 2012

Manfred Birk, German Aerospace Center Invited

“FT-based high resolution lab spectroscopy Talk 6
for atmospheric line data measurements” 171

Sergei Yurchenko, University College London Invited

"Absorption/emission spectra from first principles: Towards large-scale Talk 7
production of line lists for molecules of atmospheric importance" 199

Ha Tran, Laboratoire Interuniversitaire des Systeémes Atmosphériques Invited

“The role of refined line shape models and line mixing for the extraction Talk 8
of high accuracy spectral line data: Status and need for experimental 231

validation”

Daniel Lisak, Nicolaus Copernicus University in Torun Invited

" Cavity ring-down spectroscopy for high-precision molecular line Talk 9
parameters” 253

Stefan Persijn, Dutch Metrology Institute, Van Swinden Laboratory (VSL) Reference
“Primary Reference Gas Mixtures: Preparation & Analysis” gases
269

Jean-Jacques Zondy, Laboratoire National de Métrologie et d’Essais (LNE) WP 1
“EUMETRISPEC Work Package 1: 281
Generating traceable spectral line data“

Jens Brunzendorf, Physikalisch-Technische Bundesanstalt (PTB) WP 2
“EUMETRISPEC Work Package 2: 293
“Setup, characterization and validation of the central facility FTIR
spectrometer for traceable spectral data measurement‘

Jan C. Petersen, Danish Fundamental Metrology (DFM) WP 3
“EUMETRISPEC Work Package 3: 307
Procedures for generating traceable spectral absorption data,
to support atmospheric monitoring”



Traceable spectral reference data for atmospheric monitoring

CONTENTS: PART B - POSTER SESSION

A. Albert, H. M. Niederer, M. Quack, V. Boudon, J. P. Champion, S. Bauerecker Poster
“High-resolution IR spectroscopy of BCH,: The Pentad and the Octad” 1

Y. L. Babikov, S. N. Mikhailenko, A. Barbe, V. G. Tyuterev

“Implementation of S&MPO ozone information system Po;ter
for the virtual atomic and molecular data center (VAMDC)”
J. Brunzendorf, A. Serdyukov, O. Werhahn, V. Werwein, A. Rausch, V. Ebert Poster
“Towards Sl-traceable reference line-by-line spectral data using a modified Bruker 3
IFS125HR spectrometer”
B. Buchholz, N. Bése, V. Ebert Poster
»Towards a traceable TDLAS Hygrometer for airborne applications* 4
A. Campargue, L. Wang, O. Leshchishina, D. Mondelain, S. Kassi Poster
“The WKMC empirical line lists (5852-7919 cm™) for methane between 80 K and 296 K 5
A. Castrillo, G. Galzerano, P. Laporta, M. Marangoni, L. Gianfrani
« R . . .. . Poster
Quantitative spectroscopy in the mid-infrared region 6

by comb-referencing quantum cascade lasers”

M. De Rosa, G. Gagliardi, P. Maddaloni, P. Malara, S. Mosca, 1. Ricciardi, A. Rocco,
S. Bartalini, S. Borri, P. Cancio, 1. Galli, G. Giusfredi, D. Mazzotti, P. De Natale Poster

“Frontier Sources for High-Resolution Spectroscopy” 7
V. Ebert, M. Gisi, P. Ortwein, A. Serdyukov, S. Wagner, W. Woiwode Poster

wLine Parameters of the HCI Absorption Band in the first Overtone at up to 10 bar* 8
A. Fateev, S. Clausen Poster

“High-resolution spectroscopy of gases for industrial applications” 9

10



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16, 2012

T. Forsting, I. Vespoli, C. Maul
“Teaching an old dog new tricks: Quantum state selective detection of molecular chlorine by
high-resolution cavity ring-down spectroscopy”

J. Hald, L. Nielsen, J. C. Petersen
“Towards Accurate Determination of Molecular Line Strength - Exemplified by Acetylene”

G. Leggett, T. Gardiner, R. Robinson
“The Identification and Quantification of Greenhouse Gas Point Source Emissions
Using Cavity Ring-Down Spectroscopy, Complementary to Other Techniques”

A. Nikitin, L. Brown, K. Sung, M. A Smith, A. Mantz, X. Thomas,
L. Regalia, L. Daumont, R. Kochanov, M. Rey, V.G Tyuterev

“New measurements and analyses of line positions and intensities
of CH;D in the infrared”

J. Nwaboh, A. Pogany, O. Werhahn, V. Ebert
“Line strengths and collisional broadening coefficients of CO, (@2 um) and H,0 (@2.7 um),
traceability and uncertainty assessment”

A. Pogany, J. Nwaboh, O. Werhahn, V. Ebert
“Towards traceability in CO2 line strength measurements at 2.7 um using tunable diode
laser absorption spectroscopy”

K. Schifer, R. Harig, T. Blumenstock, N. Hofert, K. Weber
“Development of a VDI guideline for passive FTIR measurements in the atmosphere”

E. Starikova, V. Tyuterev , A. Barbe , M.-R. De Backer, X. Thomas, S. A. Taskhun
“Analysis of the FTS spectrum of %0y in the range 3300 cm™': First example of new
theoretical modelling for polyad of strongly coupled (220)/(121)/(022) states”

M. Vainio, J. Peltola, M. Merimaa
“Absolute-frequency measurements of CH; and N0 line centers in the mid-infrared”

J. Vander Auwera, M. Herman, B. Amyay, K. Didriche,
T. Foldes, D. Golebiowski, M. Tudorie, A. Fayt
"Infrared line parameters for constituents of planetary and stellar atmospheres"

S. Wagner, P. Ortwein, V. Ebert
“Spectroscopic Line Data for High Temperature Process Diagnostics in Complex Chemical
Matrixes”

S. Welzel, J. Ropcke, R. Engeln
» Mid-IR Chemical Sensing Applied to Reactive Non-Equilibrium Environments*

Poster
10

Poster
11

Poster
12

Poster
13

Poster
14

Poster
15

Poster
16

Poster
17

Poster
18

Poster
19

Poster
20

Poster
21

11



12

Traceable spectral reference data for atmospheric monitoring



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16, 2012

PART 1: TALKS

13



14

Traceable spectral reference data for atmospheric monitoring

Introduction

V. Ebert



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16, 2012

“Introduction to the EUMETRISPEC project on
Traceable Reference Spectral Line Data for environmental monitoring”

Volker Ebert

Physikalisch-Technische Bundesanstalt (PTB)

V. Ebert Introduction

15



16

Traceable spectral reference data for atmospheric monitoring

Introduction

V. Ebert



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16, 2012

EUMETRISPEC
Workshop

EUMETRISPEC

on “Traceable spectral reference line
data for atmospheric monitoring”

November 15" - 16", 2012
Wolfenbiittel Castle and PTB

- Physikalisch Technische Bundesanstalt PIB

i ] % X5 R
* National Metrology Institute (NMI) ot f;%f’” o S
* 2" largest NMI worldwide JW’““?‘ fe o |

*Bremen

* Federal Ministry of Economics and

- B FILIN* POL
. ANNOVer } )
Technology (BMWi) Sy Y {agasburg
* 1900 staff members, 110 PhD )Y ey
Cologne Dresden™-.
BEL.

students, 600 scientific papers per
year, 145 Mio. € budget,

* Locations: Braunschweig + Berlin

EM\ “\-"\?

|

RO Eraniturt
Wiesha:k@* L8 Main

o

CZECH
REPUELIC

I‘;Mannhsim .

[Karlsruhg ~ NGmberg

Stuttgart o6
1l

oo L
L Munich,

V. Ebert Introduction 17



Traceable spectral reference data for atmospheric monitoring

. PTB Organisation Chart

Presidential Board

Press and
Information Office

Presidential
Staff

|
= Mechanics and
1= Acoustics

| Precision
Engineering !
= 1
1

| e |
Electricit
ectricity
I : =
. Chemical Physics and “4 Temperature and
Explosion Protection Synchrotron Radiation
| Iﬂ' Medical Physi d
% W Optics edical Physics an
7 s&iJ metrological Information
i 4 | ITechnology
Scientific-technical Administrative
Cross-sectional Tasks Services
Department 3.2
Division 3 ,Chemical Physics and
et explosion protection “ Prof. Dr. K.-D. et
Sommer |
v

Department 3.2 ,, Analysis and state
behaviour of gases “ Prof. Dr. V. Ebert

/ ‘

T~

preparative and analytical
humidity research, national
humidty standards,
Homologation for analytical
devices for vehicle exhaust
gas analysis for car
inspection, Breath alcohol ,
grain humidty,

soot aerosol diagnostics

WG 3.21 WG 3.22 ,Metrology of WG 3.23 ,Thermal state
LHumidity* molecular spectroscopy* behaviour and density “
Dr. N. Bése Prof. Dr. V. Ebert Dr. H. Bettin

Targets : WG 3.24 ,Avogadro

Targets :
Molecular, laser and FTIR
spectroscopy of gases, laser

constant “
Dr. H. Bettin

analytics in industrial as well as
environmental applications, e.g. at
high pressures and temperatures
(gas pipelines , engines .. ), field
transfer standards, generation of
traceable spectral line data

Targets:

Density and volume of solid
bodies, gas density, LNG,
redefinition of the avogadro and
Boltzmann constant

18

Introduction

V. Ebert



V. Ebert

Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16, 2012

L

EUR

. Basic capabilities WG 3.22

- Laser spectroscopy techniques and methods

- TDLAS/QCLAS, CEAS/CRDS, develop. fs-comb spectr.

- direct absorption

- cavity enhanced spectroscopy

- direct traceable methods (TILSAM)

- TDLAS field instruments ( H20, CH4 , ballon + airplanes)
- line data measurement facility

- FTIR-based spectrometry

- IFS 125HR
- VERTEX 80 FTS
-> Preparative capabilities
- two national primary standards for humidity
- national primary standards for alcohol
- dynamic gravimetric preparation of trace mixtures (e.g. SO2..)

HAI: Airborne Multi-phase TDL-Hygrometer for HALO

_ HALO PIBE=. ro
gl Buiny . bu Z
:Besearch e ey TR

O. Witzel
S. Wagner
S. Kallweit

,,_ Aircraft

Multi-Purpose
‘Open path and extragy
9&1 Phase and Ba.@LH; -‘

= -

Wide range: 1 - 20000 ppm
High speed : 10 to 100 Hz
Light weight: 40 kg

N

Introduction 19



Traceable spectral reference data for atmospheric monitoring

Laser: Spectral Line Data Measurement

H20 1370nm air broadening: low temperature study

Relative error 0.2-0.4%
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Laser: Line parameter measurement Il
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Issue 4: Traceable Spectroscopic Data

Current spectroscopic reference standards do not possess the absolute accuracy required to support
atmospheric GHG remote sensing with sub-1 % uncertainties.

Consistent and consolidated spectral reference data are not available, e.g. Ozone absorption cross
sections for UV (Hartley, Huggins), Visible (Chappuis) and NIR (Wulf band) and IR (10 pm, 5 um) do
not agree within their reported uncertainties.

Report on the WMC

Recommendations:

MEE’SU galgpladj = Spectroscopic reference standards should be validated against both laboratory and atmospheric

reference spectra.

fDr G ID bal D bse »  Benchmark spectra recorded by different NMIs and laboratories should be made freely available to

for Climate Cha

the research community for testing and verification.

e Spectroscopic reference standards must yield consistent results across all applicable wavelength
ranges (UV, Visible, IR).

Trﬂ CEGbﬂlf I-H SIH b”‘ e Molecular spectroscopic reference standards should use validated, standardized algorithms for line

shapes, line mixing, speed dependence, ete.

biMarch — 1 April 2010

) Headquarters

curafaEr . .
" Community connections

Environmental

sciences Field spectrometry

for atmosph.
research + sensing \
Spectral line
Metrology for data bases

New Instrumentation molecular and laser t
for lab and field spectroscopy
spectroscopy Quantum-Chem.
models for spectral
line data

Laboratory
spectroscopy

= depicts this workshop's structure
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eurafaer
u Workshop Goals

* Foster communication accross community
boundaries

* Collect needs of the atmospheric sensing community

* Promote EUMETRISPEC activities as well as
lab spectroscopic activities at NMls + community

e Catalayse cooperation and scientific excha

nge

between spectroscopic and metrology communities

e Have a successfull and fruitfull meeting an

d

a nice time in Wolfenbuttel and Braunschweig

13

Introduction to the EUMETRISPEC project on

Traceable Reference Spectral Line Data
for environmental monitoring

V. Ebert, /PTB, Braunschweig, Germany
J Brunzendorf, O Ott, A Rausch, A Serdyukov, V Werwein, O Werhahn /PTB

PIB

M. Cadoret /CNAM, J.C. Petersen/DFM, J.J. Zondy/LNE, M. Vainio/MIKES, M. Valkova/SMU, S.

Persijn/VSL, M. Kiseleva /Radboud U.

1t EUMETRISPEC Stakeholder Workshop
Wolfenbiittel/PTB Nov 14-16 2012

Shhlalia I
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J Brunzendorf, V. Ebert, O Ott, A Rausch, A Serdyukov, V Werwein, O Werhahn /PTB
M. Cadoret/CNAM J.C. Petersen/DFM J.J. Zondy/LNE M. Vainio/MIKES
M. Valkova/SMU S. Persijn/VSL M. Kiseleva - F Harren /Radboud U.
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Introduction to the EUMETRISPEC project on

Traceable Reference Spectral Line Data
for environmental monitoring

V. Ebert, /PTB, Braunschweig, Germany
J Brunzendorf, O Ott, A Rausch, A Serdyukov, V Werwein, O Werhahn /PTB

M. Cadoret /CNAM, J.C. Petersen/DFM, J.J. Zondy/LNE, M. Vainio/MIKES, M. Valkova/SMU, S.
Persijn/VSL, M. Kiseleva /Radboud U.

15t EUMETRISPEC Stakeholder Workshop
Wolfenbiittel/PTB Nov 14-16 2012 EMERP 3

¥ g A 12, Hisne P e
Ry T

o BAF 5 amny BT e P LR ey
s WAL e s e, i

EUR A ET

T i B e e T —

- Atmospheric Monitoring
Spectroscopic Instrumentation Monitoring application
Techniques GLOBAL LOCAL Transport processes

FTIR NDIR Radiation transport
LIDAR TDLAS ‘ CO2 emission /budget
DOAS QCLAS Atm dynamics , compartment coupling
Grating CRDS Climate modell
Platforms:

satellite, plane, ballon, ship, ground

Spectral reference line data are of highest importance
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EURAMET . . . H
T Atmospheric Monitoring: Instrumentation and Networks

Satellites Ground monitoring networks

e OCO, e NDACC : Network for the Detection
e GOSAT, of Atmospheric Composition Change
« Odin/Osiris (NDACC) =more than 70 high-

quality, remote-sensing research

* ACE, stations
e Aqua/AIRS,
e Aura/TES,
e UVN,
* Envisat/GOMOS e TCCON: Total Carbon Column
* MERIS Observing Network ; > 25 FTIR sites
e MIPAS+Sciamachy, worldwide
e MERLIN, . o R
« Metop-2/GOME-2, W[ |‘ ” ﬂ H d B
e HIRS, TcMON w - -
e Terra/MOPITT..... =% & h‘
* NOVAC & _
..Some cost up to 3 G€ * LIDAR network
* GAW (WMO)

10.01.2013

R Sources for Spectral Data
*Spectral LBL databases HITRAN/GEISA
= indespensable for env. research
but

*accuracy of sensors/ atm. data/ climate models
= often limited by spectral data quality

Causes: ‘
*data source heterogeneity in LBL databases like HITRAN

lack of

estandardisation of equipment, setups, procedures

*validated experimental uncertainties
(unguoted, incorrect, or unclear)

sstandardized measurement/data retrieval protocols
*metrological procedures in line parameter retrieval
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N .. .
< HITRAN2008: Statistical error analysis
HITRAN2008 :

* Only coarse “uncertainty” information provided
— 1% - 5% - 10% - 20% - unreported , undefined, estimated
— No metrologically based uncertainty figures provided

e Uncertainty Statistics out of 2.7 Mio lines in HIT2008
— S(T): U=Better 1%: 0.05% u=10% and worse: 45%
— Y U=Better 1%: 0.02% u=10% and worse: 68%

* Not traceable

=> no traceable line by line data base available

i k Traceable LBL databases ?

NIST + PNNL?
* limited amount of traceable spectral data for gas phase species
But
* do not provide the line-by-line data, but absorption cross sections
* low spectral resolution of only 0,125 cm™ or worse
* cover only single vapour component spectra
* no line identification
* Limited p, T coverage
— onlyindividual p, T combinations,

— very limited pressure (around 1000 hPa)
— very limited temperature range (270 - 350 K),

* Noline by line pressure broadening data
= Cannot fill the gap left by lack of traceability of HITRAN or GEISA
=> no traceable line by line data base available

—> EUMETRISPEC initiative

P.M. Chu, F.R. Guenther, G.C. Rhoderick, W.J. Lafferty, The NIST Quantitative Infrared Database, J. Res. Natl. Inst. Stand.
Technol., 104, 59, 1999

S.W. Sharpe et al, Appl. Spectr. 58 1452 2004

Introduction 27



Traceable spectral reference data for atmospheric monitoring

EH.??.&@I I
N EMRP ENVO6: 2012-2014 P B

Spectral Reference Data for Atmospheric Monitoring
V.Ebert (C.) PTB D p‘rB
M. Cadoret ~ CNAM F le cnam
J.C. Petersen DFM DK

J.J. Zondy LNE F u LNE
M. Vainio MIKES Fin \ ‘\. M I K ES ' ;
'.-— - {1 Wi I} 4

M. Valkova SMU SK
: =nU

S. Persijn VSL NL

Hadboud University Milmegen f@

)
WAL

M. Kiseleva  Radboud U. NL

»EUMETRISPEC”

= European Metrology Infrastructure for Traceable Spectral Reference Data
in Atmospheric Monitoring

EUR A ET

T B e e R —

1 Brunzendorf, V. Ebert, O Ott, A Rausch, A Serdyukov, V Werwein, O Werhahn /PTB
M. Cadoret/CNAM J.C. Petersen/DFM J.J. Zondy/LNE M. Vainio/MIKES
M. Valkova/SMU  S. Persijn/VSL M. Kiseleva - F Harren /Radboud U.
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EUR MET

B Time line

* PRT submitted by NPL and PTB 28 Mar 2010
* JRP Protocol submitted (7 partners) 11 Oct 2010
* Review meeting / Budapest 22 Nov 2010

* Result: 17 PRTs, 9 incl . ENV06 funded

* Negotiation meetings started 16 Jan 2011
* Consortium agreement Feb 2012
* Contract finalized (Starting date 1.Nov 2011) Mar 2012
e Kickoff meeting @ PTB 22. Mar 2012
e 15t Stakeholder Workshop 14. Nov. 2012

3

SensorSense :3 K N M I

e Umwelt
z g! ) Bundgs

AL Stakeholder support

Science & Technology
- Facilities Council

University of
B @ Reading

) Illl\\
A ? PRINCETON
UC}L UNIVERSITY

g,

o i S t ﬁ
Pefme” W armaina: T M‘l ﬁ Radboud University Nijmegen {@!
seawe '-..,__,"! -

A m_t @

Gasmet’
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g_u__ﬁ@% EUMETRISPEC: Objectives

* Setup and validate European spectroscopic infrastructure
for traceable line data measurements
—Central high-resolution FT-IR spectrometer facility (PTB-funds)
*VIS to MIR, 0.002 cm-1 resolution
* Special traceable measurements cells and infrastructure (PTB-funds)
*Setup of reference gas handling facility
*Traceability of all measurands including p, T, L, X, (Xisotopes)

—Traceable FTIR validation by high-res laser spectroscopy via “satellite” institutes
—Facility open to other NMls and atmospheric community

* Develop measurement + evaluation protocols for traceable line data
—Metrological code development for full uncertainty evaluations
—Dissemination of measurement protocols and uncertainty evaluation

* Provide selected traceable line data sets
Species: CO2, N20, CH4 ; H20, HCI, Hbr, HNO3
Spectral ranges : FTIR: 0.7 - 12 um Lasers: 1,25- 2um, 2.7-4um , 4.6um

* Data dissemination to atmosph. monitoring community

e - EUMETRISPEC: Concept

15t Call = Concentration Phase

4
1
1

1
~. Knowledge + support
~ !

~

Traceabl
Spectral
Data Base

= 4 M€ funding for =280 MM
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oy CF = New Bruker 125 HR at PTB

SF = WP1 talk
13
EURAME: .
L ey Eumetrispec: Parameters to be measured
Species: CO2, N20, CH4 ; H20, HCI, Hbr, HNO3
Spectral ranges :
FTIR: 0.7 - 12 um Lasers: 1,25- 2pm, 2.7-4pm , 4.6um
_Symbol™ | Spectral parameter Boundary conditions |

5 Absorption line strength T=286 K, —
s Absolute line cantre frequeancy T=296 K; P = 1013 hPa,

= Absolute spectral line position in air
digldp o | Pressure induced line centre frequency shift T=296 K; in air

& Coefficient of the air<induced pressure shift in line position
f.., Pressure induced line broadening coefficient T=296 K; in air

B collisional line broadening coefficient

2 Coefficient of air-inducad pressure broadening

= air broadening coefficient

= pressure broadening cosefficient
M air Temperature coefficient of the pressure induced line broadening (1 aimn In air

& Coafficient of the temperature dependence of the air broadening coefficient
Parameter range: p=0-1013 hPa T=300-220K

EMRP -
-14- 2012-03-22/23 "'"_"“'*“ e
Introduction 31
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EURAMET
" Work package structure
WP5
Management
O
<~ _| wp1(PTB) ;
o v . s 0%
R Line data %, RS
‘\00\ * A 49 C% )
RO . ., R
RS Uncertaintysevaluation “‘ R4
- *
[ ] *
WP2 (PTB) . R
- ...........:..l......l...* Interface :.......l>
ACentraI FT-Facility FT-ILS uncertainty p Impact ;F.O‘
.'.),‘.%@ ‘0 . ‘0’ spectra- ".
x ‘Q () * - *
G WL A . o WP4 | pased .
. %, % % ©Q %
. //,9’ 2% . 0, v O (VSL) |atmospheric ‘
% 7 > tori
v, °(°o '2 WP3 (DFM) ..’@& @é’ Impact | Monitoring
0.. O/ LA *O "
. < Measurement and Q .
".,.. traceability Protocols . o
Facility access by community and other NMls
EURAMET . . .
R Project implementation/strategy

Joint metrology and community effort :
— Broad synergies created by sharing knowledge, facilities and tasks
— Efficient linking of metrological expertise of leading NMls in spectroscopy

— Broad experience in FTIR, high res. laser spectroscopy, molecular spectroscopy
— Full metrology support on all measurands (spectral parameters+ p,T,L,X; isotopes )

— Strong community support:
22 institutions, 4 community collaborators, open project board

*Open hardware, software and data infrastructure

— Joined central facility setup
— Inclusion of external expertise by open infrastructure and a JRP management

board
— Facility access open to all interested NMls / atmospheric monitoring community
members (as long as measurement and evaluation protocols are maintained)

*Long term perspective for European spectroscopy infrastructure
— Stage 1 (EMRP): Knowledge condensation and validation on one facility, then

multiplication
— Stage 2 (EMRP): Facility/capability “multiplication” + capability expansion
(plus: new Molecules, spectral ranges: UV+THz, dense spectra, cross sections, particles)

— Stage 3: Maintaining of facility network using national funds
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Dissemination
* Kickoff-Meetings, Workshops, project presentations by JRP

— Community-open
* Publications in Journals, community conferences/meetings
(NDACC, TCCON etc)

* Line data submission to HITRAN/GEISA

* Metrological line database
— Web query on new spectral data requirements
— Linked to HITRAN / GEISA

* Long term community contact via collaborations at CF

* Standardisation input to
— CIPM/CCQM,
— EURAMET/TCMC,
—1SO (e.g. 1SO TC 158)
— CEN,
— EU + WMO directives
— EMEP Europ. Monitoring and Evaluation program
— WMO-GAW (best practice guides))

EUR A

e B e A R —

- Community interaction PTB

Collect input of atmospheric community needs to ENV06

— Species, spectral bands/lines, phys-chem conditions you like to be characterized
e Web interface in preparation

Share expertise in lab spectroscopy (FTIR, Laser) and metrology

— community standardization procedures, quality control approaches ..
Attract and integrate community support in

— Line assignment, State of the art line shape models / line mixing

— Further exploitation of traceable spectra / derive other parameters: E“ ...
Announce exp. feedback for spectroscopic models (QC)
Intercomparison experiments with community

— E.g. via HBr, HCl, N20 reference cells

Advertise
— Project web site www.eumetrispec.org
— 6 monthly Newsletter .. sign up on web site
— stakeholder meetings 15t: Mid Nov 2012 @ PTB/Braunschweig
— PhD/Postdoc positions available see website

— Funded collaboration possibilities
* Next EMRP project call in 2013: = EUMETRISPEC II ?

Introduction
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EUs \,:.H EUMETRISPEC-Long term?

2nd Call = Multiplication Phase

:
. g
V... : -
. M o
P,
. o
:

Std protocol

Ext.
Spectral
Data Base

Line data, Traceable y
multi facility access, Spectral
traceability Data Base

iINMIs ™

v < batoraccess 3

Stakeholder

Data+access

(.
Data+access

New target parameters =
expand to = UV / THz spectral range

= heavier molecules = cross sections
= your proposals ?

R4

Data+access

THANK you for your interest

Questions ??

Need further information .. ??
*  www.Eumetricspec.org
* \Volker.ebert@ptb.de

20
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“EMRP and EMPIR: How EUMETRISPEC is embedded
in the joint European metrology research”

Jorn Stenger

Physikalisch-Technische Bundesanstalt (PTB)

EMRP / EMPIR
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EMRP and EMPIR

How Eumetrispecs is embedded in the
joint European metrology research

Jorn Stenger, EMRP Chair

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012

Ly e

curafaer
L <

Motivation for joint research

“Metrology Dilemma”

Growing demand N MI NMI budgets stable
for metrology DI or even declining

Eurapean Motrolagy Rosoarch Programme Grand Challenges
Gutline 2008 Health
Energy

Document available on: www.euramet.org

Fdbear - Parrmeties JO0H

Environment
New technologies

Fundamental and applied metrology R&D
Fundamental metrology
Metrology for industry

Capacity Building and KT

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012

EMRP / EMPIR
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European joint metrology research addresses all fields of EURA&“T
application e

Secure measurements Do/underpin
and reference data basic science

Drive innvovation

do you get
what you e
pay for? efficiency?
' — do constants quality control
of nature drift with time? in production?

aH safely below
. radiation limits?

: Global Temperatures | preCIse enough :

i e - l to be u
data quality for : { | il competitive? { i
policy making §°
sufficient? © |1

4

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012

EURAMET e.V. %.U_B&@:.'E
European ASSOCiation Of National Metrology institute
National Metrology Institutes Secondary calibration lab
bilateral cooperations since = 1900 Check standards
EUROMET since 1990 / ) \
. Working standards
EURAMET e.V. since 2007

Uncertainty

Members:
37 European NMls

22 of them actively
participating in the EMRP

B

Associates:

- 71 Designated Institutes
holding national standards

-JRC X
metrologists:
NMls: 5000
DIs:  =1500
40 EMRP / EMPIR
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Joint programming of metrology research E._H*?%@;I

* coordination of national metrology research programmes
(EMRP with those of 22 member states)

* jointly agreed strategic research agenda
* implemented by EURAMET e.V.
* highly integrated

proposed: 500 M€, 1/2 from EU, 7 call cycles
EMPIR A185

EMRP A169/185

iMERA-plus

2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022

FP7 Horizon 2020

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012

Funding breakdown of EMRP E__H*?%@;I

DECISION No 912/2009/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL
of 16 September 2009

on the participation by the Community in a European metrology research and development
programme undertaken by several Member States

400 M€
200 M€ EU + 200 M€ MS

— } N

Researcher Grants Joint Research Projects Management
40 M€ 344 M€ 16 M€
36 M€ cash EU + 164 M€ cash EU +

4 M€ cash MS 180 M€ in kind MS 16 M€ cash MS
EURAMET EURAMET
Secretariat EMRP-MSU

Braunschweig London
EMRP

Eumetrispecs Stakeholder Workshop, 15 November 2012

J. Stenger EMRP / EMPIR 41
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The science agenda of the EMRP

EuRﬁ}u&—E\_T
A

EMRP Article 169/185

Metrology for ...

2009 | Energy 9
EMRP ERAnet-plus 2L 9
2010 65
Metrology for ... Metrology for Industry | 17
projects
Sl units Health 11 running
Health 21 2011 | Sl broader scope 10
2007 j
Length STEREE New Technologies 9
9 concluded
Electromagnetism Metrology for Industry
2012 | Sl broader scope review
process
Open excellence call
— typical project size: 3 M€ (full cost) Energy _
reparation
— about 60 projects more expected in 2013 - brep
2012/13 calls Environment

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012

The Environment call of 2010

EuRﬁ}u&—E\_T
i e

MACPoll

Metrology for Chemical Pollutants in Air

Annarita Baldan
(VSL)

PartEmission

Emerging requirements for measuring
pollutants from automotive exhaust emissions

Dr Martin
Thedens (PTB)

Traceability for surface spectral solar ultraviolet

Dr Julian Grébner

solarUV radiation (SFI DAVOS)

MetEOC Towards a European Metrology Centre for Dr Nigel Fox
Earth Observation and Climate (NPL)

Ocean Metrology for ocean salinity and acidity F:;;a) Spitzer

EUMETRISPEC SpecjcraI.Reference Data for Atmospheric Prof Volker Ebert
Monitoring (PTB)

MeteoMet

Metrology for pressure, temperature, humidity
and airspeed in the atmosphere

Dr Andrea
Merlone (INRIM)

WFDtraceability

Traceable measurements for monitoring critical
pollutants under the WFD

Dr Rosemarie
Philipp (BAM)

MetroRWM

Metrology for Radioactive Waste Management

Petr Kovar (CMI)

42
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The Environment call of 2013 E._PR%Q_;I

Focus on metrological research to improve the quality of data for policy making and
regulation, underpin other environmental research initiatives, and stimulate
technological innovation. It addresses:

* contamination of water, air and soil

* radiation measurement and protection (including electromagnetic and ionising
radiation, and acoustic noise)

* the properties of the atmosphere and oceans, including their constituents,
contamination, transport properties and other parameters

* emission control; measurement of gases and particles that have an effect on the
climate (CO,, methane, aerosols...)

* remote sensing for environmental and climate control.

This TP will enable collaborative research for large and transnational monitoring
systems. EURAMET wishes to put a focus on climate control and especially
welcomes proposals enabling the establishment of a long-term European NMI/DI
network coordinating the measurement infrastructure in this area and links to a
potential global network.

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012

EMPIR — the successor initiative to EMRP E._PR%@I

The metrology innovation chain

applied research
industry needs

developments

k> pre-commercial

innovation
market uptake

industry

traceability of
\ | measurements

applied research
quality data and

societal needs . "
/ Y | advice for thbllc authorities

regulation, policy ;
B e societal uptake >

,innovation gap“

> standardization '
basic research . .
science community
V' | fundamental
measurements
metrology R&D deliverables GEEEAEIEIE A E]

innovation uptake

EMRP
Eumetrispecs Stakeholder Workshop, 15 November 2012
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The modules of EMPIR

EURA@T
A

Basic scientific metrology

Module 1: Science

Grand challenges Environment, Energy, Health

Innovation: technology projects

Module 2: Innovation

Innovation: central support for technology and
knowledge transfer

Module 3: Pre-normative

R&D focused on metrology needed for
European and international documentary
standards

R&D measurement capabilities

Module 4: Capacity building

Non-R&D accompanying measures, mobility

If successful: 7 call cycles starting 2014 or 2015
Envisaged size: 500 M€ (full cost methodology)

EMRP

Eumetrispecs Stakeholder Workshop, 15 November 2012
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“Atmospheric trace gas sensing:
Community needs with respect to spectral line data”

Prof. Dr. Mark A. Zondlo

Princeton University
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Prof. Dr. Mark A. Zondlo

Department of Civil and Environmental Engineering, Center for Mid-Infrared Technologies for Health and the Environment,
Princeton University

59 Olden Street, 08544 Princeton, NJ, USA

Phone: +1 6092585037

E-mail: mzondlo@princeton.edu

Education and Professional Experience

since 2008 Assistant Professor, Department of Civil and Environmental Engineering, Princeton University, USA;

Assoc. Faculty: Department of Atmospheric and Oceanic Sciences, Center for Mid-Infrared Technologies
for Health and the Environment, Princeton Institute for the Science and Technology of Materials, Princeton
Environmental Institute

2002-2007 Senior Research Scientist, Southwest Sciences, Inc., Santa Fe, New Mexico, USA

1999-2002 Advanced Study Program Postdoctoral Fellow, National Center for Atmospheric Research, Boulder,
Colorado, USA

1999-2002 Aerosol and cloud chemistry, National Center for Atmospheric Research, Colorado, USA

1999 Chemistry (physical, atmospheric) Ph.D., University of Colorado, Boulder, Colorado, USA

1994-1999 Graduate Research Assistant, University of Colorado, Boulder, Colorado, USA

1994 Chemistry B.A., Rice University

1992-1993 NSF REU Undergraduate research assistant, University of California, Irvine, USA

Activities, Honors and Awards

48

Recent field experiments: NASA SEAC4RS (Thailand), 2012

PI for VCSEL hygrometer

Agricultural Nitrous Oxide Flux Study (Michigan), 2012

PI for QCL N,0; NSF DC3 (Kansas), 2012

PI for VCSEL hygrometer; Baltimore Ecosystem Study (Maryland), 2012

PI for QCL NHj; and N,O sensors; NSF TORERO (Chile, Costa Rica), 2012

PI for VCSEL hygrometer; NSF PREDICT (Saint Croix, Virgin Islands), 2010

PI for VCSEL hygrometer; NOAA CalNex 2010

PI for open-path ammonia measurements; NSF HIPPO Global (Arctic-to-Antarctic), 2009-2011

Reviewer for Journal of Geophysical Research Letters, Journal of Atmospheric and Oceanic Technology, The
Journal of Physical Chemistry, Atmospheric Chemistry and Physics, Applied Physics B, NASA, NSF AGS, NOAA
AC4, and DOE BER
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Atmospheric trace gas sensing: Community needs with respect to spectral line data
Mark A. Zondlo

Department of Civil and Environmental Engineering, Center for Mid-Infrared Technologies for Health and the Environment,
Princeton University

Mitigating global climate change and improving air quality require better understanding of the sources, sinks, distribution,
and transport of greenhouse gases and air pollutants''’. Over the past decade, the explosion of laser-based trace gas sensors
have provided unique insights into these processes due to their relatively low power consumption, small size, and high-
selectivity while maintaining high-precision, high-stability, and well-calibrated measurements. While the successes of
commercial and research-grade laser-based sensors are remarkable, there remain significant barriers toward deploying even
smaller, lower power, and lightweight sensors. For example, the use of reduced pressure cells to avoid interferences and
tightly control the temperature/pressure of the optical cell requires relatively high power pumps and moving parts. Tight
thermal control of the other optomechanical and electrical components requires large housings and heating elements.

For both greenhouse gases and aerosol precursors, higher spatial and temporal measurements are needed beyond existing
remote sensing data, regional observation networks, and aircraft-based studies”. In turn, new sensor technologies require
development to fully utilize the capabilities of new observational platforms. For example, local greenhouse gas and air
pollutant emissions require dense sensor networks or the agility of platforms such as unmanned aerial vehicles (UAVs) to
sample within the atmospheric boundary layer. For carbon cap-and-trade verification, fenceline or perimeter monitoring may
be required near and downwind of local sources. The World Meteorological Organization’s Global Climate Observation
System (GCOS) desires robust, routine chemical measurements on weather balloons. Further in the future, smarphone-sized
sensors and applications would revolutionize trace gas monitoring.

Trace gas sensing at ambient pressures and temperatures provides a pathway towards smaller/lighter sensors, but the
uncontrolled sampling environments place even more challenging constraints on the spectroscopic measurements themselves.
Improved spectroscopic parameters are critical to develop the next generation of atmospheric trace gas optical-based sensors.
First, the strongest atmospheric absorption lines of a trace gas — typically the ones with the best characterized spectral
parameters — are almost never the most optimal absorption lines under ambient conditions due to other atmospheric
absorbers. Second, accurate temperature-dependences of the linestrengths are critical for relevant measurements of
greenhouse gases, for which accuracies/precisions/stabilities of one part in one thousand are required. Third, validated
spectral data over a wide range of atmospheric temperatures and pressures are needed for aircraft, satellite, and balloon data.
Finally, the influence of the broadening of water vapor on spectral lineshapes is necessary for ground-based measurements in
the large and rapidly changing absolute humidity of the atmospheric boundary layer.

The influence of spectroscopic data uncertainties on the accuracy of measurements will be demonstrated through case studies
of atmospheric measurements of greenhouse gases and air pollutants in the near and mid-infrared. Laser-based sensing
applications include an open-path nitrous oxide sensor using a quantum cascade laser at 4.54 um"! for understanding
agricultural nitrogen emissions, methane emissions from hydraulic gas fracturing and thawing permafrost using quantum
cascade and vertical cavity lasers'*, atmospheric ammonia measurements for air quality’
tropospheric and lower stratospheric water vapor measurements for cirrus cloud formation

, and water vapor from and upper
[6]

1 IPCC, 2007.
1 NAS Decadal Survey, 2007.
] Tao et al., Opt. Exp., revised, 2012.
[4]  A.Khan, D. Schaefer, L. Tao, D. J. Miller, K. Sun, M. A. Zondlo, W. A. Harrison, B. Roscoe, D. J. Lary, Remote Sensing, 4, 2012.
1 K. Sun, L. Tao, D. J. Miller, M. A. Khan, M. A. Zondlo, Appl. Phys. B, 4, 2012.
] S. Tilmes, L. L. Pan, P. Hoor, E. Atlas, M. A. Avery, T. Campos, L. E. Christensen, G. S. Diskin, R.-S. Gao, R. L. Herman, E. J. Hintsa, M.
Loewenstein, J. Lopez, M. E. Paige, J. V. Pittman, J. R. Podolske, M. R. Proffitt, G. W. Sachse, C. Schiller, H. Schlager, J. Smith, N. Spelten, C.
Webster, A. Weinheimer, M. A. Zondlo, J. Geophys. Res.-Atmos., 115, D14303, 2010.
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a

aerosol

nucleation h

B2
Emissions vary greatly in space and time for greenhouse gases and air pollutants
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Motivation

(a) Total budget well ;
constrained but partitioning

|

1

of sources/sinks are not: Long-lived 1

002 greenhouse gases |

CH, 8 . |

NZO E_ : ! ! . |

° ! [ co, NMVOC+NOX} Short-lived gases

E Nitrate — | i i

. > Organic ! : :

(b) Poorly-constrained: 8 carbon (FF) Black carbon (FF) ‘ ‘
H.O i | Aerosols and aerosol

2 |
| precursors

SO,%, NO; aerosols | ; ;

cloud formation : 1 1

Cloud albedo — I‘ ! !

L | L | . |

-2 -1 0 1 2 3

Integrated radiative forcing (W m=2yr1)

More widespread measurements needed for

(a) most effective mitigation practices (source/sink quantification)

(b) improved understanding of global climate/air quality
New sensor especially needed for atmospheric boundary layer sampling

Atmospheric measurement challenges

Scientific requirements: H,O NH, N,O
accuracy 5% 20% 0.1 ppbv
precision (10 Hz) <3% <3% 0.1%
mixing ratios 1-104 ppmv  102-104 ppt ~325 ppbv
dynamic range = 106 10° 100

Engineering requirements 12

fast §, 10
selective 8 s
low power 2

-—

<

low volume and mass
low maintenance
replicable
self-calibrating 60 40 20 0

20 40
Latitude (degrees)

Laser-based sensors meet these criteria

§

8
water vapor (ppm

1

60 80

Wofsy et al., Q.J.R. Met., 2011
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Beer-Lambert law

T s eelat) o

where:  I(\) is light intensity after absorption | * |

() is incident light intensity R

a()) is absorbance b f

.
.= ~

a(r) =(é(T) gOLT.PIN 2| -

- I
. . . .-
\ — sy

where: S(T)is the linestrength ¢ = cross section
g(A, T,P) is the normalized Voigt lineshape function
N is the absolute concentration

£ is the pathlength

Laser-based techniques use direct absorption spectroscopy or
derived-forms of it rely upon spectroscopic principles

Laser-based atmospheric trace gas sensors

Successes

« fast response and selective detection

* high-precision and stability (>1:1000)

« far more compact, lower power than GC, MS, etc.
* widespread and successful use

Caveats

* reduced pressure cells with tight thermal/pressure control for narrow
absorption lines to achieve high selectivity

* too power hungry, heavy for sensor networks, UAVs, balloons, remote field
deployments (100-1000 W, 10s kg)

* inlets/tubing have sampling biases in fast (slow) changing conditions
* require complex calibration methods for routine field use

Next generation TDL-based systems: fast, lightweight, low power, limited
field calibration

=> consider three examples: H,O, NH,;, and N,O
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Open-path detection: advantages and challenges

Open-path detection: gas sampled at ambient conditions, no sample handling

Advantages Challenges

sampling minimized spectroscopy over range of temp., pressure

no gas handling need to know T, P in optical path

no pumps (lower power) broad lineshapes, interferences from other gases
no inlet delay issues extreme, changing conditions

fast response calibration

no phase re-partitioning  mirror/optics need to be relatively clean

(e.g. sea salt, dew/frost, bugs, mold)

® a

LIS
For what applications is this necessary?
1. “Sticky” species (H,0, NH;, HNO,...) where inlet/tubing adsorption is a problem
2. Eddy covariance fluxes (10 Hz) for surface/atmosphere emissions (GHG)
3. Low power, low weight platforms (UAVs, remote field sites) for

atmospheric boundary layer sampling (greenhouse gas emissions)

H,O: most important trace gas species on climate

* stratospheric water vapor trends mask/augment surface temperature trends
from anthropogenic greenhouse gases by ~ 30% (Solomon et al., 2010)

* positive feedback on CO, doubling (AT=+1.5°C — 3.0°C due to H,0O 1)
(IPCC, 2007)

* increasing trends in stratosphere, troposphere
(100% increase between 2000-2100, Soden et al., 2006, at 200 hPa; 20% at sfc)

* cirrus cloud microphysics not well understood
(predicting cirrus cloud formation highly uncertain in cloud and climate models)

* critical roles in chemistry
(oxidizing capacity of atmos.)
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NSF Gulfstream-V VCSEL hygrometer

Vertical Cavity Surface Emitting Laser, 1854 nm
(Zondlo et al., JGR, 2010)
~ 1000 flight hours, routine on NSF G-V (since 2008)

1854 nm fiberized VCSEL, WMS and direct abs. ]

Parameter Specifications
Dew pointrange  -110°C to +30°C
Sensitivity (1 Hz)  0.05 ppmv

Frequency 25Hz

Accuracy 2-10%

Precision <1% 29 ¢
Power 8w

Weight 6 kg

Size 25cm x 16 cm x 5 cm
Operation unattended

Design open-path

* optical sensing outside fuselage

* mirrors exposed to environment 1L TR
-'-'\—qI

_—

> open-path design allows for fine e
water vapor structure to be observed f.—*ﬁ- .

NSF Gulfstream-V, typical flight duration ~ 8-9 hours, ~ 15 km altitude

NOND;.Cy,COQ PANTHER: CLH
QCLS {E0.C0L N-OLOH

PR Ly O,: CN: MEDUSA

- .au‘_,,

High-altitude, long duration aircraft coupled with open-path, High-s
vapor measurements provides unique datasets for ice supersaturation:

LEATS

ensitivity water

Field experiment location time focus
NSF STARTO08 N. America 2008 ex-UT/LS
NSF HIPPO global 2009-2011 pole-to-pole observations
NSF PREDICT tropical, w. Atlantic 2010 tropical clouds
NSF TORERO tropical, e. Atlantic 2012 biogenic emissions on UT O,
NSF DC3 N. America 2012 deep convection

NASA SEAC4RS SE Asia 2013 deep convection
NSF MPEX N. America 2013 mid-latitude convection
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VCSEL current tuning capabilities

2.0-

1 1854.03 nm

< 15-

g 1 1853.37mm 1856.85 nm

(/)] .

€ 1.0

£ 1.0-

@

o ]

© 0.5
-I""'""I""""'l""""'l"""'"I""""'l"""'
1 2 3 4 5 6

laser current (mA)

1854.03 nm line (“strong”) for mid-troposphere to lower stratosphere
1853.37 nm compilation (“weak”) of three lines for lower troposphere
~ Wavelength modulation and direct absorption spectroscopy used

Spectroscopic detection methods

Wavelength modulation spectroscopy (f=250 kHz; 1.5 kHz scan rate)
Modulation depth and scan width change with f(P,T) every second
Normalized peak shape largely invariant

1

signal (v)

Absorption Coefficients - Strong Srrong VWME Carrectian

100 \-;00 200 \\. L 200
T P 0 150 T
Ref. condition for UT/LS: -63.41°C, 200 hPa (33.9 ppmv)
Empirical calibrations required

Fit entire trough-to-trough peak shape with stored reference spectrum / \J
Few percent correction to account for differences from reference condition scan position”

1.015,-
= 1044
.
1.005
3] - : zaoit ‘
1 T - :

a4 . B oges|-- i - B, B

T ogel -~ - - .
400 "~ ' . 600 . .o -2 5 s

30D " 2 iy e 300

Lo 250 400 . -
200 e "

P
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Example: Open vs. close-path sampling
HIPPO-3: 525 hPa, 255 K

RFOG " closed-path TDL (UCATS)
open-path VCSEL
1000
800
z
§ 600
o)
o
T 400
200
e o o e = SV
00:25:30 00:25:45 00:26:00 00:26:15
time (s) _ _
path TDL sensor shows damped response, variable time

3 Closed-
lags during HIPPO

How do ice supersaturated regions
— the birthplaces of cirrus clouds - form?

N
~
~

N
~
S adiabatic

N
mixing with N cooling
moister air S ~ ;;;
- e > ) -

S radiative
N coolin
-+ N o
S A
ice S ~
sedimentation S N colder
S N
moister N

Clouds models initiate ice supersaturation by cooling on a
constant water vapor background
(e.g. Jensen et al., 2004; Spichtinger et al., 2009)
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Representative ice supersaturated region

Examining only the dRHi into components from temp. and water vapor:
. dRHIT = dRHiq
RHi=e/e, x 100 1 1
e is H,O partial pressure dRHi = d E s E d—-\"—H’—dE\E
e, is saturated ice vapor pressure e L Byl ‘g

40 —— dRHi
— dRHi;

e _ dRHiq
g 30
=
i’—
% 20
X
%

10

0 3 1 1] 1} 2} ' 1
0 5 10 15 20 25 30
Time (s)

BE e . :
> 5500 individual ice supersaturated case studies
(Diao et al., Nature Geo., revised, 2012)

H,O — not temperature - controls variability in RHi field on scales 0.2-100 km

Tropospheric Ammonia

* one of the most important species
in aerosol chemistry and physics

* ammoniated aerosols important
for urban air quality

* largest uncertainties in climate
change are impact of aerosols

« severe measurement challenges:
parts per trillion sensitivies
“sticks” to sampling lines/inlets

« rapidly increasing anthropogenic
emissions

Requires open-path configuration AND fundamental absorption lines (mid-IR)

v O

NH;
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Compare NH;4

14x10"
12 ~

10

CH, (ppv)
=
1

Why open-path for ammonia?

vs. a non-"sticky” gas like ethylene

T T T T T T T
10 0 30 410 50 00 70
B (s8] McManus et al., 2007

NH; spectroscopy

IR ETIT SR TT!

soa sl

absorbance
=
~

PRTRRTIT R e |

L asaaul

NH; absorbance for 1 ppbv at 1013 hPa, 298 K, 1 m path

| i

-~ Strongest absorption lines near 10 um, but are these the best ones?
For ambient detection, need to look at interferences...

6 8 10 12 14x10°
wavelength (nm)

Mark Zondlo
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Atmospheric spectra at 9.06 ym

8600

8800

10x10° } I
|
w1 ppbv NH,
—— 375 ppmv CO, !
8 0.6 — —— 80 ppbv 03
g —— 320 ppbv N,O
)
—
S
& 0.4
< !
0.2 - I | 1 ‘ ;
I ‘ Al
0.0 " '_._.,A._A.u_._m_u_.v}ﬂmul'h‘.\)ﬂ,.uH.;J_.\..u A !qu muhi )

9000
wavelength (nm)

9200 9400

strongest lines have significant interferences at amb. T, P
most optimum line(s) at 9.06 ym
...and water vapor (up to 4%) isn’ t even included here!!

Two complications:
a) H,0O sloping

background

absorbance

b) ozone may be

interferent at sub ppbv

0.0020

Optimal NH; absorption feature: 9062 nm

0.0015 —

0.0010 —

0.0005 -

0.0000 —
9059

HITRAN now including 4% H,O
1 ppbv NH,
—— 4% H,0
— 375 ppmv CO,

—— 80 ppbv O, a4

~—— 320 ppbv N,O
—— total spectrum 7

s i

9064 9065

I I |
9060 9061 9062 9063

wavelength (nm)

9066
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Absorption Cross Section [cm2]

Metric for system drift in open-path configuration:
in-line reference cell of a stable gas

x 10" «10"® Ethylene (C,H,) as a

- - . v 2 .
NH, at 1000 hPa reference absorption
02H4 at 50 hPa Signak

« Stable gas with negligible
absorption in atmosphere

SN
(&)

« Comparable absorption
offset with NH, feature

» Little interference w/ NH,
at reduced pressure

Absorption Cross Section [sz]

1104 11038 11036 11034 11032
Wavenumber [cm] * Need to calibrate line

shape parameters

Relative intensity

Multiharmonic WMS fitting
V(1) = irng R(21tfRt) + imMpy, COS(2Tfimt + @) + Vo

g is current-to-frequency tuning rate at ramp frequency (f)

7, is current-to-frequency tuning rate at modulation frequency (f,,)

@ is phase difference between modulation laser frequency and laser intensity

ir and i,, are amplitude of ramp and modulation of laser current, respectively

R is the sawtooth ramp function

IIR low-pass Butterworth filter to yield nt" harmonic signal (Tao et al., Opt. Letters, 2012a;

84

"/ v ' | S—

Sun et al., Appl. Phys. B, 2012)

Detector Signal ) 0.04
— rmegcuve  EXperimental QCL n and @ ——— X(lne center. 2)
...... Inbensity Modulation 0.035 e X (lin@ center, 6)

e X (MG CENMEY, B)
X(kne center, 10)
- X(hne center, 12)

o
o
w

0025

o
(=
N

WMS line center value [a.u.]
o
=2
w
|

\ A
{r,{ "-. \/ \/‘\\ ﬂ
W

0 20 30 40

Time (ps) Modulation index
By selecting nt" harmonic, can distinguish between broadened ambient NH,
and reduced-pressure ethylene cell (nth derivative-like of absorption profile)
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Spectroscopic Parameters of NH; & C,H,

Line shape parameters of NH; & C,H, are measured experimentally and compared
with HITRAN database (Rothman et al. 2009)

HITRAN data generally within 10% of experimental methods except one NH; linewidth

(a) Simulated ammonia 4f signal at 2 hPa (b) Simulated ammonia 4f signal at 30 hPa
0.6 [ HITRAN linewidth { HITRAN linewidth
- 70% HITRAN linewidth o 90% HITRAN newidth |
——— 130% HITRAN linewidth ” @ ——— 110% HITRAN linewidth
- 04}
a 04
-
8 02 02
=
v 0 { o
2
= 02 e
0.4 om
11035 1103.45 1103.4 11035 1103.45 11034
Wavenumber [cm"] Wavenumber [cm"]
v 4f signals more sensitive to linewidth at 30 hPa than 2 hPa

Multiharmonic detection for continuous, in-line calibration
2.5 cm, 30 hPa 1% ethylene in N, w/ ambient NH,

NH, ethylene

(a) Experimental 2f (b) Experimental 6f
0.01¢
0.02f
0.01l 0.005|
ot 0
-0.01¢ | -0.005f1
-0.02t : : : - ‘ -0.01 : : : : ——90mb
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
50mb
(c) Simulated 2f (d) Simulated 6f ——30mb
001y ——10mb
0.005 A 0
0
—-0.005¢
-0.01 ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

Ethylene 6f in-line reference signal not affected by ambient ammonia
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Influence of changes of NH; on reference signal

10 0.14 10
— g g I
3: 012} 3
S 8 8 @
@ @
S5 i
I8 - .

O (.08 |
3 5 8 [ L
g * © ‘ 13 £
=2 ‘= 0.06 | R
ﬂ 4+ O 4 2
N E =)
58 0.04 | ®
@ 3 < -
o o
| >
E - 0.02 | : 2 2 =t
) —— Ammonia absorption w
1 —— Ethylene 10f (1
0| - Ethylene 12f
0- : : | — 0
0 50 100 150 200

Time [s]

Ammonia absorption changes from 0 to 0.13 with no
discernable effect on reference ethylene signals at higher
harmonics

# TEC Juson detector () (Alpes- 9.06 ym)
(~57in path length)

Challenges: Solutions:
 Interference from other species, v Detecting ammonia line at 9.06
i.,e. H,0, CO, pm — QC laser (more isolated)
« Difficult to get the baseline of v Wavelength modulation
air-broadened absorption spectroscopy (WMS)
* No control of T/P v T/P spectroscopic studies

®Calibration: need to enclose the ' |njine ethylene calibration
" open-path system

Infrared Cylindrical Mirror Optical Cell . CW DFB QC L§ser ® .
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Ambient NH; — Princeton, NJ

&8
-

S

o
-
i,

S

=
o

Ammonia (ppbv)

o

July 22, 2011

=15 minute averaged data

10th and 90th percentiles
of2sdata { Very humid (26°C dewpoint),

Mean: ~ 9 ppbv NH

o

1‘2 13 14

Hour of day (EDT)

15 16 17 18 1A9

hot (41°C)

3

* Much higher than models, urban
emissions are underestimated

Monthly Mean

‘/' July 2010
Ammonia Mixing Ratio (ppbv)
e e— o>
0.1 1 10

Atmospheric nitrous oxide (N,O)

* Third most important
anthropogenic greenhouse

HITRAN simulation for 5.00 pathlength, 303 K, 1013 hPa
. . . . 0-08" . N20 {320 ppbv)
* Emissions have tripled in — 20 (4 g rnc)
past 100 years 0.06 - N (1900 3009

* Agriculture emissions
dominant source but
largely unconstrained

e 0.00 Ao npanf A e o
* Long atmospheric lifetime 4460 4480 4500 4520 4540
of 110 years — long wavelength (nm)
response time input / exit mirror back mirror

* QC lasers at 4.54 ym can
detect N,O in an open path
setup for eddy covariance

flux studies

0.04 4

absorbance

|

0.02

Nitrogen emissions and cycle listed as one of the
grand challenges in the 21st century (NAE, 2008)
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Global nitrous oxide (HIPPO #1)

Altitude/ km

60

T T
-20 0
Latitude, degrees

“NZO Concentration, ppby

40

Source: E. Atlas, NSF HIAPER Pole-to-Pole Observations

80

Nitrous oxide is largely invariant at ~ 325 ppbv in atmosphere

Open-path nitrous oxide

* Room temperature, continuous-wave,
single mode QC lasers are great light
sources for gas sensing spectroscopic

applications.

* 4.5 um QC laser was selected to
detect N,O at its fundamental

vibrational band

+ Simultaneous detection of N,O

and CO

« distinguish between
combustion and natural
sources of N,O

* Detection of reference C,H,

160
. P A
> _a - ,l"/. A} - v"/'
RSk B i o o i
< -~ o AT e
N 100 4 I‘,. ."’ s v

fos}
o

60

Fraction Absorbance

*Inline reference signal &

calibration

— 300 ppbv N,O
—— 200 ppbv CO

1%H,0 ——0.1%C,H,

P(17) P(18) P(19) P(20)

4530
Wavelength (nm)

0.60
0.55
0.50
045
040 £
=}
0359
?
0.30
025
0.20

0.15
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N,O, CO, and in-line acetylene simultaneous detection

60 1 L 1 L 1 L 1 L 60
—— 2f with CH, = =4fwith CH, |
1= == = 2f without C H, = = 4f without C,H,

50

N,O

F
o

2f Signal Amplitude (mV)
4f Signal Amplitude (mV)

Time(ms)

» Simultaneous spectra of three species in one QCL scan range
and multiharmonic fits

Laboratory measurements: ambient air

T " T T T P T
- + + + Raw data at 20Hz
2 fet e L 3 } g
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E=3
Q
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I
k=]
T 926
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=
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T a0l B 0.01 i i i
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[
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Measured N20 Concentration(ppbv)

+ Data from an overnight test with ambient lab air

* Measured data follows a normal distribution

*Sensitivity of 0.07 ppbv of N,O and 0.15 ppbv of CO at 1 Hz sample rate
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N,O: Open-path challenges, spectroscopy

* Due to the high-precision/stability needed, even small changes in ambient
temperature/pressure influence the measurement

5 s 10 7
oy . i — N_O Allan deviation
'g \r A 1 z}/[
-~ 4 ‘V4 M P AT T P o W I~ ~ T
i TETa el I
3 e V' A LA ~
- 4
s 3 é 14 =
E -
< —— Fitted C,H, Ampltude —— Fitod N,O Amplitisde c

S T S S 2. 3 4 -
— Time (h) Time (h) g
> Mo 5
§ —— Calibrated N,0 Concentration by the C,H, reference § "'
e ™4 4 <
g ’\/V\_WMW*—‘
Ew
§ 0.01 Sttt ettt L
8 10 - . - - v - - - v - 01 1 10 100 1000

10 15 20 25 30 is 40 .
Time (h) Time ( s)

(Tao et al., Opt. Express, revised, 2012b)

* Normalization by in-line acetylene reference signal accounts for field
drift of system for long-term stability

« Data also corrected by water vapor broadening
(~ 1% change in signal for 1% change in absolute humidity)

Intercomparison with Los Gatos closed-path sensor
LGR N,0O/CO Sensor

* both sensors measured the N,O/
CO emissions from a nearby car

* LGR sensor: recorded at 2Hz
WMS sensor: recorded at 10Hz

* LGR N,0O/CO sensor is a close-
. path system based on ICOS with a
NIR laser

# * gas inlet of LGR sensor was taped
% close to the sample cell of the WMS
& sensor
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CO and N,O car exhaust measurements
Open-path challenges Il: sampling

5 T T T
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8 41 ——WMS CO signal
c 1 ]
O 34
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5 24
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o 14
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Time (s)
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2
8 :
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i 600 |
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E i 500 1
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Field tests: flux chamber wetlands
and eddy covariance in corn field

355

N,O (averaged every 5s)
350 { —— Segmented linear fitting result

2.74 ppb/min , 7"

detector
Tidal water
reached the

Sealed 0o 1.76 ppb/min
# chamber

window

. r . .
0 5 10 15 20
Time ( minutes)

Atmospheric laser-based sensors: spectroscopic needs

All gases:
» more studies of temperature- and pressure-dependence over range of troposphere
* “weak” but isolated lines very important for ambient air detection
(most optimum lines most often not the strongest for ambient detection)
« particular attention to “sticky” gases that are challenging to address in laboratory

Greenhouse gases CO,, CH,, N,O (high precision/stability needed):
» water broadening coefficients may significantly bias measurements if incorrect

Atmospheric radicals:
» limited data for species such as NO, NO,, OH, and HO,,

Ambient pressure detection requires critical attention to spectroscopic parameters for
accurate and relevant measurements (pressure-broadened lines, interferences,
changing temperature & pressure & humidity)...but it can be done for new sensing
platforms and applications

MIRTHE »
- " ‘

Funding: NSF AGS-1063466; NSF EEC-0540832; NASA NNX09A051H; USDA 2008-05149
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Present / future needs of the NDACC and TCCON community
with respect to spectral line data”
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Dr. Geoffrey C. Toon

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

Phone: +1 8183548259

E-mail: geoffrey.c.toon@jpl.nasa.gov

Research

Remote measurements of atmospheric composition: Instrumentation and data analysis

Education and Professional Experience
since 2001  Caltech Faculty: Visiting Associate in Planetary Science, USA
since 1984  Jet Propulsion Laboratory, USA
2008-2012  Group Supervisor, Atmospheric Observations
since 2006  Senior Research Scientist
since 1986  Research Scientist, JPL
1984-1986  NRC Resident Research Associate, JPL
1984 D.Phil. (Atmospheric Physics) University of Oxford, UK
1978 B.A. Honours (Physics) University of Oxford, UK

Activities, Honors and Awards
e 8 NASA Achievement Awards
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Ground-based atmospheric monitoring networks using FTIR: Present / future needs of the
NDACC and TCCON community with respect to spectral line data

Geoffrey C. Toon
Jet Propulsion Laboratory, California Institute of Technology

Improving our understanding of the changing atmosphere requires increasingly accurate measurements
of its composition. Two global networks currently make open-path atmospheric composition
measurements using the sun as a source. The NDACC-IR network, operational since 1991, measures
more than 20 atmospheric trace gases in the mid-IR spectral region (700-4100 cm™). The TCCON
network, operational since 2003, covers the near-IR (4000-8000 cm™). TCCON measures fewer gases
(e.g. CO, , CHy , CO, N,O) but strives for higher accuracy and precision (up to 0.2%). Each network
uses Fourier Transform spectrometers at more than 20 sites, some of which are common to both
networks.

The NDACC-IR and TCCON networks offer an interesting contrast in calibration methodologies.
NDACC-IR relies on the spectroscopy for their calibration, such that a 5% error in the line intensities
will cause a 5% error in the retrievals. TCCON uses a more complicated calibration procedure that relies
on co-located in situ profile measurements and assumptions about diurnal variations to reduce sensitivity
to instrumental and spectroscopic errors. This presentation discusses the spectroscopy needs of the
TCCON and NDACC-IR networks, and highlights areas in which improvements would be beneficial.
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Ground-based atmospheric monitoring
networks using FTIR: Spectroscopic needs
of the NDACC and TCCON communities

Geoff Toon, Jet Propulsion Laboratory, California Institute of Technology

Will discuss atmospheric remote sensing using direct sunlight with FTIR spectrometers:
NDACC: Network for Detection of Atmospheric Composition Change (1991-present)
TCCON: Total Carbon Column Observing Network (2003-present)

Opinions expressed here are my own and do not necessarily represent the unanimous
opinion of the entire NDACC and TCCON communities.

© 2012. All rights reserved

NDACC (formerly NDSC)

W OF ATMOSp

Network for Detection of Atmospheric
Composition Change (NDACC) includes:

* O; sondes

* UV/Vis spectrometers

* Microwave radiometers

e Lidars

* Dobson-Brewer spectrometers

* Fourier Transform Spectrometers (FTS)
Only FTS will be considered further here

Otwervational Capatsiises of e Netwonk $3¢ the Detection of Almosptwric Composon Change

- i
e8]
| i

.\ '3
‘ \ o 3‘59‘] ! c
!1
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Hormie > NDACC nstruments and Working Groups

NDACC Instruments and Working Groups

Panorama of lzana inslruments coudesy ol & Redondas

NDACC instrurnens are designed 1o provide consistent, standardized, long-lerm measurements of atmospheric

trace gases, partiches, spectral UV radiation reaching the Earth's surface, and physical parameters. A chart providing
an overview of NDACC observational capabilitics i availlable. In the table below links are provided to the working
groups’ web pages (click on the working group name), and io data avallability chars for each measurement type
[chckon the measurément parameter name)

LIDAR
Aerosol profles: Backscater Lidar
Ozone profiles: Differential Absorption Lidar (DALY
Troposphenc orone profiles [Dl.i.l.,}
Temperature profiles: Raman and Raylesgh Lidar
Wialer Vapar profles: Raman Lakar

MICROWAVE RADIOMETER

Cirone profles

‘Water Vagor profiles
Chiorine Monoxide profiles
GO, HNO 3 BN 20 prafiles

UVANISIBLE SPEC TROMETER FTIR SPECTROMETER

+ Parial and total column of selected species
including CH ,,C ,H, CIONG ,, GO, HCL HCN, HF,
HNO N 0,0,

+ Total colurnn of a broad range of speces mcluding
CCl4Fy, GHF 01, G0 5, COF 5, H 50, HDO,NO,NO 5

= Ozone total Column
= NO . tofal column

and OCS
DOBSONBREWER SONDE
»  Ozone profiles
Dzone otal cokrmn = Aerosol profiles
UV SPECTRORADIOMETER SATELLITE
LV radiation at the grownd THEORY

Started in 2003 (Park Falls, Wisconsin, USA)

24 sites today (see below)

Main motivation is validation of satellite observations of GHG (OCO, GOSAT)
Uses Bruker IFS125 HR spectrometers

TCCON

Four Cornegse °la n{ont

e Operational Site
= Future Site

Eurekae: =

sg-

Spitgergen o = :

- (Mg

2 'Sj o “,,- r. -Sodankyﬁo~ +
\'\ £ d&a Karlsr ?‘Z lalystok
dEark lls rlea G ?{ -

Caltech lzanae NS

| S b — “

Manays Ascensnon Is!and . i
.Ré‘umon ( h
Wollongohg »

Lauder®
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are

NDACC & TCCON Summary

S e reeon |

Spectral Coverage 700-4100 cm’? 4000-8000 cm™®

Spectral Resolution 0.003 to 0.009 cm™? 0.02 cm

Detectors HgCdTe & InSb @ 77K InGaAs @ 300K

Retrieval Method SFIT2 / PROFITT GFIT (highly standardized)
Calibration Standard HITRAN In Situ profiles

Accuracy Goal 1-10% 0.2-0.5%

Operational 1991-present 2003-present

Main focus of NDACC-FTS is O; and weakly absorbing trace gases (e.g. NO, NO,,
HNO,, CINO,, HCI, HF, COF,, OCS, HCN) present at ppb levels. Highest sensitivity
is found in 700-4100 cm-' region, where small doppler widths allow profile retrieval.
These gases are variable, so moderate accuracy suffices, allowing HITRAN to be
primary calibration standard.

TCCON's main focus is CO, and CH,, present at ppm levels. Fundamental bands

saturated, so use overtone/combination bands at higher frequencies. Variations

of interest are < 0.2% and so high accuracy is required. HITRAN accuracies are
insufficient — a more complex calibration procedure is needed.

co

Atmospheric Remote Sensing:
Accuracy/Precision requirements

For long lived atmospheric gases (e.g. CO,, N,O , CH,) , the variations of interest
(e.g., seasonal cycle, inter-hemispheric gradient, sources, sinks) tend to be small in

mparison with the accumulated total gas column.

So high fractional accuracy is needed for measurements to be scientifically useful.

For CO,, column-averaged mole fraction needs to be better than 0.3%
For N,O, the tropospheric mole fraction needs to be better than 0.2%
For CH,, the tropospheric mole fraction needs to be better than 0.4%
For shorter-lived gases (e.g. CO) the requirements are less strict (>1%)

The OCO and GOSAT satellite sensors attempt to meet these goals, and ground-
based validation networks (e.g. TCCON, NDACC) try to do even better.

Requirements will get stricter in the future as more is learned about these gases.

These goals impose strict requirements on the spectroscopy. Not only for these
gases themselves, but also on other interfering absorbers (e.g. H,O, HNO,, etc.)
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Logqg[sensitivity]

HITRAN Linelist

HITRAN Line Intensities
(integrated in 1 cm™ bins)
Units of cm™/(molec/cm?)

2000 4000 8000 80(

Solar Planck function
ph/s/cm?/sr/cm

Sensitivity:
Absorbed photons per molecule

2000 4000 8000 BOC
Freauencv (em™)

NDACC covers the 700-4200 cm' region where the trace molecules of interest
have their fundamental absorption bands and hence the highest gas sensitivity.

TCCON covers 4000-8000 cm-! using the weaker overtone and combination
bands of CO,, CH,, CO, N,O. This region is also used by OCO and GOSAT.

Log,c[sensitivity]

N A

Spectral Coverage

NDACC

TCCON

{ \ CO, | cH,
[ . 0CS |
0,*10*

| (¥

2000 4000 8000 8000
Freauency {cm™!)
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Spectral Fitting Terminology

Both NDACC and TCCON use similar methods to retrieve atmospheric gas amounts
Minimize 2= {&ly, — 00V} + BRI /el

Measured  Calculated A Priori
Spectrum  Spectrum constraint

where i is an index over the spectral points, and

fi(x) = Continuumy(x,) . ILS * ( Solar; . Exp{- Bl -9/~ P X 1})
\ J ( J
[ |

Instrumental Atmospheric Transmittance

a, are the absorption coefficients (from HITRAN) for gas k and level /
va, |are the a priori vmrs, p, is the atmospheric number density, g, is the airmass factor

x is the unknown “state vector” containing the unknown atmospheric VMR scale
factors (x, ;) and the coefficients defining the continuum level (x.).

If x, | is assumed to be level-dependent, it is called a “profile retrieval”

If x,, is assumed independent of level, “profile scaling retrieval”

Spectral Fitting Example

Since the spectra are not radiometrically calibrated, it is necessary to retrieve the
instrumental radiometric gain (continuum level), in addition to the atmospheric gases.

The continuum level is represented by a low order polynomial. It represents the
responsivity of the instrument and solar planck function as a function of wavenumber.

The solar spectrum is empirically derived from low-airmass solar spectra measured
from the ground (Kitt Peak), balloon (MkIV), and Space (ATMOS).

t/zpin92129.471 = 20.81° Z,— 1.22km o,,.— 0.0816%Z fdz= 6.492:0.(
T

................... B B B e e ]

0.

Residual

“solar

Transmittance

0.75 —

2486 2487 2488 2489 2490
Frequency (em™')
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Column Abundances

Having iterated the spectrum fitting to convergence, the vertical column of the
gases is computed from

Slant Column of gas k = *Lvak|g| P Xy,
Vertical Column of gas k = :\I/am P Xy
VMR profile of gas k = va, | .x,

For NDACC, these are the reported end products, together with the averaging
kernels and a priori vmr profiles.

For TCCON there are additional calibration procedures aimed at reducing the
sensitivity of the results to systematic errors, both instrumental and spectroscpic.

TCCON Calibration

TCCON does not rely on the absolute accuracy of the HITRAN spectroscopy.
It uses 4 levels of calibration:

1. Band-to-band biases are quantified and corrected before averaging

2. 0O, column abundances are used to normalize CO,, CH,, CO, N,O columns

3. Empirically remove airmass-dependent biases that are symmetrical about noon
4

. Co-located NIST-traceable in situ profiles are used to perform final calibration

80
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Random vs Systematic Errors

Random Error

Systematic

Retrieval Error

v

Line Intensity * Slant Column

For weak absorptions, random errors dominate. For stronger absorptions
(larger intensity or higher airmass) systematic errors dominate. There is an
optimum line depth where the retrieval uncertainties are a minimum.

Systematic errors include spectroscopic and instrumental contributions.

1. Correction of line intensity biases

Retrieved
XCO2 4
(ppm)
390 Weak Line
Weighted average XCO2
385 Strong Line

Airmass

Even though weak and strong lines might each be airmass-independent, their
weighted average is not.

Important to correct such biases before weak and strong lines/bands are averaged.

Difficult if weak/strong lines are inter-mingled in same fitting window
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(-]
=

5 PR T T
| ™s ¥ | 2.Using O, as reference
; T5[= |.+
£ :
g CLEAR PARTLY CLOUDY Xgas = gas_column / dry_air_column
70 - | } i 45 .
= Xgas is column-averaged dry air mole fraction
—— a4 ; is a more useful quantity than the column itself:
j * More comparable with in situ measurements
Washenfelder et al. (2006) 442 = °*Less sensitive to surface pressure variations
i . \ i * e« Less sensitive to humidity changes
E c | ] |
- How to compute dry_air_column?
2 1S 5y * From surface pressure (Pg/m.qg)
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. - 380 = L
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:-:“_: ot ‘ _‘s L v\f‘l
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SZA ()

80
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At all TCCON sites, uncalibrated XCO2 is ~1ppm (0.25%) lower at sunrise/set than at
noon. Occurs at all times of year, even when exchange of CO, with the surface is tiny.

This artifact is highly detrimental to the science by creating false:
* diurnal variations
* seasonal variations at a given site (esp. at higher latitudes)
* latitude variations (between sites)

These artifacts are unacceptable, especially in the SH where the seasonal variations
and latitude gradients of interest are < 0.1%. Similar artifacts exist in the raw XCH4.
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What causes airmass dependent bias ?

The fact that the airmass-dependent biases are similar at all sites suggest a common
cause, unrelated to the site or instrument.

Atmospheric airmass can vary by a factor 35 between noon and sunset/rise (tropics).
Almost all types of spectroscopic errors cause an airmass-dependent component.

Line shape errors (widths, non-voigt, line mixing).
*In saturated lines, the spectral information comes only from the wings (line
center is blacked out) and hence the widths are critical
*In weak lines, the information comes from entire line (mainly near line center)
hence less sensitive to widths

As already mentioned, any inconsistency between weak and strong lines of the same
gas will cause an airmass-dependent artifact:

It is very common for the weak and strong line parameters in the same region to be
based on different laboratory spectra. Even in a multi-spectrum fit, the weak lines will
be defined primarily by the spectra with large absorber amounts, and vice versa.

In situ profile comparison

n — — T T T T
— 200 1 1
m
s
= 400 1
£
@ 500 ~  QCLS 1
§ AO2 4 Wunch et al., 2010 , &
800+ —— GFIT A Priori . 1t —=—GFIT A Priori -
Integrated Profile - Integrated Profile
1000 — e e e S L L . —i
380 385 390 395 1600 1700 1800 1900
CO, (ppm) CH, (ppb)
0 X i e -
— 200 1 1
m -
=
= 400 1
g QcLs
2 600 - RAF - !
=4 + QCLS ~— GFIT A Priori |
& 8o0f —— GFIT A Priori 1 =——ACE-FTS A 1
Integrated Profile Integrated Profile
1000 —— — —i L B — e e, = —a
290 300 310 320 30 100 130
N_O (ppb) CO (ppb)

From Wunch et al., 2010
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4. In Situ Calibration

co, CH,
%0 1850
y=x y=x
* ParkFalls * Park Falls
185 * Lamont * Lamont
- * Tsukuba 1800 * Tsukuba
§ . e("m g * Wollongong
. ‘oliongong Lauder
= .30 Lauder R ey ¢ (0.97620.002)x
%] —y = (0.989:0.001)x 2 17%
E
g s
: £ w0
Z o §
Q
e =

1650

’«)1%” 1700,

"& 800
. it Smoo& Alrcraft ,c;’o (ppm) S 0
'

Smoothed AM:% xa‘ (ppbl‘

From Wunch et al., 2010

185

TCCON Calibration Summary

The four calibration techniques explained previously provide the TCCON data a
reduced sensitivity to certain types of systematic errors, including spectroscopy.

An error in the mean intensity of the used lines of a given gas has no effect on the
final reported TCCON results because of the in situ calibration.

Simple airmass-dependent errors are also removed by the airmass-correction.

Since the low-order spectroscopic errors are calibrated out, what types of
remaining spectroscopic errors are TCCON results susceptible to?

Errors and Inconsistencies in the spectroscopy is the main problem.

+ Between Weak / Strong line intensities or widths (in same fitted window)
* Missing lines

* Lineshapes (do widths in HITRAN assume Voigt or non-Voigt?)

For the remainder of this presentation we focus on spectroscopic inconsistencies.
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Example: Spectroscopic Problem

2486 2487 2488 2489

Frequency (em™)

§ ./xp nd92120.471 9~ 20.81° Z,~ 1.22km ©,.,~ 0.1305%X fdz~ 6 MO 0
ke
§ How important are spectroscopic
uncertainties in the overall error
3 budget?
5
-’é Figures left show spectral fits to the
g 2485-2490 cm-" region used to
= retrieve CO, and N,O for NDACC.
: . . o The largest residuals are

= e T B associated with HDO absorptions.
/SPORCIROATL 9= E9OI° Ty LEEKN Oyt 0-1000% Jdsg 6.140:0.
E osf ”f” ()] You might think that, if the offending
B S HDO lines don’t directly overlap the
« . : N,O lines (lime green), there would

2490

be little effect.

But there is an effect because the
HDO-related residuals affect the
retrieved continuum, which in turn
affects the N,O.

S70325R0.003 ¢~ 3860° Z, Of)Okm Opnst

....................................................

Transmittance

Fits to Kitt Peak Lab spectra

w 21910% [dz= 0.10640./2070327R0.014 ¢~ 66.23% 7,

HITRAN 2008 } HITRAN 2008 3

Low Pressure | 500 Torr j

T aee e eies e ze0 i cise  mer wiee | e aawo
O70328R0.003 yp~ 1880 Z, 0.00km o, 0.00km o, .~ 1476‘67:‘ /dl 1.239:04

“ 1.1180% [dz« 0.166: 0/1070.547!(004 y- 8522 L,

0.00km o, = 3.2046%X [dz= 0901910
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1hdo h<do
8 ther S i ther
£ -
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0.0 ‘ ; 7o A ST, . S NUUNE. WTSOUI. TOUTOT | BV B
2486 2487 2488 2489 2490 2487 2488 2480 2490
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97032580.093 '¢='38.'80"' Z,.'= '0.00km [ 2 19107 fdz— 0 106:_0
%E_ T 1L t oo The intensities of these two HDO
70 sy i S ijdo lines are 6 times too strong.
g ,
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Yrequency {em™*)
Why are HDO lines have such large errors when these lab spectra have been
available for over 15 years?
This suggests the linelist was never totally checked against lab spectra.
oy J2pin92120.471 ¢~ 20.81* Z, 1.22km 0.~ 0.1305% [dz- 6.140:0
o S I R I IR S RIS
s :ZW Spectral fit using HITRAN 2008
g ! "; : 780 \voe e gware TRAT linelist (shown previously)
8 osof hola
<
.;‘:f 085
£
fé) 0.80
8 HITRAN 2008
= 0.75¢
2460 2407 2 1.60 2459 2450
Frequency {em™)
@ \/2pind2120471 y- 20.81° _/7(". ' ;_2;@ - 0006 sax- eav2.0. After empirically adjusting HDO
3 & WMWWM”WW#M lines based on fits to Kitt Peak
f= 1 ol "] laboratory spectra.
x f i_ \- -\Vr/a ’f ; |l \, \ \lfl 0%
o 9 ! Retrieved CO, increases by > 5%
g % roer Retrieved N20 changes by > 2%
£ 085 '
IS ¢ T
2 o.p0f : Use of HITRAN 2008 linelist would
S oz Adjusted HDO |  cause a large HDO-dependent
“““““ e R bias in the retrieved CO, and N,O
Frequency (em ')

86 Invited Talk 2 Geoffrey C. Toon



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15% - 16%, 2012

Spectrometry versus Spectroscopy

Spectrometry

Spectroscopy users (like me) want to achieve good fits to their spectra in order to
accurately retrieve the atmospheric composition. | call this spectrometry.

| don’t care whether this is achieved by empirical cross-section measurements or
theoretical linelists, as long as it does a good job.

If | see an obvious, easily-correctable error in the HITRAN linelist, | will try to fix it,

recognizing that it is very inefficient to have multiple end-users fix the same problem:

*Duplication of effort
sLack of understanding of methods/assumptions

Far better if the linelist generators (spectroscopists) fixes errors at the beginning.

Spectroscopy

Spectroscopists seem more interested in understanding why the spectrum of a
particular gas looks the way it does.

Understanding the fundamental quantum-mechanical basis of molecular spectra is
very important, and in the long term will yield better linelists.

Empirical vs Theoretical Approaches

Most spectroscopists seem to favor theoretical approaches to generating linelists

Very few spectroscopists enjoy making high quality (artifact-free) cross-section
measurements at dozens of different T/P conditions (very difficult and boring)

Theoretical Approach involves computing the spectroscopic parameters
* Provides quantum numbers, hence E”
* Resulting linelist is complete (for the band being analyzed)
* May be inaccurate for complex molecules

Empirical Approach involves measuring parameters using laboratory spectra has
several weaknesses:

* cannot assign lines, so lab measurement must cover full range of T & P

* unresolved overlapping lines

» interfering absorbers, esp H,O

* instrumental artifacts (ILS, channel fringes, zero offsets)

* requires multiple spectra at each P/T to cover large dynamic range

Ideally, a combination of theoretical and empirical methods would be best.

Geoffrey C. Toon Invited Talk 2
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Fit to MkIV Balloon spectrum
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O, Laboratory Spectra

The Kitt Peak O spectral fitting residuals are remarkably similar to those in the
34 km MKIV balloon spectrum.

After empirically correcting the position of the wayward O, line at 2761.4 cm-,
the Kitt Peak and the MkIV balloon fitting residuals improve by nearly a factor 2.

Although this makes only a 1.5% change to the retrieved H,CO at 36 km, at
lower altitude it is larger (>5%).

The improved fitting residuals reduce the error bars on the retrieved
atmospheric profile of H,CO by nearly a factor 2 at 36 km.

Q: How can one O, line position be so poor, when all the others are so good?
A: Resonances have perturbed its energy level

These are dozens of misplaced Oj lines like this in HITRAN_2008. It is unlikely
in the near future, that the theoretical methods used to generate the linelists will
be able to capture the resonances.

Therefore empirical corrections will continue to be needed.

Summary (1/2)

To do useful atmospheric science, the measurement accuracy requirements are
becoming more stringent. For long-lived atmospheric gases (e.g. CO,, N,O,
CH,) the accuracy requirements are now 0.2-0.4%.

But this doesn’t mean that all spectroscopic parameters need to be this good.

NDACC bases its calibration directly on the HITRAN spectroscopy.
Width errors are particularly important for profile retrieval.

TCCON attempts to escape some of the spectroscopic limitations by using a
complicated calibration methodology:

This allows useful atmospheric measurements to be made with less dependence
on the absolute accuracy of the spectroscopy.

But the TCCON calibration process is not “free”:
* results become sensitive to O, spectroscopic problems
* unable to measure true diurnal variations that are symmetrical about noon
* need co-located in situ profiles measured into stratosphere on sunny days
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Summary (2/2)

Good consistency and completeness of the spectroscopy is important, from line to
line and from band to band, over a range of airmasses.

Solar occultation measurements (e.g. ACE, MkIV) also require good weak/strong
consistency due to the large dynamic range of absorber slant columns.

It is fairly easy to find out where these problems/inconsistencies are by fitting
atmospheric solar spectra and laboratory data using the HITRAN linelist.

Problems (residuals) seen in atmospheric solar spectra are also seen in lab spectra.

The problem is how to fix these problems/inconsistencies:
» empirical adjustment (short-term solution)
* request a better theoretical linelist (long-term)

Might have to keep re-doing empirical adjustments every 4 years.

Realistic uncertainties on the theoretical line parameters would facilitate a more
automated approach to empirical correction (perturbed lines = large uncertainties)

Need to get linelists validated (and adjustments made) before release:
1. Fit existing laboratory spectra
2. Fit atmospheric spectra measured under well-known conditions

Specific Spectroscopy Requests

Parameterizations (pseudo-lines) for gases for which lab data (cross sections) exist,
but are too complicated for a theoretical prediction (e.g., C,Hg, C5Hg)

More consistent spectroscopy for CH,, H,O, HDO over the whole 3 micron region,
especially the five windows used by NDACC for CH, retrievals.

MW1: 2613.70-2615.40 cm™"

MW?2: 2650.60-2651.30 cm™"

MW3: 2835.50-2835.80 cm™"

MW4: 2903.60-2904.03 cm™"

MWS5: 2921.00-2921.60 cm™”

Better spectroscopic data for the new HFCs and HCFCs that are used as
substitutes for the banned CFCs (Montreal Protocol)

Better line parameters for CF, (around 1285 cm-'), and for CCl, (790 cm").

Consistency between the line parameters in the NIR and the MIR for CO,, CH,, CO,
N,O, to make a combined use of NDACC and TCCON data.

Improved consistency between the O, line parameters in the 10 um region
(NDACC) and in the UV/VIS region (Brewer, DOAS, and many satellite instruments)

HITRAN 2008 contains no '3CH, lines between 3364 and 5898 cm-"

90

Invited Talk 2 Geoftrey C. Toon




Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15% - 16%, 2012

Acknowledgements

NASA Upper Atmosphere Research Program (NDACC, HITRAN)
NASA Carbon Cycle Program (TCCON)
Jim Hannigan, Martine DeMaziere, Ralf Sussmann, Paul Wennberg, Debra Wunch

Spectroscopy community who have contributed to HITRAN

The Importance of Line Shapes

Errors in the line intensities have a very direct and predictable effect on the retrieved
column amount (S.X is conserved). Therefore post-analysis corrections are possible.
For example, if I'm told that the CO, intensities are all to high by 2%, then | can say
with certainty that all of my retrieved CO, columns are too low by 2%.

Line shape errors (widths, shifts, non-Voigt) are more difficult to deal with.

If I'm told that the widths are all too high by 2%, then the consequences are complex.
*For weakly-absorbing lines, effect on the retrieved columns is probably small (<1%)
*For strongly-absorbing lines the effect will be close to 2%.

The same line may be weak at noon and strong at sunset/rise.

So accurate line shape information is critical, especially for retrievals of tropospheric
gases, which have substantial absorber amounts at 1000 mbar.

And since the atmosphere covers 190K to 320K, the temperature-dependence of the
line shape is also important.

Geoffrey C.
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HCOOH: Ground-based solar spectrum
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Pseudo-Line-Lists (PLL)

A method of smoothly interpolating/extrapolating in P/T/ “between various
laboratory cross-section data. Uses a Voigt lineshape as a basis function.

Useful for molecules for which theoretical calculations are difficult (e.g.
C,Hg, C5Hg, CINO,, SFg, NF;, N,Og, CFCs, HFCs, HCFCs, CH,COOH).

Contains little spectroscopic insight. Instead is a brute force method (least
squares minimization of residuals between lab spectra and simulation)

Interpolates more accurately in P/T than say a polynomial, because it tries
to represent the physics of partition functions and P-broadening.

So should extrapolate more accurately to conditions outside those
encompassed by the original lab data.

Fitting lab spectra during the derivation of the PLL provides opportunity to
account for various systematic errors: ILS, contamination, channel fringes,
zero-level offsets, etc, and also to identify outlier sspectra and correct /omit
them. [An outlier could be caused by an incorrectly tabulated T or P ]

Resulting PLL is in HITRAN format — easy to use.
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High-resolution remote-sensing of the Earth's atmosphere: Spectroscopic needs and challenges
Johannes Orphal
Institute for Meteorology and Climate Research, Karlsruhe Institute of Technology
Remote-sensing of the Earth's atmosphere using spectroscopic techniques provides essential and unique
data on variability and trends of important atmospheric constituents related to climate, stratospheric
chemistry and tropospheric air pollution, in particular concerning the vertical dimension. In this talk, I

will briefly give an overview of existing and future atmospheric sensors and the current needs and
challenges for spectroscopy, in particular in the mid- and near-infrared regions.
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2003 JMS Review Lecture (OSU) KT

Karbruber Insiituk Sor Rechrotogie

Line positions are measured to 10-° (and better)

Nearly 200 years of technology development:
— the prism spectrometer
— the grating spectrometer (still today)
— interferometers (very high resolution)
— lasers and improvements

4 Prof. Dr. Johannes Orphal Institut fir Meteorologie und Klimaforschung (IMK)
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2003 JMS Review Lecture (OSU) KIT
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Line positions are measured to 10-° (and better)

Nearly 200 years of technology development:
— the prism spectrometer
— the grating spectrometer (still today)
— interferometers (very high resolution)
— lasers and improvements

Line intensities: Count molecules using pressure?

There must be better techniques (,oscilloscope®):
— based on the physics (e.g. Rabi oscillations)
— goal: line intensities with <0.01% accuracy
— many new applications will be possible

5 Prof. Dr. Johannes Orphal Institut fir Meteorologie und Klimaforschung (IMK)

High-resolution spectroscopy (Parls Cretell) ﬁ(“'

Mid-IR DFG
laser system °
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High-resolution spectroscopy
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P.-M. Flaud and J. Orphal, ,,A continuous-wave difference-frequency generation
laser operating in the mid-infrared (3-5 microns) region for accurate line intensity
measurements”, Infrared Physics & Technology 51, 322-331, 2008.
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of Molecular Spectroscopy 160, 524-539, 1993.
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,New analysis of the vs+vg-vg hot band of HNO,", Journal of Quantitative
Spectroscopy and Radiative Transfer 77, 355-364, 2003.
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M. Winnewisser, ,New analysis of the v5; and 2v4 bands of HNO; by infrared and
millimetre-wave techniques: line positions and intensities”, Journal of Molecular
Spectroscopy 228, 375-391, 2004.
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Chelin, C. E. Fellows, and J.-M. Hartmann, ,Some improvements of the HNO4
spectroscopic parameters in the spectral region from 600 to 950 cm-"", Journal
of Quantitative Spectroscopy and Radiative Transfer 110, 675-686, 2009.

Prof. Dr. Johannes Orphal Institut fiir Meteorologie und Klimaforschung (IMK)

102

Invited Talk 3

Johannes Orphal



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15* - 16, 2012

HNO, laboratory spectroscopy: SKIT

fearlrudn It Tur T burloghe

A. Perrin, J.-M. Flaud, C. Camy-Peyret, V. Jaouen, R. Farrenq, G. Guelachvili,
Q. Kou, F. Le Roy, M. Morillon-Chapey, J. Orphal, M. Badaoui, J.-Y. Mandin,
and V. Dana, ,Line intensities in the 11 um and 7.6 um bands of HNO,", Journal
of Molecular Spectroscopy 160, 524-539, 1993.

J.-M. Flaud, A. Perrin, J. Orphal, Q. Kou, P.-M. Flaud, C. Piccolo, and B. Carli,
,New analysis of the vg+vg-vg hot band of HNO,®, Journal of Quantitative
Spectroscopy and Radiative Transfer 77, 355-364, 2003.

A. Perrin, J. Orphal, J.-M. Flaud, S. Klee, G. Mellau, H. Mader, D. Walbrodt, and
M. Winnewisser, ,New analysis of the v; and 2v4 bands of HNO; by infrared and
millimetre-wave techniques: line positions and intensities”, Journal of Molecular
Spectroscopy 228, 375-391, 2004.

L. Gomez-Martin, H. Tran, A. Perrin, R. R. Gamache, A. Laraia, J. Orphal, P.
Chelin, C. E. Fellows, and J.-M. Hartmann, ,Some improvements of the HNO,
spectroscopic parameters in the spectral region from 600 to 950 cm-"”, Journal
of Quantitative Spectroscopy and Radiative Transfer 110, 675-686, 2009.
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HNO; laboratory spectroscopy: KT
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1 Prof. Dr. Johannes Orphal Institut fur Meteorologie und Klimaforschung (IMK)

HNO, laboratory spectroscopy: SKIT

Karbrudus et Tos g basulogie.

A. Perrin, J.-M. Flaud, C. Camy-Peyret, V. Jaouen, R. Farrenq, G. Guelachvili,
Q. Kou, F. Le Roy, M. Morillon-Chapey, J. Orphal, M. Badaoui, J.-Y. Mandin,
and V. Dana, ,Line intensities in the 11 um and 7.6 um bands of HNO,", Journal
of Molecular Spectroscopy 160, 524-539, 1993.
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spectroscopic parameters in the spectral region from 600 to 950 cm-"", Journal
of Quantitative Spectroscopy and Radiative Transfer 110, 675-686, 2009.

Similar efforts for, e.g., HONO, CIONO,, CINO,,
BrONO,, BrNO,, ... requirement No. 1 is TIME !
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MIPAS: The Michelson Interferometer for Passive
Atmospheric Sounding on Envisat (2002-2012)
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Traceable spectral reference data for atmospheric monitoring

MIPAS: about 40 atmospheric trace gases

Wavelength [um]
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Sun Blade Constellation system

» 384 cores at 2.9 GHz

« 2.3 TB internal memory

» wired over a 72 port 40 Gb/s Infiniband-
Switch and 48 1Gb/s Ethernet ports to

» three Sun fileservers (120 TB filespace)

5 Tflops total computing power

Doubled total performance in 2011/2012

Institut fir Meteorologie und Klimaforschung (IMK)
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MIPAS: Southern hemispheric stratospheric trace gases @ 20 km, 20 Sep 2002

20020920 20 km: T 03 HNO3 HNO4

2011: an ozone hole over the North Pole %(“.
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MIPAS O3 20110318 50.00 hPa MIPAS CLO am 20110318 50,00 hPa

15 2.0 25 3.0 0.2 0.4 0.6 0.8 1.0

: i 35 4.0 0.0
ppmv ppbv
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Traceable spectral reference data for atmospheric monitoring

To observe atmospheric composition for a better understanding
of chemistry-climate interactions

Atmospheric infrared emission in Limb geometry
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Analysis of averaged broadband residuals between MIPAS-Envisat
spectra and line-by-line calculations
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ABSTRACT

MIPAS-Envisat specira are compared 1o broadband spectma caloulaged with the KOPRA
radiative transfer algorithm, using atmospheric temperature and traoe gas concentra-
tions which have been denved from small spectral ranges, so called microwindows, of
the MIPAS-Envisat specira. The objective is to detect instrumental problems amd
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ingonsistendes in the retricvals as well as in the spectroscopic dataset, The HITRAN
2008 specroscopic database s used for all caloulations, In this paper, we discuss
residuals between modelled and measured broadband specira which are caused by
inconsistencies in the HITRAN O, and HNO, datasers, We conclude that the intensity of
the 'S0 50 50 Qebranch around 1090,3 cm ' is too low, HMNO; spectroscopy has tumed
out to be largely improved in the HITRAN 2008 version Howewer, even these spectro-
scopic data still produce spectral radiances oo low at 88545 and S86.15cm ',
Generally the caloulated spectral radiance in the vy /2vg region is slightly too low.

& 2012 Elsevier Ltd. All rights reserved.

CH, lines are visible in averaged residuals
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Traceable spectral reference data for atmospheric monitoring

AT

CH, lines are visible in averaged residuals

MlpOa V5R Schtro mean of oll scans in tangent Nr 27 (17822)
5 T 1 T I T T T T T T i T I L I L} T L i T T T

C,O2 Q- branch

b A (||ne m|x|ng)___§ ______________ ______________ .............. ______________

TTTTTTTTT
[EERENNEE

TTTTTTI

TTTTTTI

Radiance in nW/(cm?® sr cm?)

780 800 820 840 B60 880 900 920
Wavenumber in cm”™

AIT

UV-visible absorption cross-sections
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TEMPO: Pollution observed from GEO
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Hewr Space Senace as a lssted Payload lo Track Ar Pollulion Across Herth America
WASHINGTON — NASA has selected a proposal from the Smithsonian Astrophysical Observatory in Cambridge, Mass., to
build the first space-based instrument to monitor major air pollutants across the Morth American continent hourly during

daytime. The instrument, to be completed in 2017 at a cost of not more than $90 million, will share a ride on a commercial
satellite as a hosted payload to an orbit about 22,000 miles above Earth's equator

vestigalon Kelly Shanoe of the Smihsonian Astrepysical Obsendclony. The invesogabon will ke i1
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“MASA is excited to make this initial step into using commercially available space on geostationary communication
satellites to engage in cutting edge science,” said John Grunsfeld, astronaut and associate administrator of HASA's
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Traceable spectral reference data for atmospheric monitoring

AT

UV-visible absorption cross-sections
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Again laboratory spectroscopy: T

Karbruber Insiituk Sor Rechrotogie

J. P. Burrows, A. Dehn, B. Deters, S. Himmelmann, A. Richter, S. Voigt, and J.
Orphal, ,Atmospheric remote-sensing reference data from GOME: 1.
Temperature-dependent absorption cross sections of NO, in the 231-794 nm
range“, JQSRT 60, 1025-1031, 1998.

J. P. Burrows, A. Richter, A. Dehn, B. Deters, S. Himmelmann, S. Voigt, and J.
Orphal, ,Atmospheric remote-sensing reference data from GOME: 2.
Temperature-dependent absorption cross sections of O; in the 231-794 nm
range“, JQSRT 61, 509-517, 1999.

S. Voigt, J. Orphal, K. Bogumil, and J. P. Burrows, ,The temperature
dependence (203-293 K) of the absorption cross-sections of O; in the 230-850
nm region measured by Fourier-transform spectroscopy®, J. Photochem.
Photobiol. A 143, 1-9, 2001.

S. Voigt, J. Orphal, and J. P. Burrows, ,The temperature- and pressure-
dependence of the absorption cross-sections of NO, in the 250-800 nm region
measured by Fourier-transform spectroscopy®, J. Photochem. Photobiol. A 149,
1-7, 2002.
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Again laboratory spectroscopy: SKIT
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J. P. Burrows, A. Dehn, B. Deters, S. Himmelmann, A. Richter, S. Voigt, and J.
Orphal, ,Atmospheric remote-sensing reference data from GOME: 1.
Temperature-dependent absorption cross sections of NO, in the 231-794 nm
range“, JQSRT 60, 1025-1031, 1998.

J. P. Burrows, A. Richter, A. Dehn, B. Deters, S. Himmelmann, S. Voigt, and J.
Orphal, ,Atmospheric remote-sensing reference data from GOME: 2.
Temperature-dependent absorption cross sections of O; in the 231-794 nm
range“, JQSRT 61, 509-517, 1999.

S. Voigt, J. Orphal, K. Bogumil, and J. P. Burrows, ,The temperature
dependence (203-293 K) of the absorption cross-sections of O, in the 230-850
nm region measured by Fourier-transform spectroscopy”, J. Photochem.
Photobiol. A 143, 1-9, 2001.

S. Voigt, J. Orphal, and J. P. Burrows, ,The temperature- and pressure-
dependence of the absorption cross-sections of NO, in the 250-800 nm region
measured by Fourier-transform spectroscopy*, J. Photochem. Photobiol. A
149, 1-7, 2002.
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Again laboratory spectroscopy: KT

Karbruhver Institat For Techwsologie

J. P. Burrows, A. Dehn, B. Deters, S. Himmelmann, A. Richter, S. Voigt, and J.
Orphal, ,Atmospheric remote-sensing reference data from GOME: 1.
Temperature-dependent absorption cross sections of NO, in the 231-794 nm
range“, JQSRT 60, 1025-1031, 1998.

J. P. Burrows, A. Richter, A. Dehn, B. Deters, S. Himmelmann, S. Voigt, and J.
Orphal, ,Atmospheric remote-sensing reference data from GOME: 2.
Temperature-dependent absorption cross sections of O; in the 231-794 nm
range“, JQSRT 61, 509-517, 1999.

S. Voigt, J. Orphal, K. Bogumil, and J. P. Burrows, ,The temperature
dependence (203-293 K) of the absorption cross-sections of O; in the 230-850
nm region measured by Fourier-transform spectroscopy”, J. Photochem.
Photobiol. A 143, 1-9, 2001.

S. Voigt, J. Orphal, and J. P. Burrows, ,The temperature- and pressure-
dependence of the absorption cross-sections of NO, in the 250—-800 nm region
measured by Fourier-transform spectroscopy*, J. Photochem. Photobiol. A
149, 1-7, 2002.

Similar efforts for, e.g., OCIO, BrO, OBrO, IO,
OIO, NO,;, HONO, H,CO ... all this takes TIME !
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UV-visible absorption cross-sections
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MIPAS: First detection of atmospheric BrONO, AT
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Traceable spectral reference data for atmospheric monitoring

MIPAS: First detection of atmospheric BrONO, AT

MIPAS BrONO2 September 2002, night
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0
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MIPAS: First detection of atmospheric BrONO, AT
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MIPAS BrONO2 night latitude range: -50.0 - -40.0 altitude range: 25.0 - 28.0 km
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MIPAS: First detection of atmospheric BrONO, AT
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MIPAS BrONO2Z night latitude range: -50.0 - -40.0 altitude range: 25.0 - 29.0 km
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Infrared line parameters: CF,

Simulation of the spectrum of a pure (N,, O,, CF,) atmosphere as seen by MIPAS
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Traceable spectral reference data for atmospheric monitoring

Infrared line parameters: CF, %....(IWI

CF, vertical profile retrievals from MIPAS along one orbit
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7 3 Retrieval of CF4 along one MIPAS orbit
for 10 to 70 km altitude:
Top left: with line data (HITRAN 2008)
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Note the different color scales!
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Infrared line parameters: CF, %._g_l
Analysis of CF, atmospheric profiles with various spectroscopic data sets
60 -
E Absorption cross-sections as in HITRAN2004
E Abs. x-sec., 8 Torr data set omitted
50 E Abs. x-sec., scaled to mean band intensity
E Abs. x-sec., 8 Torr data set scaled to mean band
— 40 E intensity of others
5 E Pseudolines
E E +---+ MKIV profile from 2002/2003, Toon et al.
Z 30 *.-.-* ACE-FTS profile from 2004, Nassar et al.,
5 E 2006
E x---x Balloon profile, SESAME1995, Harnisch et
20 al., 1996
10 E_ Profile using line data: 120 pptv @ 20 km to 100
E pptv @ 50 km
E E
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vior londr]
Profiles vary by 10 pptv in the upper stratosphere depending on spectroscopy,
However: we need an accuracy in the profile shape of about 1% (= 0.7 pptv) !
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Water cycle from isotopes: HDO, H,'30 gng
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Water cycle from isotopes: HDO, H,'30 g_..(lml
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Water cycle from isotopes: HDO, H,'30 §,$!I

nature

PUBLISHED OMUNE 28 MARCH 2010 | DOE 10038/ /NGEDRX2

Tropical dehydration processes constrained by the
seasonality of stratospheric deuterated water

Jérg Steinwagner', Stephan Fueglistaler®*, Gabriele Stiller’, Thomas von Clarmann?, Michael Kiefer?,
Peter-Paul Borsboom', Aarnout van Delden' and Thomas Réckmann''

Stratospheric water vapour affects Earth's radiation budget. In addition, it has a key role in stratospheric chemistry and
in processes that permit ozone depletion. Air largely enters the stratosphere in the tropics, but the processes that bring
water through the cold tropopause into the stratosphere are not well understood. Here we present a 19-month record
of non-deuterated (H;0) and deuterated (HDO) water in the tropical stratosphere, collected through remote-sensing
measurements with the Michelson Interferometer for Passive Atmospheric Sounding. Our data show a clear seasenal cycle
in the isotopic composition that propagates upward in the tropical stratosphere, and is most likely created in the tropical
tropopause layer. In addition, we find that the slope of the HDO-H;0 correlation of water entering the stratosphere in
the tropics is close to, but slightly steeper than the slope expected from Rayleigh fractionation. We propose that gradual
dehydration of air by cirrus elouds that are formed in situ, together with a seasonally varying contribution from the evaporation
of comvectively lofted ice, provides the most plausible explanation for our measurements. We conclude that potential changes
in the water budget of the tropical tropopause layer and the stratosphere should be detectable in isotopic measurements.
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Infrared line parameters: H,'30

* Atmospheric profiles of 14.06.2005, Teresina, Brazil

580>0 above 25 km.

negative 680 in the mid-stratosphere
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Previous studies (Rinsland et al, 1991; Dinelli et al, 1991, Johnson et al, 2001) show slightly

Institut fir Meteorologie und Klimaforschung (IMK)

Johannes Orphal

Invited Talk 3

121



Traceable spectral reference data for atmospheric monitoring

40

O,: Consistency of IR and UV-visible
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. currently known deficiencies from satellites:
— consistency in different spectral regions

data on unstable species and isotopes

.exotic” line shape models (,non-Voigt®)

temperature-dependence of broadening
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Requirements: (IT

Karkrvim redial for R buesdugn

 accurate reference data (incl. uncertainties)

expert evaluation of this data by the ,users”

establish priorities (traceability is not an issue !)

currently known deficiencies from satellites:

— consistency in different spectral regions

— data on unstable species and isotopes

— ,exotic” line shape models (,non-Voigt®)

— temperature-dependence of broadening

+ laboratory spectroscopy (already in danger!)
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“Efficient use of laboratory and
theoretical spectroscopic data in HITRAN”

Dr. Iouli E. Gordon

Atomic and Molecular Physics Division,
Harvard-Smithsonian Center for Astrophysics
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Dr. Iouli E. Gordon

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

Phone: +1 6174962259

E-mail: igordon@cfa.harvard.edu

Education and Professional Experience

since 2008  Physicist, Smithsonian Astrophysical Observatory, Atomic and Molecular Physics
Division, Cambridge MA, USA

2006-2008  PostDoc, Atomic and Molecular Physics Division, Harvard-Smithsonian Center for
Astrophysics, USA

2006 PhD, Department of Physics, University of Waterloo, Canada
2001 MSc, Department of Physics, University of Toronto, Canada
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and Technology (MIPT), Russia
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e Reviewer: Journal of Quantitative Spectroscopy and Radiative Transfer; Journal of Molecular
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Chemical Physics, Philosophical Transactions A, Aerosol Science & Technology, Geophysical
Research Letters, Molecular Physics
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e  Member of International HITRAN advisory committee
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e  Member of American Geophysical Union
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Efficient use of laboratory and theoretical spectroscopic data in HITRAN

Iouli E. Gordon, Laurence S. Rothman

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

The HITRAN database is a compilation of spectroscopic line parameters that are being used in a wide
variety of applications that include remote sensing of the atmosphere, astrophysics, industry, etc. The
database is a carefully selected amalgamation of theoretically and experimentally determined spectral
parameters. In this talk a brief introduction to the database, its current and future structure and formalism
will be given. The pros and cons of theoretical and experimental data and how these data are being
combined into high-accuracy reference line lists will be explained using a few examples.
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Efficient use of laboratory and IRE=EE
theoretical spectroscopic data

in HITRAN

louli Gordon and
Laurence Rothman
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Schematic of Fundamental Spectroscopic Parameters of a
Line Transition in HITRAN
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“Molecular Absorption

Partition Sum: O Zgnexp( —¢c,E,/T)
n

Temperature dependence of halfwidth:

Yair (pref’T) = Yair (pref9Tref) (Tref /T)n

Molecule number

Isotopologue no.(1 = most abundant, 2 = second most abundant, ...)

Transition wavenumber in vacuum [cm™']

Intensity [cm'/(molecule-cm?) @ 296K]

Einstein A-coefficient [s™]

Air-broadened half-width (HWHM) [cm-'/atm @ 296K]

Self-broadened half-width (HWHM) [cm'/atm @ 296K]

Lower-state energy [cm™]

Temperature-dependence coefficient of y,;.

Air pressure-induced shift [cm'/atm @ 296K]

Upper and Lower “global” quanta

Upper and Lower “local” quanta

(4]

air 7 “air

Uncertainty indices forv,., S;-, Vs Vs N

Reference pointers forv,., S;., V,i.s Yoers Muirs Ouir

air?

Flag for line-coupling algorithm

Upper and Lower statistical weights
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1191.536600
1191.,559730
1191.560490
1191.576700
1191.583300
1191.5900680
1191.606000
1191.4650000
1191.655340
1191.666010
1191.690560
1191.693400
1191.695800
1191.716620
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1191.777300
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1191.821500
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1191.927300
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1191.931740
1191.947660

1.221E-25
9.141E-23
3.286E-24
1.740E-25
5.135E-24
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1.798E-24
4.199E-24
7.104E-25
1.191E-25
5.846E-24
8.856E-25
3.443E-25
1.644E-24
6.547E-25
1.154E-24
1.856E-25
1.481E-25
2.433E-25
1.385E-25
1.635E-25
5.781E-25
1.064E-23
1.865E-25
4.775E-25
1.587E-24
3.910E-23
1.760E-25
7.063E-23
1.327E-25
7.404E-25
2.212E-25
1.533E-24
3.500E-25
6.167E-23

8.456E-01.
1.223E-01.
4.306E-02.
9.534E-01.
3.479E-01.
3.205E-03.
6.492E-01.
1.070E-01.
1.582E-02.
2.932E-03.
2.024E-04.
6.379E-01.
2.380E-01.
4.110E-04.
8.796E-01.
2.618E-03.
1.231E-01.
6.107E-02.
4.379E-01.
1.268E-02.
4.200E-01.
9.310E-01.
2.253E-03.
2.681E-01.
2.639E-01.
1.829E-03.
1.030E-01.
2.080E-01.
9.370E-01.
1.452E-01.
2.929E-01.
2.118E-01.
8.249E-02.
1.6268E-01.
1.327E-03.
1.020E-01.
7.854E-01.

08050.
07440.
06820.
07930.
07130.
07420,
07410,
07180.
06910.
07480,
07010.
07150.
07330.
08050.
07080.
07500.
06750.
07000.
07130.
07740,
07150.
07980.
07550.
06820.
06800.
07590.
07340.
06960.
07780,
07000.
07630.
06950.
07540.
06970.
07640.
07940.
08050.
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103 2224.
083 570,
085 1221.
105 2191.
095 1559.
083 800,
081 1ggs.
080 1399.
088 941.
083 782.
086 750,
095 1557.
084 1702,
085 441,
079 1872,
083 766,
095 1558.
072 1838.
095 2242,
084 1283,
095 2241.
104 2198,
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078 1356.
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082 1386.
080 994,
105 2185.
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“Cross-sections

e-19
Malecule AcetonetCHICOCHI) from HITRAN. Waverumber range: 700,004-1780,007 cn-1, T=223.50, P=60Z.00, broadening: air ——
Molecule AcebonetCHICOCHSY from HITRAN. Wavenumber range: 700.004-1780.007 cw-1, T=253.30, P=089.20, broadening: air ——
Malecule Acetone(CHICOCHI) from HITRAN. Wavenunher range! 700,000-1780.007 on-1, T=257.80, P=700.00, broadening: air ——
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Collision Induced Absorption (CIA)

Spectral range

Temperature | Number

CIA system

(cm™)
0.02 — 554
2000 — 2698
1850 — 3000

range (K)
40 — 400
228 — 272

300 - 362

of sets

[=ELT (5]

Roto-translational

Fundamental

Fundamental

0.02 — 1886

40 — 400

Roto-translational

002 -1375%

40 — 400

Roto-translational

0.02 — 240022400%

40 — 400

Roto-ranslational

20 — 10000

200 — 3000

Roto-translational, Fundamental,
1+t overtone

0.02 — 240022400%

40 — 400

Roto-translational

20 — 20000

200 — 9500

Roto-translational, Fundamental,
1%t to 4% overtone

0.02 — 154641546

40 — 400

Roto-ranslational

100 — 10000

1000 — 2500

Roto-translational. Fundamental.
1¥t overtone

50 — 11000

1500 — 10000

Roto-translational

1150 — 1950

7450 — 8487
5001 — 9997

12600 — 13839

14996 — 29790

193 — 353
253 — 296
296
200 — 300¢

294

Fundamental
alA+—x3%, (0-0)
alA —x3E; (1-0)

A Band

alAgralag, BIE ralA,,
and plzg= bz

7500 — 8600
9000 — 10000

12600 — 13839

200 — 295
200 — 295

200 — 300¢

atAg— X3T; (0-0)
alAg— X% (1-0)

A Band

0:—CO:2

12600 — 13839

200 — 300¢

A Band

CO—CO:

1—250

200 — 800

Roto-ranslational

CHL—CHL,

0.02 — 950

40 — 400

10

Roto-wanslational

CH.—Ar

1—6%7

70 — 296

5

Roto-ranslational

Systems highlighted in orangs are provided in the mam folder, while systems highlighted in green are provided in the

alternate folder.
® refers to the
* refers to the “n

“equili
ormal

brium’” data
- d,

¢ in this specific case. data between 200 and 300 K are the same and the temperature chosen for HITRAN is 206 K

(room-temperature)

T [ ey
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HITRANdb Data Model

molecules [ | isotopologues

trans HE T ——

refs

prmdesc

HITRANdb Data Model - Species

isotopologues

InChiKey
molecules InChl

moleclD < molecID

InChlKeyStem isolD

molec_name iso_name

molec_name_html iso_name_html

stoichiometric_formula iso_name_latex

chemical_names abundance
AFGL_code

cml
caselD
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HITRANdb Data Model — Transitions and States

trans

states

gns

id

moleclD

isolD

InChiKey ;
InitialStateRef -
FinalStateRef

nu, nu_err, nu_ref

multipole
Elower
gp, 8PP

<1d
“AmolecID
isolD
InChlIKey
assigned
energy
energy_err
energy flag
g

caselD

gns

id
moleclD
isolD

1 InChlKey

statelD
caselD
gn_name
IAZ]
qn_attr
xml

HITRANdb Data Model — Line Parameters

refs

id T G

prms

M. N\
title

journal
volume
pages

e Id

Touli E. Gordon

.moleclID
isoID
InChlKey
 transID
prm_name
prm_val

_|prm_err

1l prm_ref
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History of citations to HITRAN

- —B— HITRAN6 (published in 1998)
L —@— HITRANZ2K (published in 2003)
| —@— HITRANO4 (published in 2005)

Citations (Thomson Reuters)

a
o

—V— HITRANOS (published in 2009)

2000

2002

2004

2006

2008

Year

pplications-of HITRAN

Surveillance

Other

Band Model Development

Climate Modeling

Open-path Monitoring

Industrial Development

Theory Development

Planetary Atmospheres&Astrophysics
Plumes/Combustion/Stack gases
Lidar/Laser

Remote Sensing

Fundamental Laboratory Spectroscopy

Transmission/Radiance Simulation

A total number of 16733 requests

to access HITRAN data were received

in 1999-2012. Some users selected more
than one choice of field of interest.

1000 2000 3000 4000 5000 6000 7000

Counts
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e Advantages

* Low uncertainty in determining parameters of relatively

strong unblended lines

* Direct observation of perturbations which often hard to
account for with theoretical methods

Disadvantages

Large uncertainty in determining parameters of weak or

saturated lines

Sensitivity to impurities and congested spectra

Difficulties in controlling the conditions

Difficulties in covering large spectral and dynamic ranges

simultaneously

T T gy g

10— (0] gy

g, oty

AD=§ 0%
Max=15T%

Drata Tegm G faron] laboratorios

(ORI = TN =By

Al=1T.0%
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(003} +—{ 000 Mg — T2,

LT R=U R =20

AD=10.9%
Max=31.3%

Dimin from different laboratories Crata from déferant inboratories

Gordon et al, JQSRT 108 (2007) 389—-402

e Advantages

* Completeness, i.e. prediction of parameters that could
not be measured by experiment

* Can be easily adjusted to match high quality
experiments

e Disadvantages

* Rarely can compete with experimental uncertainty
* Sometimes the model is oversimplified

* Semi-empirical methods often lead to large errors
when used for extrapolating the data
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* VVery accurate observations

JPL-OCO (FTS for the strongtl—:‘st bands
experiments) |° Pressure shifts and self

and air broadening
coefficients

CRDS * Nearly complete above

5x10-2° cm-'/(molecule cm-)

(Grenoble)

‘ * Complete (at least for 626,
CDSD (Effective 636 and 628)

Hamiltonian « Excellent predictive abilities

Calculations) for positions and intensities

‘0CO, CRDS,
CDSD line
lists

Is S, >10 " for Does
“co,ors, >10"" transition Does
2 oce exist in CRDS transition
for other and is not exist in CDSD?
isotopologues? blended?

Does transition
17 _12 18
belongto O C O
18 _13 18
or O C 0O?

Take CRDS experimental
Take OCO line line positions and Take CDSD
position and intensities and position and Ignore transition
intensity supplement with CDSD intensity
intensities if needed

:

Add pressure-induced parameters from OCO line list

-1
HITRAN2008 CO, line list for 4300 to 7000 cm  region
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Herman-Wallis fitting of the measurements in the
individual vibrational bands

3

8m ’
S = Ia %Q_CZE /TO(l — e_CZV/TO)gl,gslmlRlz X 10_36

| (0| M(x)[0J") P=| R, (0) [ 1+ C,m+ D,m* +...),

H*Cl 1-0 unweighted square of transition dipole moment (Pine 1985)
0.0070

(m)

Standard Ermor |

DO0SAT 4 S35MEEE
LATREL 4 SEEEIET
1.HMTES BII2BIES

1
o

Square of R

| (0J'|M(x)[0J") = R,,(0) [ 1+ C,m+ D,m* +...),
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Herman-Wallis fitting of the measurements in the

individual vibrational bands
Step 2:

Rotationless squares of the transition dipoles are
fitted to the polynomial expressions

M(r)= ZMl.xi, x ="

(vJ'|M(x)|0J ") = Zn:M,. AR
i=1

0J") , J’=1"=0

Disadvantages of the traditional method
and suggested alternatives

* Disregard of the rotational information

* Dependence on the amount of data within the same
vibrational band

* Disregard of the experimental uncertainties

Kiriyama F, Rao BS, Nangia VK. Electric dipole
moment function of H3>Cl. JQSRT 2001;69:35-40,
suggested to fit all of the intensities to DMF.

(0 [ M(@)[0J") = > M, (v ' [0 )
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Still carried out the Hermann-Wallis fit to “smooth” experimental data
Dependence on the amount and relative quality of the data within the
same vibrational band

Disregarded the experimental uncertainties

Incorrect treatment of isotopic abundance when treating experimental
data from Pine et al (1-0) and Toth et al (2-0)

IMI*10°4 [Debye]
w w
P
4 L=al

Figure 8. Matrix Elements and the Best Fit Polynomial (3rd order fit) in the 3-0

Band of HCI Using Line Strengths Measured by Ogilvie and Lee. [26].

Proposed approach

* Calculate expectation values using
RKR or empirical potential

* Do a least squares fit to obtain M,
coefficients. Every ro-vibrational
measurement is included with
appropriate weight

(W | M(x)|0J ")y =D M, (v "|x'|0J ")

i=1
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1-0

* Pine AS, Fried A, Elkins JW, J Mol Spectrosc 1985;109:30-45.
2-0

* a) Toth RA, Hunt RH, Plyler EK, J Mol Spectrosc 1970;35:110-26.

b) De Rosa M, Nardini C, Piccolo C, Corsi C, D'Amato F, Appl Phys B:
Lasers Opt 2001;72:245-8.

c) Ortwein P, Woiwode W, Wagner S, Gisi M, Ebert V., Appl Phys B:
Lasers Opt 2010;100:341-7.

3-0

* 3a) Ogilvie JF, Lee Y-P, Chem Phys Lett 1989;159:239-43.
b) Stanton AC, Silver JA, Appl Opt 1988;27:5009-15.

4-0to 7-0

* a) Gelfand J, Zughul M, Rabitz H, Han CJ, JQSRT 1981;26:303-5.
b) Reddy KV, J Mol Spectrosc 1980;82:127-37.

— H*C| RKR potential energy curve
—— DMF, Present study

------— DMF, Ogilvie and Lee [16]

---- DMF, Kiriyama et al. [17]

Energy / cm”

=
| L | L | EE L | L | L | L
0.8 1.0 12 14 1.6 1.8

Internuclear distance / E\ngstrom
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Exp. [(Toth et al.) vs present study
Calc. (Ogilvie&Lee) vs present study
HITRAN vs present study

Exp. Ortwein etal. )vs present study
Exp. DeRosaetal. vs present study

Percentage differences of line intensities / %

Present study vs exp. (O&L)

Calc. (O&L) vs exp. (O&L)
HITRAN vs exp. (O&L)

Exp. (Stanton et al.) vs exp. (O&L)

R
~
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O&L- Ogilvie JF, Lee Y-P, Chem Phys Lett 1989;159:239-43.
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Present study vs exp. (Gelfand et al)

Calc. (Ogilvie&Lee )vs exp. (Gelfand et al)
HITRAN vs exp. (Gelfand et al)
Exp. Reddy,vs |exp. (Gelfand et al)

} finy
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The general plan for H,O

Release intensity cut off and add missing lines. When no reliable
measurements are available use line positions calculated from
empirical energy levels and use ab initio intensities. There will be no
unassigned lines.

In certain regions intensities will be replaced with ab initio values
(after rigorous evaluation).

Update v, band-region with semi-empirical intensities, Coudert et al
and line shape parameters Birk and Wagner.

Broadening parameters and their temperature dependences will be
re-evaluated after corrections to CRB calculations by Gamache et al
will be made.

Line shifts for HDO lines will be added [Jenouvrier et al, JQSRT 105,
326-355 (2007)]

Isotopologues line lists from semi-empirical/ab initio work of
Tennyson et al.
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The general plan for Carbon Dioxide (CO,)

» Replace old DND calculations. Replace with validated new
experimental values or with CDSD calculations.

» Include newest experimental results. Many new measurements
predominantly from groups in Paris and China, analyzed in Tomsk.

» Multispectrum fit. Evaluate applicability of work of Benner et al for
OCO-2 mission.

P Line-shape parameters. Change broadening parameters for J > 50
(Lamouroux et al, JQSRT (2012)); Use algorithm developed by Hartmann et
al, JQSRT (2009) for unmeasured shifts; extend line-mixing work of
Lamouroux et al, JQSRT (2010) to entire carbon-dioxide line list.

=Methane{CH)=
Many, many recent theoretical and experimental works by the
groups at Grenoble, Reims, Dijon, Tomsk, JPL, NASA Langley...

» 1.26 - 1.71 pum region. Extensive cavity ring down experiments by
Campargue et al.

P 2 um region. For example, octad region FTS work of Daumont et al
(Reims group).

P Deuterated species. Nikitin et al. Grenoble, Reims, Tomsk, JPL

P Line-shape parameters. New broadening parameters by Smith et al,
JQSRT (2010 and 2011).
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Self

» More temperature-pressure sets of cross-sections (IR and UV)
» Improved database structure (VAMDC paradigm)

» Additional high-temperature parameters (for HITEMP)

» Molecules for astrophysics applications

P Refined line-shape parameters

» Additional line-mixing algorithms

» More Collision-Induced Absorption bands

Invited Talk 4
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» HITRAN advisory committee

» Other contributors and users who
validate the data

»NASA funding
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“The GEISA Spectroscopic Database for Atmospheric Remote Sensing:
Content Description and Critical Evaluation”

Johannes Orphal on behalf of N. Jacquinet-Husson

Ecole Polytechnique
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The GEISA Spectroscopic Database for Atmospheric Remote Sensing:
Content Description and Critical Evaluation

Nicole Jacquinet-Husson, Cherif Boutammine, Raymond Armante, Laurent Crepeau, Alain Chedin,
Noelle Scott, Cyril Crevoisier, Virginie Capelle

Laboratoire de Météorologie Dynamique (LMD), Ecole Polytechnique, 91128 Palaiseau, France

For the remote sensing of planetary atmospheres from satellite spectra measurements, an essential
prerequisite is the availability of a high accuracy forward radiative transfer modeling. Related to the
strong impact of the quality of the reference spectroscopic information on the research in direct and
inverse planetary radiative transfer, there is an acute and constant demand for validated, operational and
interactive public spectroscopic databases. In this context, the ARA group at LMD
(http://ara.abct.Imd.polytechnique.fr) develops and maintains, for over three decades, GEISA1 (Gestion et
Etude des Informations Spectroscopiques Atmosphériques: Management and Study of Atmospheric
Spectroscopic Information), a computer accessible database system. GEISA, in its latest edition,
comprises three independent sub-databases devoted respectively to: line parameters (50 molecules
involved, including 111 isotopes, for a total of 3 794 426 entries, in the spectral range from 10 to 35
877.031 cm™), infrared and ultraviolet absorption cross-sections, microphysical and optical properties of
atmospheric aerosols. It is used on-line by more than 300 laboratories working in the domains of
atmospheric physics, astronomy and astrophysics, and planetology.

The role of molecular spectroscopy in modern atmospheric research has entered a new phase with the
launches of highly sophisticated spectroscopic instruments, like IASI on Metop-A (since October 2006)
and Metop-B (since September 2012) (http://www.eumetsat.int/Home/Main/Satellites/Metop/index.htm?I=en).
In this context, GEISA 1is the reference basis for the validation of the level-1 IASI
(http://smsc.cnes.fr/IASI/index.htm) data (http://smsc.cnes.fr/IASI/index.htm), using the 4A radiative transfer
model2 (4A/LMD; 4A/OP co-developed by LMD and Noveltis- http://www.noveltis.fr/, with the
support of CNES). Consequently, GEISA/IASI spectroscopic database has been initiated since 1997. It
is a sub-set, within the 599-3001 cm-1 spectral range, of the whole GEISA.

The summarized content and access of each of the three sections of the GEISA and GEISA/IASI 2011
editions will be presented. The quality requirements for spectroscopic line parameters will be specified
with a specific emphasis for detailed assessment of the line parameter differences between GEISA and
HITRAN.

GEISA is freely accessible from the CNRS/CNES/IPSL atmospheric chemistry data center Ether
(http://www.pole-ether.fr/) and used on-line by more than 300 laboratories working in the domains of
atmospheric physics, astronomy and astrophysics, and planetology.

[1] N. Jacquinet-Husson, L. Crepeau, R. Armante, C. Boutammine, A. Chedin, N. A. Scott, C. Crevoisier, V. Capelle, C.
Boone, N. Poulet-Crovisier, A. Barbe, A. Campargue, D. Chris Benner, Y. Benilan, B. Bezard, V. Boudon, L. R. Brown, L.
H. Coudert, A. Coustenis, V. Dana, V. M. Devi, S. Fally, A. Fayt, J.-M. Flaud, A. Goldman, M. Herman, G. J. Harris, D.
Jacquemart, A. Jolly, I. Kleiner, A. Kleinbohl, F. Kwabia-Tchana, N. Lavrentieva, N. Lacome, Li-Hong Xu, O. M. Lyulin, J.-
Y. Mandin, A. Maki, S. Mikhailenko, C.E. Miller, T. Mishina, N. Moazzen-Ahmadi, H. S. P. Miiller, A. Nikitin, J. Orphal, V.
Perevalov, A. Perrin, D. T. Petkie, A. Predoi-Cross, C. P. Rinsland, J. J. Remedios, M. Rotger, M. A. H. Smith, K. Sung, S.
Tashkun, J. Tennyson, R. A. Toth, A.-C. Vandaele, J. Vander Auwera, J. Quant. Spectrosc. Radiat. Transf.,112, 2395, 2011.
[2] N. A. Scott, A. Chedin, J. Appl. Meteor., 20,556, 1981.
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The GEISA Spectroscopic Database for Atmospheric Remote
Sensing: Content Description and Critical Evaluation

2 M G Presentation by J. Orphal on behalf of
N. Jacquinet-Husson,
Ch. Boutammine,
R. Armante, L.Crépeau,
A. Chédin, N.A. Scott,
C. Crevoisier, V. Capelle

Laboratoire de Météorologie Dynamique
Atmospheric Radiation Analysis Group/ABC(t)
Ecole Polytechnique
91128 Palaiseau, France

1 # |
@ GEisA: Gestion et Etude
LMD des Informations
Spectroscopiques Atmosphériques ;

Management and Study of Atmospheric
Spectroscopic Information

Tt

GRS R

@ P ad & UPMC o

| http://ara.abct.Imd.polytechnique.fr IEI

pheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

EUMETRISPEC workshop on tr:

i

i

- pigeric | adiationy (AlYSES .H ;
1=S = $ | Lavora Météorolagie Dynamique/CNRS/IPSL ="~

OUTLINE

[1] GEISA System General Overview
[2] Summary of Differences for Molecular Species Cataloged in
the Line Parameter Portion of GEISA-09 and HITRAN

2008
[3] Critical Evaluation of Spectroscopic Parameter Differences

an Example: H,0O GEISA-11 and HITRAN-08

comparison
[4] GEISA System Comprehensive Interactive Free distribution

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012
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[1] GEISA-11 SYSTEM GENERAL CONTEXT

+ GEISA is a computer-accessible Spectroscopic Database
designed for accurate forward atmospheric radiative transfer
calculations using a line-by-line (atmospheric) layer-by-layer
approach.

spectral range 106 - 35,877 cm-!
1070 - 0.28 um

GEISA: Gestion et Etude des Informations Spectroscopiques Atmosphériques ;
Management and Study of Atmospheric Spectroscopic Information

EUMETRISPEC workshop on pectral reference for ic monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

[1] FROM SATELLITE OBSERVATIONS TO CLIMATE VARIABILITY AND
EVOLUTION ANALYSIS: a long process based on RadiativeTransfer

[ Satellite data ] 1 situ ' ’
Radiosoundings
Desarchiving l -
Channel sélection Desarchiving

Quality control
Cloud detection
Spatio-temporal —>
collocation

Radiative Transfer
Direct Models
Clear sky or scattering medium
nadir or limb - Thermodynamics
l - Clouds

| v . - Greenhouse gases

. Model/observation bias computation - Continental surfaces
Radiative Transfer Instruments monitoring "

- Aerosols
Inverse Models /
.. - etc...

- Bayesian inference . /
- Neural Networks [, Scientific
- Clustering Themes

Courtesy A. Chédin, Trattoria/CNES
2eRMPTHISPA8 workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012
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[1] GEISA-2011 System Overall Description

spectral range 10 - 35,877 cm™ (1010- 0.28 um) MANAGEMENT

SOFTWARES
€ Line parameters sub-database

' and DISTRIBUTION
pole-ether.fr
50 molecules (111 isotopic species)

3,794,426 entries in the spectral range10-6 and 35,877 cm-!

Three SUB-DATABASES

>Major permanent constituants of EARTH atmosphere : O,, H,O, CO, ...

»Trace molecules in EARTH atmosphere :
NO, SO,, NO,, NH;, HNO3, OH,HF, HCI, HBr, HI, CIO, OCS, H,CO, PH;,..

»Molecules in atmospheres of JUPITER, SATURN, URANUS, TITAN etc.:
Cg¢Hg, CH;D, C,H,, C,H,, GeH,, HCN, C3Hg, C;H,

(MSG-2 25/01/06)
EARTH

€ Absorption cross-sections sub-database
_ . . 5 (CASSINI-HUYGENS
= IR: 39 molecular species (mainly CFC’s) 29/01/06 TITAN)

= UV/Visible : 17 molecular species

[1] GEISA-11 Line Parameters Sub-database Evolution since

120 |- Ll L L B L L] L LIy L LE LE N L L LN PR LB
120 | GEISA-11 (3,794,426)
http://ara.abct.Imd.polytechnique.fr 35
http://www.pole-ether.fr
110 | //
o YOOk ao
I GEISA-11 (111)
& 80
2 25
e B0
g nr 20
g
2 B0 -
§ 1.5
-] 50 |
= 1 __...---""""'-'-'-'-'-'-'-'-'l.I
a0 - GEISA-11 (50)
1.0
3o
20 | .
10 .
0 1 [ 0.0

Mo Lines =3 Mo Molecules —— Mo Isolopes
EUMETRISPEC workshop on traceable spectral reference for i itoring, PTB, weig, Germany, 14-16 November 2012
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[1] GEISA-11: Line Parameters Sub-database Content

Mole Spectral range #lines Mole Spectral range #lines Mole Spectral range # lines
(em”) (em) (em)
H,0 0.007 — 25,232.004 67,504 HBr 16.232 - 9,758.564 1,294 N, 1,992.628 — 2,625.497 120
Co, 5.891-12,784.053 413,524 HI 12.509 - 8,487.305 806 CH,CI 674.143 - 3,172.927 18,344
O, 0.0263 - 6395.379 389,378 ClO 0.015-1,207.639 7,230 H,0, 0.043-1,730.371 126,983
N,O 0.838 - 7,796.633 50,633 ocs 0.381-4,199.671 33,809 H,S 2.985-4,256.547 20,788
CcO 3.414 - 8,464.882 13,515 H,CO | 0.000-3,099.958 37,050 HCOOH 10.018 - 1,889.334 62,684
CH, 0.001-9,199.284 240, 858 C,Hg | 706.601501 - 961.145 28,439 COF2 725.005-2,001.348 70,904
0, 0.000 - 15,927.230 6,428 CH,D | 7.760-6,510.326 49,237 SFg 588.488 - 975.788 92,398
NO 0.000 - 9273.214 105,079 C,H, | 604.774-9,889.038 11,340 C,H, 288.913- 673.479 19,001
SO, 0.0174 — 4,092.948 68,728 C,H, | 701.203-3,242.172 18,378 HO, 0.173-3,675.819 38,804
NO, 0.498 - 3,074.152 104,223 GeH4 | 1,937.371-2,224.570 824 CIONO, 0.636 - 797.741 356,899
NH, 0.058 — 5,294.501 29,082 HCN 0.006 - 17,581.010 81,889 CH,Br 794.403 - 1,705.612 36,911
PH, 17.805 - 3601.652 20,364 ggué 700.015 - 799.930 8,983 CH,OH 0.019-1,407.206 19,897
HNO, | 0.0119-1,769.982 669,988 qug 203.955-2,181.690 2,577 NO+ 1,634.831 - 2,530.462 1,206
OH 0.005 - 35,877.031 42,866 gﬂug 191.635- 730.235 119,480 HNC 0.217 - 4,814.904 5,619
HF 41.111-11,535.570 107 ﬁzﬂ 463.604 - 759.989 179,347 Qgtlg 642.427 - 705.262 9,797
HCI 20.240 - 13,457.841 533 HOCI | 0.0236 - 3,799.682 17,862 C,HD 416.785- 3,421.864 15,512
50 Molecules 111 isotopes CF 594.581-1,312.648 60.033
Total # lines 3,794,426 CH,CN 890.052 - 1,650.000 17,172

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

Archived Spectroscopic Line Parameters
(GEISA specific field of line format)

A Wavenumber (cm) of the line

B Intensity of the line in (cm-'/(molecule.cm-?) NEW

C  Air broadening pressure halfwidth (HWHM)(*) (cm-atm™")

D  Energy of the lower transition level (cm-') Since GEISA-09
E  Transition quantum identifications for the lower and upper state of the transition Standardized
F  Temperature dependence coefficient n of the air broadening HWHM parameter

G Identification code for isotope as in GEISA imovalies
| Identification code for molecule as in GEISA

J Internal GEISA code for the data identification

K  Molecule number in HITRAN

L Isotope number (1=most abundant. 2= second...etc) in HITRAN

M Einstein A-coefficient (s™).

N Self broadening pressure HWHM (cm-'atm-") (for water)

O Air pressure shift of the line transition (cm-atm-)

R Temperature dependence coefficient n of the air pressure shift

A’ Estimated accuracy (cm™) on the line position

B’ Estimated accuracy on the intensity of the line in (cm'/(molecule.cm?)

C’ Estimated accuracy on the air collision HWHM (cm-'atm-)

F’ Estimated accuracy on the temperature dependence coefficient n of the air broadening

HWHM .
O’ Estimated accuracy on the air pressure shift of the line transition (cm-atm) e e?Ch 2 [Pl e o
R’ Estimated accuracy on the temperature dependence coefficient n of the air pressure effec“}’e accur.acy value
shift information
N’ Estimated accuracy on the self HWHM
T Self pressure shift of the line transition (cm-'atm-")
T’ Estimated accuracy on the self pressure shift of the line transition (cm-atm-')
U Temperature dependence coefficient n of the self pressure shift
U’ Estimated accuracy on the temperature dependence coefficient n of the self pressyre shift
broadened HWHM (cm-'atm) ) .
S Temperature dependence coefficient n of the self broadening HWHM (*) HWHM: line half-width
S’ Estimated accuracy on the temperature dependence coefficient n of the self- broadening at half-maximum

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Brat hweig, Germany, 14-16 November 2012
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[3] GEISA and IASI Atmospheric Sounding

3 Spectral Bands

IASI [1] 645-1210 cm™
On Metop-A (19/10/2006) | 7350-a25 um

On Metop-B (17/09/2012) | [211210-2000 cm!

8.26 -5.0um
[3] 2000 - 2760 cm-!

5.0- 3.62um
Reference Basis for é
IASI Level 1 Cal/Val activities @ CNES and @ LMD cnes

GEISAI/IASI (599-3001 cm) used as the reference spectroscopic
database: 20 GEISA selected molecules for operational meteorology
and trace gas retrievals; 6 IR cross-sections including PANS;
associated aerosol components GEISA sub-database.

i

Validation achieved using 4A/OP line by line Radiative Transfer
Model [Scott & Chédin, J.Appl.Met (1981); 4A/LMD http://ara.abct.Imd.polytechnique.fr;
4A/OP co-developed by LMD and Noveltis with the support of CNES (2006)]

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

uteurs Journal of

53 co-a toires Quantitative
[ S o s o bora Ol Spectroscopy &
co‘au‘e{(\;\'\\'es 27La Journal of Quantitative Spectroscopy & Radiative
Radiative T fer 109 (2008) 1043-1059
A6 \abo\'a e e www clievicr.comylocate fjgsrt

h=
Nonzmdl of (hmasnistive Spectrmcopy &

B, Rektos sl 3 () W00 The GEISA spectroscopic database: Current and future archive
for Earth and planetary atmosphere studies

2 . E — . N. Jacquinet-Husson™*, N.A. Scott®, A. Chédin®, L. Crépeau®, R. Armante®,
The 2003 edition of the GEISA/IASI spectn V. Capelle®, J. Orphal®, A. Coustenis®, C. Boonne®, N. Poulet-Crovisier?, A. Barbe®,
M. Birk", L.R. Brown®, C. Camy-Peyret”, C. Claveau®, K. Chance’, N. Christidis',

KW laromsimeruseas™® W A Seard & Mhadin® £ Car P B e =

59 co-auteur

toires Jourral of Quianeraese Speceroarnpy & Radlanve Tramsfer ©12 (3000 ) 23595-2.445
ra
26 \abo

A R, Contents lists available st Sciencelbinect
o

wiiitl of

Journal of Quantitative Spectroscopy & it &
Radiative Transfer =

laurnal homepage: www elsevier.com/locatafogsit

The 2009 edition of the GEISA spectroscopic database

M. Jacquinet-Husson **, L. Crepeau®. R Armante®, C. Boutammine 2, A. Chédin®, M.A. Scott®,
€. Crevaisier®, V, Capelle®, C. Boonne®, N. Poulet-Crovisier®, A. Barbe®, A, Campargue 9,
0. Chris Benner®, ¥. Benilan®, B. Bézard ® V. Boudon®, LR, Brown', LH. Coudert’,

A. Coustenis® V. Dana', V.M. Devi®, S, Fally ®, A Fayt, |-M. Flaud ", A. Goldman™,

M. Herman ™, G, Harris®, D, Jacquemarnt ®, A, Jolly ', L Kleiner”, A, Kleinbishl ',

F. Kwabia-Tchana ®, M. Lavrenticva®, N. Lacome P, Li-Hong Xu ', O.M. Lyulin9,

1.-¥. Mandind, A, Maki®, 5. Mikhailenko®, C.E Miller®, T. Mishina9,

N, Moazzen-Alimadi *, H.5.P. Miller®, A, Nikitin®, |, Orphal ¥, ¥, Perevalov 9,

A, Perrin®, DT, Petkie ™, A. Predol-Cross *, C.1 Rinsland ¥, ). Remedios?,

M. Rotger®, M.AH, Smith¥, K. Sung’, 5. Tashkun®, |. Tennyson ©, RA. Toth',

A-C. Vandaele®, |, Vander Auwera ®

i

l

\

| .'l
iy
([T}
{1[1]
{1

J. Orphal / N. Jacquinet-Husson Invited Talk 5 161



Traceable spectral reference data for atmospheric monitoring

)

tio i _FalySitS

Dynamique/CNRS/IPSL ="~

A

[2] Summary of Differences for Molecular Species Cataloged
in the Line Parameter Portion of GEISA-09 and HITRAN 2008

From Table-3 in

W. Jacguinet-Husson ef ol / jourmal of Quantitotive Spectroscopy & Radiotive Transfer 172 (2001) 2395-2445

The 2009 edition of the GEISA spectroscopic database

EUMETRISPEC workshop on bl | for ic monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

[2-a] Summary of differences for molecular species cataloged in the line
parameter portion of GEISA-09 (G) and HITRAN 2008 (H)

Mool Mol ID & hands & |sol & lines Spectral coverage (cm ')
G H G H G H G H Minimum wavenumber (em ') Maximum wavenumber (cm ')
G H G H
H:0 1 I 245 i3 6 ] 67,789 GE201 a7 0.o07 25,232 .004 25232004
oy 2 2 I a9 41369 314918 5891 0.736 12, 784052 12,784.052
Oy 3 1 162 218 5 5 389378 44,686 0.026 0026 6395379 STERIIE
N0 4 4 369 i1 8 5 500633 475843 0a3s 0838 TTO6.633 TTo6613
o 3 5 104 47 B ] 13,515 2477 3414 1462 BaB4 A2 E464.681
> CHy 6 B 138§ 138 2 2(E) 240991(5) J40ESHE 0001 0,001 55326 8155.326
0y 7 7 19 1w 3 31 G4 G428 0000 0.000 15,827.230 155927.230
NO 8 8 13 292 1 13 105,079 105,079 0.000 0,000 9273214 9273214
S0 9 9 7 13 2 F 64,728 58250 om7 o7 409 948 4092948
KOy o 1 n 11 1 1 104223 104223 0498 0498 074,153 74153
KNH, nm n m 4 2 1 M08 19084 0058 0,058 51931578 5253.578
MMy 12 28 19 18 1 1 423 20,099 17.805 TTOETT 3600.701 3600.701
HND; 13 12 X% 18 1 1 BG5S 487 254 oz ooz 17659482 1769.942

CH,D considered as an individual molecule in GEISA; but as an isotopologue of CH, in HITRAN

For HITRAN, column 9, sub-column “H”, includes:
for CH, (Mol. “6”), total # lines of isotopologues numbered “1” and “2”

EUMETRISPEC workshop on ble sp | for ic itoring , PTB, Braunschweig, Germany, 14-16 November 2012
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[2-b] Summary of differences for molecular species cataloged in the
line parameter portion of GEISA-09 (G) and HITRAN 2008 (H)
Mol Mol ID # bands # st # lines Spectral coverage (em ')
G H G H G H G H Minimum waverumber (cm ') Maximum wavenumber (cm ')
G H G H
OH 14 13 245 221 3 3 42866 31976 0.005 0.003 35,877.030 19,267.804
HF ns 14 & (5 11 107 107 41.1n 4111 11535570 11,535.570
HEl 15 15 17 17 2 2 533 613 20,240 20240 13.457.841 13,458.024
HEr 17 16 16 16 2 2 1293 1293 16232 16231 9758312 4758312
HI 18 17 o 4 1 1 806 806 12500 12.500 8487305 8487306
i 19 18 12 16 2 2 7210 11501 0.015 005 1207639 1207 539
ocs 0019 192 164 6 5 33180 29,361 0.381 0.381 4199671 4199671
HAD w17 17 3 3 37060 37,050 0.000 0,004 099,958 I9DA5E
Cabs 26 G 2 2841 28439 706601 706601 I000.486 I00AEG
CHaD(S) 23 (5) 26 6T AN 482379  482ING TGO 7.760 6510326 6510326
CaHe 24 2 118 116 2 2 11,340 11,340 604.774 604.774 880038 DERD.03E
CoHe 25 38 12 12 2 2 1837 18378 701.203 701.203 3177173 3177173
ABS 1 ABS 824 ABS 1937.371 Ang 2224570 ABS
I 4 3 82042 4253 0.006 005 17.581.000 3423927
ABS 1 ABS B9B3 ABS 00015 ABS T30 ABS
ABS 1 ABS 2577 ABS 203,955 ABS 2181690 ABS
ARS 1 ARS 119480 ARS 191635 ARY T3MFIS2 ARS
ABS 1 ARS 170347 ARS AET R4 ABS 755 606 ARS
HOCI o6 & 2 17862 16276 0.024 1.081 3799682 ITIDGE2L
Mr 3o o 1 11 1 120 1992628 1992628 2625497 2625497
CHLI 4 24 14 83 2 2 18344 196,171 674.143 0.673 3172927 3172927
H:Dz 35015 130 130 1 1 126383 126,983 0.043 0.043 1730371 1730371
ABS stands for a molecular species not included in the actual database (HITRAN or GEISA)
For HITRAN, column9, sub-column “H”, includes:for CH;D (Mol. “23”), total # lines of CH, isotopologues numbered “3” and
A
4 EUMETRISPEC workshop on p | refé for pheri itoring , PTB, ig, Germany, 14-16 November 2012
[2-c] Summary of differences for molecular species cataloged in the |
line parameter portion of GEISA-09 (G) and HITRAN 2008 (H)
Mo, Mol ID # bands #isor @ lines Spearal coverage (om ')
G H G H C H G H Minimum wavenumber (em ') Maximum savenumber (om 1)
[ H [ H
HE 36 31 30 w3 3 20TEE 07EE 2985 2085 4256546 4256547
HCOOH 37 32 & 8 11 G2E84 62584 10018 10018 1889.334 1589.334
COFs ® o207 7 11 EI17SD TOE0 725,005 725005 2001348 2001348
—> SFulw 39 30 & 3 1 1 62,398 2880,065(«) 588488 SE0.000 675,788 G96.000
[ a0__Ams] 2 ABS 1 ABS 19001 ARS 28892 Ans 671479 Ans
HO, THEEEE 4 11 3BE04 IBE04 0.173 0173 IETSHIE IET5HIE
— CIONDA#) 42 35 7 3 2@ 356899  32199(s) 0636 763641 797741 797.741
CH.Br 43 40 6 & 22 3sAN I6A11 794.403 794.403 1705612 1705612
CHAOH 44 39 16 16 11 1ager 19,897 0.01% 0019 1407 205 1407 206
NO 45 6 6 & 11 1e 1206 1634821 16348131 2530462 2530462
T 84 ABS 1 ABS 5610 ABS 0217 Ass 4814904 ABs
CaMly 47 Ams|1 Ams 1 ABS G747 ARS 642427 Ans 705 262 Ans
il 348 Ams 1 ABS 15512 ABS 416,785 ABS 3IE5.564 ABS
CFy 49 42 5 5 11 B0Mm3 60,033 594581 564 581 1312647 1312647
CHH S0 41 2 2 1 1 1717 3572 BHLN52 BO(L52 16500 Q45 h55
0 AEE 34 | ABS 1 ABE 1 ABS 2 ARE BETIE AN 156303
HO8r ABS 37 | ABS 1 ABS 2 ABS 4358 AN 0.155 ABS 315908
ABS stands for a molecular species not included in the actual database (HITRAN or GEISA)
[#) Malecule included in HITRAN 2008 supplemental line list.
EUMETRISPEC ontr P refi for ic itoring , PTB, Braunschweig, Germany, 14-16 November 2012
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[3] Critical Evaluation of Spectroscopic Parameter

Differences an Example:
H20 GEISA-117 and HITRAN-08 comparison

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

[3] Critical Evaluation of Spectroscopic Parameter
Differences

Evaluation of the impact of H,0 spectroscopic archive on IASI radiative transfer
modelling

+ Radiative transfer simulations with ARA/ABC(t)/LMD radiative transfer models in their lalest versions
»STRANSAC; line-by-line and layer-by-layer model
[N.A. Scott, 1974, JQSRT, 14, 691-707]

»4A (Automatized Atmospheric Absorption Atlas); fast and accurate line-by-line radiative transfer model
[N.A. Scott and A. Chédin, 1981, J. Appl. Meteor., 20, n° 7, 802-812; Tournier et al. 1995; Chéruy et al.

1995]

++Selected Spectroscopic Databases

GEISA [Jacquinet-Husson N. et al. JQSRT 112 (2011) 2395-2445] Revision 2011 of this reference

HITRAN [Rothman L.S. et al. JQSRT 110 (2009) 533-572] it its latest revision

Differences in spectroscopic parameters archives and subsequent IASI radiative transfer

modelling, in terms of Brightness Temperature (K) differences A BT (K)

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012
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[3-a] Quantitative comparison between H,O intensity values
in GEISA-11 and HITRAN-08

>spectral range 1400 — 2100 cm™!

»5626 transitions with common quantum identification in both databases (intensity values larger
than 1022 cm-1/(molecule cm))

»>8% of the strong lines (intensities greater or equal 10-2° cm-/(molecule cm-2)) exhibit differences
greater that 5%.

I 4%

Intenslty elilerences

N. Jacquinet-Husson et al. e g} - e ==,
DOI 10.1016/j.jqsrt.2011.06.004

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

[3-b] H,O Spectroscopy Differences lllustration

IASI brightness temperature BT (K) simulation with GEISA
Differences in BT(K) using GEISA or HITRAN

IASI Noise
280 fa. [ | : |

260

240

BT in K

220

200 2%

BT differences (GEISA - HITRAN) inK

180

800 1000 1200 1400 1600 1800 2000 2200

Wavenumbers [nm'1)
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[3-c] Evaluation of spectroscopic parameters individual
impact on IASI BT modelling differences

IASI Band 1 (15.50- 8.26 um) Intensity impact evaluation
0-5 T T T T R T
. IASI Noise
0'4 Y LU ,,/’IJ SSSUONE SOSOOSISRN S .
0.3 / -
= Y
g 02r ‘Ll
- e i
o 0.1 | ~
4 |
0 Rt 1 T
-0.1 :
-u‘z 1 Lw [ & 354, 1 v ! I Il 'l b |l
700 800 900 1000 1100 1200
Wavenumbers {cm"')
== TB; - TBy e TB — TBg with H intensities = TBg — TBg with H HwHM

[3-d] Evaluation of spectroscopic parameters individual
impact on IASI BT modelling differences

IASI Band 3 (15.50-8.26 um) HWHM impact evaluation

os U Ao

D | | _.-l g — I
¥ AR VY W Q TT
. 1 ’
= 02§ \ | :
m {
< |
-0.4
|
T, N SIS, S—" . S———. S—————— J
2000 2050 2100 2150 2200
Wavenumbers {n::m'1}
= TB; - TBy === TBg — TBg with H intensities mm TBg — TBg with H HWHM
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[3-e] H,O Spectroscopy Differences lllustration E-

—e

(K) H,O : ABT [GEISA - GEISA with HWHM from HITRAN]

(cmatm-!
at 296 K)

0.008

0.006 |-
0.004

ISR AR TR LI

H,0 : Content différence% for HWHM [GEISA - HITRAN]
1

15 %

T T T T

10%

0.002 -
-0.004
0.008 -

-0.008 .
2000 2050 2100 2150

+

115 %

- £
- = = = = = = = - =
[l 1

1 1 * L

Sk =
o_
[

O b

For GEISA and HITRAN common lines with intensities > 10 -22 cm molecule - at 296 K

-

[3-f] H,O Spectroscopy Differences lllustration E-

— e
H,0 : ABT [GEISA-GEISA with HWHM from HITRAN] with IASI noise display
0.8 T T T T
0.6 | 1451 Nease
0.4 : |II -
0.2 ; Mm ok AT P
Q ¥ pamnh e U N ——
=0.2 FW lfl"'“"“l"' [ "'\""‘.I.-"f‘"*'“"_ T Y ey
oy AL \ y ¥
-0.6 | '\
0.8 1 L 1
2000 2050 2100 2150 2200
Wavenumbers cm
H,0 : ABT [GEISA-GEISA with HWHM from HITRAN] with IASI-NG noise display
0.8 T T T T
0.6 l IAST-NG Hoise
0.4 L L A
0.2
0
0.2
0.4
=0.6
=-0.8 -
2000 2050 2100 2150 2200
Wavenumbers om
For IASI-NG: Spectral Resolution X 2 and Noise divided by 2 comparing with IASI
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[4] GEISA System Comprehensive Free Distribution

EUMETRISPEC workshop on traceable spectral reference for atmospheric monitoring , PTB, Braunschweig, Germany, 14-16 November 2012

[4] GEISA SYSTEM COMPREHENSIVE DISTRIBUTION 'J

Atmospheric Chemistry (No login no password)
Data Centre
http://lwww.pole-ether. fr
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General content w '

The included molecules are constituents of the atmospheres of Earth (major permanent and trace molecules) and of other
Planets {such as: CoHa, GeHs, CaHs, CaMa, CsHa, HC3N, HzS, HCOOH and CsHa, for the Giant Planetsi. Amona the 31
spectroscopic parameters archived in GEISA, the most important for atmospheric radial Qyerall description
wavemumber(cm'w) of the line associated with a vibro-rotational fransition, the intensity of e s nemnmy oo e n

Larentzian callision halfinidth (cm’1 atm™! at 296 K), with associated self - pressure brog:
lower level of the transition (cm’1)‘ the transition quantum identifications for the lower &

temperature dependence coefficient of the halfwidth, the database management identf
molect les

» Format description
» Overall description

[’ GEISA-08 format for line fransition parameters I

[’ Querall description of available vibrational transitions ]
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Dr. Manfred Birk

Institut fiir Methodik der Fernerkundung, Deutsches Zentrum fiir Luft- und Raumfahrt
Miinchner Str. 20, 82230 Wessling, Germany

Phone: +49 8153283084

E-mail: manfred.birk@dlr.de

Research

FT spectroscopy; FT technology; Space borne FT remote sensing; Optical design; FT level 1 processing;

THz heterodyne technology and remote sensing; Background in atmospheric modelling and retrieval

Education and Professional Experience

since 2002

since 1990

1988
1988-1990

1982-1988

PI of international project TELIS (Terahertz and Submillimeter limb sounder), Design,
construction and application of a 3 channel heterodyne balloon-borne spectrometer for
measurement of stratospheric species together with MIPAS-B from IMK/FZK. Three
successful flights in March 2009, January 2010, and April 2011 from Kiruna, Sweden
Scientific project manager and project scientist, Deutsches Zentrum fiir Luft- und
Raumfahrt e.V. (DLR), Institute for Optoelectronics (from 2000: Remote Sensing
Technology Institute), Wessling, Germany, Main field of work: Improvement of the
spectroscopic database of atmospheric trace gases by Fourier-transform spectrometry
Ph.D. (Dr. rer. nat.) in Chemistry, Justus-Liebig-University of Gielen, Germany

NRC postdoctoral fellowship at JPL/NASA in Pasadena, California Institute of
Technology, USA

Research Associate at Institute of Molecular Spectroscopy, Justus-Liebig-University of
GieBen, Germany

Activities, Honors and Awards
e ISORAC, ISORAC-2, AEROJET, AEROJET 2, AEROPROFILE, SESAME, PIRAMHYD,
ACE, etc.
e Member of ACVT for MIPAS/Envisat, Member of QWG for MIPAS/Envisat phase E, Task:
improvement and characterisation of level 1 product

e  Member of HITRAN scientific advisory committee
e  Thesis adviser for 8 PhD theses since 1990

172

Invited Talk 6 Manfred Birk



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15% - 16%, 2012

FT-based high resolution lab spectroscopy for atmospheric line data measurements

Manfred Birk and Georg Wagner

The Remote Sensing Technology Institute, German Aerospace Center

The DLR spectroscopy group has carried out high resolution Fourier-Transform spectroscopy of
atmospheric species since 1990. The work started in the far-infrared, was extended to the near-infrared
and is recently expanded up to the UV region. The measurement of spectroscopic data with small and
defined error margins was always the main target. The Fourier-Transform instrument including
measurement conditions were optimized and sample cells and gas handling equipment built. Numerous
software tools for retrieval and quality assessment were developed. The most recent development in
hardware will be presented including a completely refurbished coolable multireflection cell (base length
80 cm, absorption path >100 m) and a four window coolable short cell, both capable of measurements
from FIR to UV with excellent temperature homogeneity. Methods and hardware have been made for
generating defined water/air and ozone/air mixtures including transport/flow into the sample cell.
Species covered over the years are OH, HO,, H,O, CO, NO, NO,, O, ClO, CIOOCI, BrO, CO,,
CIONO; and N,Os. In most cases the resulting absorption cross sections and line parameters are
included in the HITRAN database. Recent results on intercomparisons of water line strengths with ab
initio and other experimental sources will be discussed. Finally, it will be explained why quantitative
spectroscopy is science and cannot completely be standardized.
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FT-based high resolution lab spectroscopy for
atmospheric line data measurements

Manfred Birk, Georg Wagner
Remote Sensing Technology Institute (IMF)
Deutsches Zentrum fir Luft- und Raumfahrt (DLR)

Background
» Group established in 1990

* Emphasis on quantitative spectroscopy of atmospheric trace gases to
support atmospheric remote sensing

« Initial focus on far infrared but soon extended to mid and near infrared, UV
since 2010

* Participation in several EU-, ESA-, nationally-funded projects

* Member of HITRAN scientific advisory committee

Infrastructure

* Bruker IFS120 HR Fourier-Transform spectrometer, replaced by new
IFS125 HR in August 2010, extension to UV (250 nm)

» Coolable (190K), heatable (950K) cells, 130 m multireflection cell

* Lab equipment for production/handling of stable/unstable species
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Short absorption path cell
* 25 cm absorption path
» Coolable to 195 K
» High temperature homogeneity (<0.1 K)

New short absorption path cell
* 20 cm absorption path
* Coolable to 190 K

* Two window pairs allowing UV+MIR, MIR+FIR, UV+FIR
quasisimultaneously

* High temperature homogeneity (<0.1 K)
* Path lenath accuracy 0.1% - requires raytracing!
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Multifreflection cell
» Designed at DLR 1991, refurbished 2012
» 80 cm baselength, up to 130 m absorption path
» Coolable down to 190 K
» Equipped for flow experiments with unstable species

Improved detector design for thermal IR
» Adaptable detector FOV to reduce background photon noise
» Coolable optical filter

« Photoconductive MCT with 700 cm" cut-on @ 45 K
detechor sherment

Intercomparison standard Bruker MCT — DLR design

» optical band pass filter, varying central wavenumber — O Y T

detector @ 45 K ol P I B0% abs.. 2 mm
200 cm filter bandwidth e ] Ay

1 mm and 2 mm Bruker entrance aperture
no absorber- and 90% absorption-setup

SNHMJ ENR'G‘Q

e o o o

= = E
PR T | PRR I |

1500 2000

500 1000
¢ ] ceniral Sar wavenumoer jom |
DLR ;
A= R T R AT
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Output of spectroscopic work:

Absorption cross sections (ACS) or line-by-line (LBL) data

t=exp(-a(T,P,5)-1-N)

transrinittance of homogeneous o wavenumber
samp e. , / absorption path
o) absorption cross section N number density
T temperature
P pressure

a=Y'S; f(T,P,c—0o;+0,,7,,m;)

i line index

S; linestrength O pressure shift

f() monochromatic line profile= VZ pressure broadening
temperature exponent

convolution pressure broadening
and Doppler profiles

Oy line position

Line-by-line vs. absorption cross

Results 60, ¥, N, S, shift

FTS resolution < Ymin

Baseline less critical
Temperatures >2 fory, n; 1 for oo, S
Pressures >2 for vy, shift

Line density low

Analysis effort depends on line density
e.g. CO, NO, H,O

Interpolation -

Molecules

Extrapolation +
Redundancy capability high
i DLR -ﬁ f

sections

a(oc,T,p)

< 0.25 Ymin

critical

several

several

low

e.g. HFCs, CFCs

Polynomial in T, p

low
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Line parameter retrieval

* Input: Transmittance spectra -

« Spectrum cut in | [
microwindows I

* Line model: Convolution of S \
instrumental lineshape and 205 | h o T
monochromatic transmittance | R

 Least-squares fit to match | 1 v
model to experiment /

+ Output: Line parameters, o
baseline and/or ILS "
parameter

& ~
DLR /

Line parameter retrieval codes at DLR

FitMAS (Fit Molecular Absorption Spectra)
+ Single spectrum fit
+ Voigt, Galatry, Rautian
* ILS: sinc x box, sinc
* Automatic microwindow and fit parameter selection by independent code

IDL line fitting code
+ Single spectrum fit
» Voigt, Galatry, speed-dependent Voigt
* |ILS: sinc x box
* Improved microwindow and fit parameter selection
* Only application sofar: 1 um band of water

Multispectrum fitting code
* Under development

A#;_:: .:
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Line parameter retrieval codes and utilities at DLR

Linestrength averaging
* Averages linestrengths from several measurements
* Routines for validation of data product accuracy (VDPA)

Pressure broadening fitting
*  Fits Y4, Nain Yserr, Nsei from Lorentzian half widths of several measurements
» Automatic fit parameter and measurement selection
* Routines for VDPA

Line position and pressure-induced shift fitting
» Fits line positions, shifts, and temperature dependence from line positions of
several measurements
» Automatic fit parameter and measurement selection
* Routines for VDPA

Temperature/number density fitting

» Fits average gas temperature and number density from linestrengths of
single measurement using reference linestrengths

Spectroscopic database work at DLR

| Species | FIR _[MIR__| Purpose/application

(O S,9(T) s,S,g(T),a(T,p) database improvedment
CIONO, a(T,p) database improvement, MIPAS difficult synthesis
N,Og a(T,p), database improvement, MIPAS
OH/HO, s new methodology extremely unstable
BrO s, g(T) database improvement, MASTER/SOPRANO  extremely unstable
ClOo s,g(T) s,S database improvement, MASTER/SOPRANO unstable
CIOOCI s a(T,p) remote sensing MIPAS Zﬁmﬁ pREeEten
HOCI s FIR database
co S,9(T) S, q(T) :;rt(;rb(;t;ir’agirisation, high temperature ;1:;/; rz:\:;ometric
CO, a(T,p) high temperature database
H,0 s, S, g(T), high temperature database improvement, sgrpple preparation

MIR+NIR climate, MIPAS, IASI, WALES difficult

NO s, S, g(T) high temperature database, engine emissions
NO, a(T,p) high temperature database, engine emissions

Parameters in HITRAN, some also in GEISA

e -
DLA

& —
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CO FIR measurement was important milestone for linestrength
measurement

* There is no linestrength standard for rovibrational transitions

* Pure rotational linestrengths can be calculated from permanent
electric dipole moment

* First experimental proof for 1% accurate linestrengths:
Measurement of CO FIR linestrengths in cooperation with Steacie
Institute for Molecular Sciences, NRC Canada

* Publication: Manfred Birk, Dieter Hausamann, Georg Wagner, John
W. Johns, ,Determination of line strengths by Fourier-transform
spectroscopy”, Appl. Opt. 35, 2971-2985 (1996)

Status of spectroscopic databases

The spectroscopic database has significantly improved over the last years,
however, the accuracy is sometimes not sufficient for the increasing
needs of remote sensing

What is the reason for the lack in accuracy?
» Numerous systematic error sources, partially hidden and hard to quantify

Error categories

* Instrumental errors

» Sample errors

* Line parameter retrieval errors
» Data reduction model errors

Manfred Birk
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Instrumental error sources

Detector non-linearity

Phase errors (single-sided interferograms)
Sample/instrument thermal emission

Instrumental lineshape knowledge
Multipassing of radiation
Insufficient beamsplitter wedge
Source instability

Channeling, especially when variable in time

Microphonics

Temporal instrumental lineshape instability

Sampling jitter
Scanner velocity instability

Atmospheric absorption in beam path through instrument

Reference laser instability

Further instrument design specific error sources

Affecting:
S

o,0

Sy

G,Y,0
ghosts, S
S

6,Y,0,S
0,Y,0,S
6,7,0,S
Y,0
ghosts, S
ghosts, S
7,S,0
ghosts, 6,y,S,6

Instrumental error sources - Non-linearity

30% absorption line
+1% transmittance offset
= -1.1% linestrength error

= + 0% line width error

Fit residuals mostly unaffected

Fit residuals 10x expanded ;| ... ..o

0.3 4

0.2 4

| \
1 u \‘
I \ \ /!

Absorption

ik

‘\
/ o

Absorption

resid
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Instrumental error sources - Non-linearity

14

95% absorption line

o
o

Absorption

+1% transmittance offset
= -2.4% linestrength error
= +2% line width error o0 b

resid

Fit residuals mostly unaffected 1% offset error

Absorption
o
U

Fit residuals 10x expanded , |

Instrumental error sources - Channeling

Modelled impact

o5 7~ T T e g

Period 2x, 4x linewidth E =
Amplitude 0.5x p-p noise 1,00: .
Channeling phase 0°, . 095 E
90° wrt line symmetry § 090 =
% 0,852_ —z

) 0.802_ —z

0]53_ _E

0.705- PR N RU S R ST RS S RS N E

1354.4 1354.6 13548 1355.0 13552 13554
wavenumber
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Instrumental error sources - Channeling

re

0.3 +
c Period 4b, 0" case oo
Phase 2b, 4b, ‘w ‘\‘
0° | 5e-5(@8e-5) | 3e-5(8e5) | | Mw\ i ” T
) o ‘ i ‘ [ ‘ 3
90° | 2e-4(8e-5) | 2e-4(8e-5) |- ﬂ W \h \mw .4 Il ;Q\'/"W “ ﬂ\ d\l Mr W “w l H,\,/‘W | /\ML :
8 “ : “‘ ‘} A u\ ‘ \. J ‘
S Period 20 l ’l h‘{\ } ‘ i | ‘\ “‘h‘ ”' HW “\ ‘ \M \‘
Phase 2b, 4b, |
0°  [0.2%(0.35) | 1.4%(20) J 01
90° [ 0.1%(0.15) | 0.03%(00) | 0 sy ionc” St
y Period 354.4  354.6 3572%8000 055571 3552 3554
Phase 2b 4b P
0° 15% (L20') 0 3% (6_30) Error propag.atlc:'n hard to
90° | 0.5%(0.55) | 0%(0c) predict !!

-

Errors for line position, line shift,
Imestrength I|ne broadening

Sample errors

Number density
Absorption path

Inhomogeneous sample distribution

Inhomogeneous temperature distribution

Drifting sample amount
Multipassing

Gas temperature knowledge
Drifting gas temperature

Total pressure

Affecting:
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Sample errors - Temperature inhomogeneity
Impact on pressure-broadened line width

1.1

» Water spectra modelled:

0.65x233K + 0.35x253K 10
« Linefit, differences to input data 0.9
=
« Parameterisation of differences g 08
wrt E,,.r and temperature % '
exponent % 07
* Plot of percentage line width error é
for 0.65xT + 0.35x(T+40K) P 06
* Errors 1% to -3% 05
* Undefined temperature gradient 04
= undefined results 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Lower state energy/wavenumber

Line parameter retrieval errors

* Inadequate ILS model and parameters

* Blending

* Inadequate monochromatic line model (non-Voigt line profile)
* Faulty statistical errors due to correlation

* Bad prediction of weak ,grass” lines

* Inadequate microwindow width

» Bad temperature conversion of linestrengths

4#7 -~
DLA /
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Defined error bars

* Numerous error sources affect line parameters

* Many errors can be reduced by
* Instrument design and experimental setup
* Measurement strategy
+ Dedicated correction methods

« Some remaining errors can be quantified and propagated into error bars of line
parameters

But this is not sufficient to obtain defined error bars since
* Many error sources and their propagation cannot be sufficiently quantified
* Error sources may show complex non-additive interaction

Pgocedures for validation of data product accuracy (VDPA) required!
OLR Y et ; 2

m

Redundancy
* VDPA requires redundancy!
* Redundancy does NOT mean simple measurement duplication!

Background: Data reduction from measurement specific parameters (e.g.
linestrengths, Lorentzian half widths) derived by single spectra line parameter
fitting, error-weighted Jacobi matrix A

Mathematical definition:
The contribution C; of each measurement / to a parameter j is given by

C=d"(a4")'

The redundancy R; is
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Example: Histogram of redundancy parameters and number of
measurements in water v, line width analysis fits.

— T T T [ T T T T ] T T T T L—
220 - I Number of measurements | ]

200 |- [ Redundancy v.. .

air, 220K

180 L I Redundancy v, e ]
160 | iy
140 F ]
120 [ -'
100 | i,

Number of occurrences

0 5 10 15 20
Redundancy or number of measurements

Validation of data product accuracy

Generic: y2 test — all data reductions
Generic: fits for different opacity ranges

Generic: fits for different measurement conditions, e.g. total pressure for pressure
broadening

Generic: Aver%gled/blnned residuals of fits or residuals as function of E, ., o,

opacity, S, vy: ,File cuts

Number density/temperature fit S
Quantum mechanical fit S,o
Polynomial fit in quantum numbers for well-behaved molecules Y
Linestrength assessment Y
Model original laboratory spectra all
Model other laboratory spectra all
Retrieve atmospheric spectra, check residuals/results all

p -
DLA _
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Flow chart for spectroscopic database work

Flow chart for spectroscopic database work (continued)
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Example: Water spectroscopy at DLR

v, Region (1200 - 1800 cm1) for MIPAS/ENVISAT

+ 52 measurements, 0.0009 - 5 mb H,O, 0 - 1000 mb air, 207 - 316 K, 0.16 - 85 m
» Voigt profile for line fitting

» Linestrength analysis in cooperation with Laurent Coudert (quantum mechanics)
* Line broadening analysis

» Pressure induced line shifts and temperature dependence (not yet published)

1 um Region (10000 - 11000 cm-') for WALES
* 17 measurements, 0.1 - 16 mb H,0O, 0 - 1000 mb air, 230 - 318 K, 85 m
» Speed-dependent Voigt profile for line fitting

» Spectroscopic database with linestrengths, pressure broadening parameters, line
shifts (not yet published)

Water is among the most difficult species for spectroscopic investigations:

» Water adsorption to and desorption from walls changes composition of mixtures
uncontrollably

* Pressure broadening parameter varies by more than 1 order of magnitude: Requires high
resolution and hence sensitive detector

* Atmospheric column amounts hard/impossible to achieve in the laboratory — Example: limb
sounding relevant linestrength range 1019 - 2x10-25 cm-'cm?molecule!, >6 orders of
magnitude: Requires multireflection cell and sensitive detector

Solution of adsorption problem

Development of equipment and procedures for generation of water/air mixtures in absorption
cell with defined number densities:

» 800 | stainless steel mixing chamber (high volume/surface ratio, only minor water
adsorption) equipped with magnetic stirrer

» Generation of mixtures by subsequent filling of water and air with absolute pressure
measurement

» Establish pressure-controlled flows of mixture (or pure water vapor) through absorption cell.
Check for proper conditioning (stable H,O partial pressure) spectroscopically.

[ o
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Experimental setup - White cell - pure water v,

<---=--

H,0 ( Whitecel
liquid < 21m, 85 m FT

X spectrometer
I |

. o
O

Flow controller

Target:

Linestrength | Cooler/Heater |\

Pt100
sensor

# —
LIl
e i

Experimental setup - White cell - water+air v,

Pt100
sensor

8001
mixing chamber| <

Target:
pressure
broadening

White cell

( 21m, 85 m FT
) spectrometer

| |

Flow controller @

| Cooler/Heater I\

Pt100
sensor
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Excerpt of 200 mb total pressure, room temperature spectra
with different column amount
1.0 pess Shw—————"
0.8 .
8 _
%
£ 06 .
= Colurmn density/cm? | |
2 —— #221.93x10"
c 04 #231.09x10® |
= — #24462x10"° | |
——#251.03x10"
02 — #263.89x10" | |
——— #271.28x107° | 1
0.0 ——— #282.56x107 |
1418 1419 1420 1421 1422
Wavenumber/cm

Y

Measurements for y: Number density/temperature fit
Test of method for defined water air mixtures

Toath/°C | Toat/K | Tmirror/ K Piot/mb | Py2o/mb |VMR Absorpt.  |Tw/K Ph20-it/PH2o
path/m
4415 |317.29 |313.43 50.51 |0.04947 |9.8e-4 |20 316.256(83) [1.00535( 72)
4415 |317.29 |313.40 201.1  ]0.04936 |2.5e-4 |20 316.484(57) |0.99252( 29)
4415 |317.29 |313.48 50.51 |0.2016 |4.0e-3 |20 316.085(59) [0.99802(68)
4415 |317.29 |308.3-311.5 [50.37 [1.0050 |2.0e-2 |85 315.645(75) [0.99611(132)
4415 |317.29 |312.58 50.44 |2.534 5.0e-2 |78 315.348(100) [0.99776(209)
4415 317.29 [313.11 200.7 0.2043 1.0e-3 |78 316.131(45) |1.00739(55)
4415 |317.29 |313.18 200.7 [1.1597 |5.8e-3 |78 315.779(42) |0.99305(66)
4415 |317.29 |313.27 200.7 [2.505 1.2e-2 |78 315.655(50) [0.99309( 85)
2145 |294.59 |295.36 50.37 |0.2020 |4.0e-3 |78 293.756(88) [1.00400(146)
2415 |297.29 |297.35 200.7 |0.2017 |1.0e-3 |20 297.185(34) [0.99310(33)
2415 |297.29 |297.50 200.7 |0.2022 |1.0e-3 |78 297.307(41) [1.00344(56)
0.1 273.24 |279.35 199.7 |2.500 1.3e-2 |85 274.595(46) [1.00047(111)

> ~
DLR /
..ﬁ{-_.'
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relative difference (%)

4.0

H,O linestrengths

Linestrength intercomparison in 1 ym region

* NIST: cavity ringdown by Daniel Lisak and Joseph T. Hodges
» HIT: HITRAN 2008, mainly experimental data by Robert A. Toth
+ Excellent agreement DLR-NIST, mostly <1%
» HITRAN 2008 shows bias and large scatter

30
#NISTvs DLR
20 ©HTvs DLR
10
10 { % # {
20 . ©
e o
30 (X ]
° o ° °
40
10580 10600 10620 10640 10660 10680 10700 10720 10740

Wavenumber (cm")

Average differences

121«<000
201«000
300«000
102«000
003«000

4.1%
0.0%
4.0%
-7.6%
-0.1%

» Lodi: ab initio calculations by J. Tennyson’s group
* Good agreementfor201 <« 000and 00 3 « 0 0 0 with occasional outliers
» Entire subbands shifted: 121« 000, 300« 000, 102« 000 upto8%

Linestrength intercomparison in 1 ym region

a0[
zof

oF

% Ledi-DLR

—20 -

—aol

1Q-24

10-32

10~

20E

1D§—

% Lodi-DLR

~20f

30

104

Transition mmarmend
A v

i k
10-7 10-8
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H,160 linestrength intercomparison in v, region
» HITO4: HITRAN 2004, mainly experimental data by Robert A. Toth
+ Lodi: ab |n|t|o calculations

% HITO4-DLR

% Lodi—DLR

1072 107 10722 107 1072 107
Linestrength

__
mmm
mm 366  0.80 5.90 079 24

0.23 77 546 024 75

010 94 356 010 95

004 105 187 004 106

002 109 0.91 002 108

-23.5 4.23

0.02 72 0.27 0.02 73
0.02 50 -1.52 0.01 53
0.02 52 -2.63 0.01 50
0.02 51 -2.73 0.02 50

0.02 51 -3.80 0.01 51
0.01 53 -5.79 0.01 55

H,'30 linestrength intercomparison in v, region
» HITO4: HITRAN 2004, mainly experimental data by Robert A. Toth
* Lodi: ab initio calculations

30E
5 20F
o
g| i E_
= DE
T
we —10 2—
20 E
J0E
x Z
-
2
kel
o
|
* —1
_2 3
10 1072+ 1072 1072 107! 10720 1D7"® 1078
Linestrength
| | [ Abinitio-DLR HITRAN 2004 - DLR
Ig(Smin) mmm
| 245 [ -240 [PXETEEENE 404 114

| 240 | 235 [RE¥ 0.32 44 3.27 0.32 45
[ 235 | -23.0 [EKO) 0.13 53 120 013 53
[ 230 | -225 [FH 0.06 50 330 0.6 53
[ 225 | 220 [N 0.03 53 475  0.03 55

0.27 0.02 47 -5.11 0.02 42

[ 215 | 210 [JGE 0.03 17 543 0.03 17
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H,160 linestrength intercomparison in v, region
Binned averages of single measurements vs. ab initio — measurements show
inconsistencies (A=Sab initio = SDLR)
___
-mmmm

m - 0 0 0

[1.0007  [1.0007 | 0.249] - - 0 - - 0 - - 0 : - 0
(4972 [4972 | 0.249] - - 0 - - 0 - - 0 -15.67 4.19 16
- - 0 - - 0 -10.88 2.30 36 -0.03 0.63 98
- - 0 975 1.46 67  -1.39 0.83 90 060 027 101
[m_lm- -4.48 1.52 54 233 0.76 80 1.89 0.27 87 161 0.10 95
5 5 0 5 - 0 -068 0.66 72 038 0.21 104
mm -12.63 2.02 45 054 1.07 82 0.32 0.37 92 036 0.14 97
mm 1.20 1.10 54 176 0.37 68 1.31 0.16 72 1.1 0.11 70
0 - - 0 - - 0 -206 1.60 24 -0.89 0.49 94
-5.19 3.54 18 | 6.45 0.84 71 3.29 0.45 80 145 0.17 87
> > 0 -091 1.55 30 2.22 0.58 83 222 0.25 93
8.89 1.60 44 850 0.69 75 2.81 0.30 76 115 0.11 81
- - 0 244 1.22 56 3.79 0.48 73 1.23 0.21 86
2.45 2.45 19 | 5.70 0.64 67 4.40 0.33 68 078 0.12 72
- - 0 - - 0 - - 0 - - 0
- - 0 - - 0 - - 0 - - 0
5 - 0 5 - 0 - 5 0 284 1.44 19
- - 0 - - 0 - - 0 227 0.62 36
- - 0 o077 2.01 19 3.23 0.62 67 192 0.24 81
- - 0| 481 0.90 51 5.58 0.41 61 119 0.18 71

o = 0 > o

- - 0 404 1.68

- - 0 - -

- - 0 - -

—
DLR I a
S A

H,0 linestrength intercomparison in v, region

After removal of 6 measurements consistent results

All data Data without selected air-
broadened measurements

mmmm
366 080 23 0.41 1.26
mm 423 023 77 1.61 0.30 66
BN 212 010 9 134 0.1 94
[ -23.0 | 225 [RKERENNYY! 105 119 0.05 105
[ 225 | :

0.02 109 0.97 0.03 109

0.02 72 1.08 0.03 71
0.02 50 1.03 0.02 50
0.02 52 1.15 0.01 52
0.02 51 1.12 0.02 51
0.02 51 1.60 0.02 51

[ 195 | -19.0 [EWZ 0.01 53 1.71 0.01 53

m- All data Data without selected air-
broadened measurements
mmmm

1.09 <11

0.32 44 -0.10 0.41 40
0.13 53 0.51 0.15 52
0.06 50 0.18 0.08 50
0.03 53 0.08 0.05 53
0.02 47 0.25 0.04 46

0.03 0.78 0.05 17

=y
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IASI retrieval improvement in H,O v, region using DLR

linestrength and pressure broadening
Red: residuals DLR, pink: residuals HITRAN 2008

— LBL_CRA_cntnm
— LBL_CRA_v1.0

270 m nh —~—— — IASI
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Brightness Temperature (K)
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Conclusion

» Experimental set-up and measurement parameters CAN be designed/selected to
minimise systematic errors

» Standardised methods can be developed, e.g. how to build gas cells and
other equipment, how to make a measurement plan including
appropriate measurement parameters and characterisation
measurements

* Redundancy is a key to identify remaining systematic errors, i.e. lines should be
measured at different experimental conditions: opacity, line width, mixing ratio,
instrumental parameters

* Analysis algorithms can be partly standardised: e.g. multispectrum fitting, line
model, instrumental lineshape model, VDPA

— Standardisation helps, but ...
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Conclusion (continued)

Current problems in spectroscopic database are not solvable by primary
standards, e.g.:

» The gas temperature and its homogeneity in the gas cell is relevant

» For the absorption path in a gas cell the mean length of the rays
between the windows is relevant

» For gas mixtures the mixing ratio in the gas cell is relevant

» Traceable pressure sensors, temperature sensors, and CNC machines
with adequate accuracy are commercially available

A scientific approach is required
since

Accuracy requirements from remote sensing + molecule + spectral region give a
large variety and complexity of spectroscopic tasks

Most spectroscopic tasks have specific issues which cannot be standardised

DLA -i /
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“Absorption/emission spectra from first principles:
Towards large-scale production of line lists for molecules of atmospheric
importance”

Dr. Sergey N. Yurchenko

Department of Physics and Astronomy, University College London
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Dr. Sergey N. Yurchenko

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

Phone: +44 02076790172

E-mail: s.yurchenko@ucl.ac.uk
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Ph.D. (Molecular Spectroscopy), Tomsk State University, Russia, Thesis Title: Analysis
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Russia

PhD Fellowship, Tomsk State University, Russia
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Germany, 2004
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Absorption/emission spectra from first principles: Towards large-scale production of line lists for
molecules of atmospheric importance

Sergei. N. Yurchenko
Department of Physics and Astronomy, University College London

Most of the modern observations of the processes and phenomena taking place in our atmosphere or in
the atmospheres of other astrophysical objects are based on fundamental atomic and molecular data,
necessary to interpret these observations. Variational nuclear motion calculations, combined with high
accuracy ab initio electronic structure computations, are making a significant impact on high-resolution
spectroscopy as well as astrophysics and atmospheric physics. This work is important for spectral
analysis and particularly for dipole transition intensities, which are often very difficult to measure
reliably but are essential inputs for many applications such as modeling of radiative transport and remote
sensing. Very extended libraries of molecular spectroscopic parameters (positions, intensities, and
assignments) are required for spectral characterization, spectral simulation and as input of atmospheric
models for the Earth as well as for different astrophysical bodies (cool stars, planets, and planetary discs)
at a broad range of temperatures. Demands for extended line lists covering many millions of transitions
are best met with high quality theoretical models. We are using first principles quantum mechanical
methods and empirical tuning based on laboratory spectroscopic data and making extensive use of state-
of-the-art computing. These and other aspects of the line list production will be discussed with reference
to the importance of the high-resolution laboratory measurements.
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ExaMol *UCL

Absorption/emission spectra from first principles:
Towards large scale production
of line lists for molecules

of atmospheric and astrophysical importance

Sergey N. Yurchenko
Jonathan Tennyson and Exomol group

Physics and Astronomy Department
University College London

Hot ammonia: Emission (T =900 K) spectrum

e £ TN 1 T 0%
o n
PR e |

cm/mol

16

Intensity x 10

EXPERIMENT

I E: ] e L) X I ! I o) L] of L] 5 I L I
200 400 600 800 1000 1200 1400 1600 1800 2000
wavenumber /cm

BYTe: S.N. Yurchenko, R.]. Barber, J. Tennyson, MNRAS 413, 1828 (2011).
Experiment: Sh. Yu et al., J. Chem. Phys. 133, 174317 (2010).
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" Ex#Mol

Molecular Line Lists for Exoplanet
Atmospheres

Transit of Venus

Image credit: NASA/LMSAL
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Transit spectrum of the Super-Earth GJ1214b, Hubble

B e

Time {mum:

}}}}

Transit Crepth (%)
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-

£ 4
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combined
1 | -1. - 1.5 £ - ) 1.7 ]
Wavelength (microns)

Bean et al, Nature 468, 669 (2010)
NASA's Hubble

40 ly

Mass 6.55+0.98 M@
Radius 2.678 + 0.13 R®
Charbonneau (2009)

2.45 —

2.40 —

2.35
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HD 189733 b
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63 ly

Pont et al., 2007 ¥

Methane
Water line list: BT2
2006

Barber et al.,

nu’[son etal, 2007
Beauli uetar 2007 ]

Observations _
Model _

Sergey N. Yurchenko

1 G. Tinetti (private communication, 2008) 10
Wavelength (um)
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Transit spectrum of the super-Earth GJ1214b
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Charbonneau (2009)

Ex®Mol “PERIODIC” TABLE

Molecular line lists for exoplanet & other atmospheres

Already
available

CO,
LR o [ [ an] @ [
. - e
ExoMol
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- [ EXE [T BN

www.exomol.com
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Other known sources of hot line lists
UCL: H,0, H3*, HDO, HCN/HNC,HD*,HeH+
HITEMP (HITRAN?): CO,OH, NO,H,0,CO,
P. Bernath’s data (http://bernath.uwaterloo.ca/XY, e.g.XY=FeH)
FeH, CrH, TiH, ...
Kurucz’s CDs, http://kurucz.harvard.edu/
FeH, H,, H,0, H,, SiH, TiO (Schwenke) ...
SCAN data by Uffe Jgrgensen
CH, CN, C,, C5,TiO, and H,0, ...
UGAMOP (University of Georgia)
H,, H,*, HD, HeH*,LiH, MgH, CaH, LiCl, H ...

J. Tennyson AND S. N. Yurchenko, MNRAS, 425, 21 (2012)

Method:
from “first-principles”
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Our approach: from “first-principles”

Experimental

energies or
line positions
are required!

Ab initio calculations:
motion of electrons

Variational calculations:
motion of nuclei

Rovibrational Rovibrational
wavefunctions energies

Intensities (Einstein A;)

Potential energy curve Dipole moment curve

Shayesteh et al 2007

MOLPRO MOLPRO

Solve for the motion
of the nuclei

LEVEL 8.0
R. Le Roy,

Waterloo, Canada UGAMOP

SO GO BEH} 10HM
1
wavoenumbers Jom

B. Yadin et al. MNRAS (2012)
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Line list (in progress): C,

Potential energy Spin-Orbit coupling l

50000

400004 1 - Mullikeg

‘A\AAAAAA — Swerdd l_lU/ !
AAAAAALpas Bajil-Ramsa
i N T (?SSKAAAAAY )

—— Phillips

—— Bemath B "
AR - : -\ — —Bemath B'
10000 ALY 4 )
0 A .:' e o’ L - o \—/
. 4

Timothy W. Scmidt
George B. Bacskay

University of Sydney
Solve for the motion ' LTz T o e iees

of the nuclei

200004

energy (cm-!)
Transitior: moments / D

bond length (A)

T. W. Schmidt et al 2011

It

tEVEL-S:0
Our program duo

Istvan Szabd, E6tvos University

this experiment

energy fem™rl0Yy

Line list (in progress): AlO

. M.D. Saksena et al.
LT J. of Molec. Spectrosc. 247, 47 (2008)

-1
2 1-0

3-2

30000

0
m

Energy in cr

20000

21000 21200
e

B2Z+-X2z+

wavenumber, cm-!

Andrei Patrascu
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Fei Firrih P
Fe{ Fy=00 T

Fel T+0{ ™)

41 g T

1 £

[
YA

F E__ll\l'llrl

Sakellaris, et al. J. Chem. Phys. 134, 234308 (2011)

Methane: in progress

Potential energy - Dipole moment
.
s "

9D surface Three 9D surfaces

130 000 P 130 000

. Ab initio .
geometries 10 electrons geometries

MOLPRO Ground MOLPRO

CCSD(T)-f12/QZ electronic state CCSD(T)-f12/TZ

Line list:
Solve for the motion
of the nuclei

EEVELS-0

TROVE
Yurchenko, Thiel, Jensen, JMS 245, 126 (2007)

1 2 3 4 5 6 7 8 910
wavelength, pm

Billions of transitions
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METHOD:

TROVE

S. Yurchenko, W. Thiel, and P. Jensen

Andrey Yachmenev (Karlsruhe),
Roman Ovsyannikov (N. Novgorod)

TROVE: S.N. Yurchenko, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 245, 126 (2007).

TROVE: Theoretical ROVibrational Energies

Variational calculations

Not exact kinetic energy operator

OpenMP parallelization

For a general molecule of
arbitrary structure, arbitrary
basis sets or coordinates

FBR method (not a DVR)

Black-box program

Intensity simulations
Automatic symmetrization

Lanczos diagonalization
(ElCRutligle=))

Automatic labeling of the levels

Optimized for high J

For a large amplitude motion
(only one)

Vibrational contraction
of the basis set

Basis sets:

Harmonic oscillator

Morse oscillator
“Numerov-Cooley” solutions

TROVE: S.N. Yurchenko, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 245, 126 (2007).
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CH,: Matrix diagonalization (Symmetry representation) Td( M)

1,000,000 elements

1,000,000 elements

CH,: Matrix diagonalization (Symmetry representation) Td( M)

1,000,000 elements

/“Edﬂ 2

1,000,000 elements
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CH,: Matrix diagonalization (Symmetry representation)

n

1,000,000 elements

Sergey N. Yurchenko

-

1,000,000 elements

Theoretical line lists:
Completeness
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Completeness: Absorption of ammonia (T=300 K)

Intensity / [cm / mol]

HITRAN

2000 4000 6000 8000
wavenumber / cm-1

Less than 30,000 NH; lines are known experimentally: our list
contains 1.1 billion lines, or about 40,000 times as many!

Completeness: Absorption of phosphine (T=300 K)

HITRAN

| | 1 | | 1
1000 2000 4000 5000 6000 7000 8000

Clara Sousa Silva
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Completeness: Absorption of H,S (T=300 K)

100000
10000 SPECTRA

1000 i
100 (spectra.iao.ru)

10

Y. Ding et al., JMS 2003

Intensity, cm/mole

100

1000

10000

100000
2000 4000 6000 8000 10000 12000

wavenumbers, 1/cm

Ala’a Azzam

Completeness: Absorption of HOOH (T=300 K)

1E-18
1E-19 HOOH (HITRAN)
1E-20
1E-21

1E-22

| (cm/molecule)

[N
t
N

D

400 600 800 1000 1200 1400 1600 1800

wavenumbers, 1/cm
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Completeness: Absorption of H,CO (T=300 K)
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—_ s e e e e /2
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Andrey Yachmenev

Methane (T=300 K): 1<34

less than 300,000 lines

morejthan 300,000,000 lines

Inensity (crrvimoiecuie)

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
wavenumbers, 1/cm
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CH, opacity at 1000 K
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ExoMol
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Lt
20

S0, (T=300 K)

Series of
experimental works
by Maki, A. Blake,
Sams, Barber, Weber
et al.

Intensity / arb. units

1000 2000 3000

wavenumbers / cm’
Daniel Underwood

Alexander Fateev

Sergey N. Yurchenko Invited Talk 7 217



Intensity [cm/mol]

T
E
E
L
=
]
&
=
SO S L
Sx10b .
L. 200000 4 Experiment i
E Wavenumber [cm’]
-E LMD - L
=,
; by - T 13 T T — T
E § 2HMN) Y] W) SO0y UM
D M) -
=
20000 Theory -
AT MO 4 |
Wavenumber |cm ]
218

Traceable spectral reference data for atmospheric monitoring

Absorption (T=300K) spectrum of NH5: Accuracy

S.N. Yurchenko, R.]. Barber, A. Yachmeneyv, W. Thiel, P. Jensen, J. Tennyson, J.Phys.Chem. A,
113, 11845 (2009).
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Absorption (T=300K) spectrum of NH,: Accuracy
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Absorption (T=300K) spectrum of NH5: Accuracy
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Absorption of Methane (T=300 K)

1x10%
8x10?%
6x10%
— 4x10%

2x10%

Intensity (cnvmolecule

200
wavenumber, 1/cm

NH,: Ab initio spectroscopy vs semi-empirical spectroscopy

SN

HITRAN
UMMM 4

LW 4

] ]

1OHWIHD

Intensity [cm/mol]
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TROVE |
ELECELE ;
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‘ After refinement

Ab initio
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CH,: Refinement of the equilibrium parameters

J Symmetry obs "ab initio" obs-calc Refined r, obs-calc
Al 0.00000 0.00000 0.00000 0.00000 0.00000
F1 10.48165 10.48191 -0.00026 10.48164 0.00001

E 31.44212 31.44290 -0.00078 31.44211 0.00001
F2 31.44239 31.44316 -0.00077 31.44237 0.00002
A2 62.87817 62.87973 -0.00156 62.87815 0.00002
F1 62.87578 62.87734 -0.00156 62.87576 0.00002
F2 62.87684 62.87840 -0.00156 62.87682 0.00002
Al 104.77284 104.77548 -0.00263 104.77283 0.00001

E 104.77603 104.77866 -0.00263 104.77602 0.00001
F1 104.77470 104.77733 -0.00263 104.77469 0.00001
F2 104.78001 104.78263 -0.00262 104.77999 0.00002

E 157.13719 157.14116 -0.00397 157.13721 -0.00001
F1 157.12434 157.12833 -0.00399 157.12437 -0.00003
F1 157.13892 157.14289 -0.00397 157.13893 -0.00001
F2 157.12793 157.13191 -0.00398 157.12795 -0.00002

(0]
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2
P
3
3
3
4
4
4
4
)
)
)
5

Absorption of Methane (T=300 K): after a band shift
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Absorption of Methane (T=300 K)
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Absorption of Methane (T=300 K)
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NH,: Ab initio spectroscopy vs semi-empirical spectroscopy
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‘ After refinement
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Obtaining ‘spectroscopic’ PES
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Still not perfect!
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J=0 contraction

+ H . Using the J=0 eigenfunctions
rot—-vib  as a basis set for J>0

H=H

vib

it
H\-‘ih ¢n = E‘“¢n

1

<¢u |H| ¢HJ> = E:ih(sn.m + <¢n ‘Hmt —vib ¢5m>

Band center adjustment

H = H\'ib + Hrol—\'iis

H\ il1¢u = Er\a.ﬂ‘géu
(&H |Hr ¢m> = Ea\;.ih 5};.;,, + <¢” ‘Hnll -\'ih“ﬁ;u)

vib Obs.
E ™« L

Final tuning:
We substitute the band centers
by the experimental values

Empirical band center correction
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HOOH: non-rigid molecule

Hunt et al, J.Chem.Phys. 42, 1931 (1965)

Vg~ o--2460 oMl

/

2428 /
T 1

X, s*

ViX} = 993 cOS X + 636 COS 2X 4 44 COS 3

New highly accurate ab initio PES
Pawet Matyszek, and Jacek Koput, J. Comp. Chem. 2012

HOOH: accuracy of our calculations 2 Ol SEEELS

€] Kc Obs Calc Obs-Calc Obs Calc Obs-Calc
1 1.712 1.712 0.000 256.255 256.255 0.000
1 10.907 10.907 0.000 265.427 265.427 0.000
(0] 10.943 10.943 0.000 265.474 265.475 0.001

10.268 10.268 0.000 264.777 264.777 0.000
19.374 19.374 0.000 PYERE]) 273.831 -0.001
19.589 19.589 0.000 274.119 274.117 0.002
47.115 47.115 0.000 301.555 301.556 0.001
47.115 47.115 0.000 301.556 301.557 0.001
93.155 93.155 0.000 347.509 347.512 0.003
93.155 93.155 0.000 347.509 347.512 0.003

25.667 25.666 0.000 280.113 280.112 0.001
34.613 34.613 0.000 288.954 288.954 0.000
35.151 35.150 0.001 289.671 289.671 0.000
62.513 62.513 0.000 316.893 316.893 0.000
62.517 62.517 0.000 316.899 316.899 0.000
108.551 108.551 0.000 362.845 362.847 0.002
108.551 108.551 0.000 362.845 362.847 0.002
172.968 172.968 0.000 427.143 427.146 0.003
172.968 172.968 0.000 427.143 427.146 0.003
255.733 255.733 0.000 509.757 509.764 0.007
255.733 255.733 0.000 509.757 509.764 0.007

(O, IO, B0, B, B, O, B O, BV, B O, O, I |
u B B W WNNRE PP O
O P P NN WWR™ P ULO
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Dr. Oleg Polyansky

: accuracy of our calculations, high J

e
Q

Obs Calc Obs-Calc Obs Calc Obs-Calc
789.577  789.581 -0.004 1038.983 1038.925 0.058
793.053  793.065 -0.012 1041.540 1041.481 0.039
809.594  809.565 0.029 1063.053 1063.007 0.046
829.292  829.282 0.010 1080.396 1080.345 0.051
832.547 832.521 0.026 1086.079 1086.036 0.043
876.030 876.017 0.013 1127.862 1127.815 0.047
876.191 876.174 0.017 1128.304 1128.262 0.042
940.027 940.015 0.012 1191.838 1191.794 0.044
940.029 940.013 0.016 1191.850 1191.807 0.043

1022.323 1022.311 0.012 1274.332 1274.293 0.039
1022.324 1022.312 0.012 1274.332 1274.293 0.039
1122.848 1122.837 0.011 1371.047 1371.024 0.023
1122.849 1122.838 0.011 1371.047 1371.024 0.023
1241.304 1241.294 0.010 1491.957 1491.933 0.024
1241.304 1241.294 0.010 1491.957 1491.933 0.024
1381.938 1381.916 0.022 1628.749 1628.731 0.018
1534.588 1534.578 0.010 1782.735 1782.739 -0.004
1707.358 1707.349 0.009 1958.577 1958.558 0.019
1898.169 1898.159 0.010 2148.182 2148.186 -0.004

O 00 N NOOO U B B WWNNBRL PP O

[
— o

Theoretical line lists:
Modeling temperature effects
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Absorption spectra of "*NH,: Temperature effect

1000000
100000
10000

1000%

Intensity / [cm/mole]

1004,

—E, /T B 3N T
R S (e i) e [1— g~ e 4T 87N Vir
o(T) (4rey)3hc

A

wave length / um

Hargreaves et al. (2011)

Absorption spectra of CH,: Temperature effect

, cm/molecule

intensity

—E; /kT _ 3 i
I(E i) = S(F i) 1 - erefi i) L Nl
o) (47 )3hc

]

—— 1000K
—— 600K
—— 300K

wavelength, um
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Ex®Mol “PERIODIC” TABLE

Molecular line lists for exoplanet & other atmospheres
Terrestflall .Planets Giant-Planets & Cool Stars -
dial (Oxidising)
. . T

Already
available

Ry o [ [ ]  [oe
TR o [oo on [ on
ExoMol

CyHe

mmmmwm

www.exomol.com

www.facebook.com/ExoMol
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“The role of refined line shape models and line mixing
for the extraction of high accuracy spectral line data:
Status and need for experimental validation”

Prof. Dr. Ha Tran

Laboratoire Interuniversitaire des Systémes Atmosphériques,
Université Paris-Est Créteil
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Prof. Dr. Ha Tran

Laboratoire Interuniversitaire des Systeémes Atmosphériques, Université Paris-Est Créteil
Université Paris-Est Créteil , 94010 Créteil Cedex, France

Tel: +33 145176558

Email: ha.tran@lisa.u-pec.fr

Research

Molecular Spectroscopy; FIR, IR, NIR Spectroscopy; Intermolecular Collisions and impact on the
line - shape; Molecular Dynamic Simulations; Atmospheric spectra analysis; Green House Gases
Remote Sensing

Education and Professional Experience

2004 Ph. D. Thesis at the Universite de Franche - Comte Supervisors: Bruno Lavorel
(Research Director, CNRS), Pierre Joubert (Professor)
2001 Master of Research at the Universite de Franche - Comte

Activities, Honors and Awards

e  Supervisor of two Ph. D. Thesis and several Master Thesis

e  Member of the French comity Comite Scientifique du colloque JSM (Journees de Spectroscopie
Moleculaire)

e  Member of the IUPAC water spectroscopy task group

e Reviewer of Journal of Quantitative Spectroscopy and Radiative Transfer, Molecular Physics,
Canadian Journal of Physics, Journal of Chemical Physics

¢  Young Scientist Award in Quantitative Spectroscopy, Elsevier, 2009
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The role of refined line shape models and line mixing for the extraction of high accuracy spectral
line data: Status and need for experimental validation

H. Tran, J.-M. Hartmann

Laboratoire Interuniversitaire des Systemes Atmospheriques, Universite Paris-Est Creteil

It is well known that Voigt profiles do not well describe the measured absorption shapes of molecular
gases. For an isolated optical transition (line), this is due to the neglect of the intermolecular collision-
induced velocity changes and of the speed dependences of the collisional parameters. For closely spaced
lines, in addition to these effects, collisional line interferences due to population transfers may also have
significant effects. The resulting spectral shapes can then be significantly different from the addition of
individual line contributions with Voigt profiles. 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
measurements will be shown. Some existing empirical more refined line-shape models and examples of
their application will be presented. Recent theoretical lineshape models developed in our group will be
detailed. In contrast with empirical models widely used ([1] and references therein) where model
parameters are adjusted to measured spectra, our ab initio approaches are directly based on independent
classical molecular dynamics simulations. Very good agreement is obtained between high signal-to-
noise ratio measurements and our predictions!”™. The latter are then used as a benchmark to choose the
“proper” simplified line-shape model to fit measured spectra. Futures works and experimental needs for
proper determinations of line parameters will be also discussed.

1 J.-M. Hartmann, C. Boulet, D. Robert, Amsterdam: Elservier, 2008.

1 N. H.Ngo, H. Tran, R. R. Gamache, J. Chem. Phys., 136, 154310, 2012.

[3] N.H.Ngo, H. Tran, R. R. Gamache, D. Bermejo, J.-L. Domenech, J. Chem. Phys., 137, 064302, 2012.
1 J.-M. Hartmann, H. Tran, N. H. Ngo, et al., Phys. Rev. A, submitted, 2012.
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The role of refined line shape models and line mixing for
the extraction of high accuracy spectral line data:

Status and need for experimental validation

H. Tran, J.-M. Hartmann, N. H. Ngo, R. R. Gamache...
LISA, CNRS UMR 7583,

University Paris-Est Créteil and Paris Diderot, France

ha.tran@lisa.u-pec.fr

Isolated transitions
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The Voigt profile

Voigt profile @ V08! (56— 5 ) = POPPET (65 ) @ LN (56

k] w— (03 ToeT
A= - -
] E; //_\\ _fﬁ':"" Voigt fits of diode 1a§er meaéurement
g os / / /,—-\\\ ol of pure H20 absorption by line near
5 816 nm
: 74\
a1 _ Voigt fit leaves important residuals

with a W shape characteristic of a

) narrowed profile
m

9

Lir]

L

)

X

(=]

o

015 .10 0,05 .00 0.05 00 015
Taem T 3
o Wi g

Problems with the Voigt profile

It neglects:

1. The velocity changes induced by collisions.
The detailed balance: (Vv = V")X f,,(V)= f(V' = V)X f,(V")
— change from v to v’ <v is more probable than that from v to v’ > v.

— reduction of the Doppler broadening — Dicke narrowing effect

2. The speed-dependences of the collisional width I'(v) and shift A(v) of the
line.

This also (in general) leads to a narrowed line
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Simple and widely used non-Voigt approaches

- For the velocity changes effect: The Galatry (soft collisions) and Rautian (or
Nelkin-Ghatak, hard collisions) line-shapes. Introducing a parameter vy,

(or PB) - the velocity changing collisions frequency.

- For the speed dependences of the line-width and shift: The speed-dependent

Voigt profile, assuming a simple quadratic dependence on the absolute speed or

polynomial dependence on the relative speed

L(v)=T,+T,[(v/V)?=3/2] or T(v,))=Av>'

Influence of non-Voigt effects on atmospheric retrievals

In situ absorption spectrum of tropospheric H,O recorded by balloonborne diode laser
and its fits using the Voit profile and the Hard Collision profile

- T T
[l o A
—— In situ atrosphienc speck um \
= YOIGT

e RAUTIAM i
Q.07 |

vtV EED) —(BEY) —

Absarption

003k f \

00! |

T

SOLA
16M10/2001
Aire sur 'Adour (43 7°N)

H,O af 6.8 km

P=4537 hPs

T=-202'C

Rautian
P =z33oopomv
o

Wokgt
Pt-_.t' = 232.75 ppmv

71852 71853 71854 71855 Ti856

EN
() wave number (em’’)

TI85T 718586

Durry et al, JOSRT 94, 387,2805
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Influence of non-Voigt effects on atmospheric retrievals

HF profile retrieved from ground-based absorption FTIR measurements (Jungfraujoch station) in
the (1-0) R(1) micro-window by using the Voigt profile and the Soft Collision model, compared
with the HALOE (Halogen Occultation Experiment) profiles smoothed.

Ngo et al, JOSRT 113, 873, 2012

50 —
—&— Voigt |
—a— soft |
45 g —-———- g
)
40 1 s
= "
4
g™ 1o
£ v
[ i
i 1 i :
II
N 1 - '
i
20 | - . f,’ &\)
1] 05 1 15 2 -20 -0 0O 10 20
vmr (ppb) FTIR - HALOE smoaothed (%) 7
Barret et al, JOSRT 95, 499, 2005
Influence of non-Voigt effects on line parameters determination
(Diode laser) Measured absorption of pure H,O (left) and H,O in air (right) and their
differences with those adjusted using the VP, HC, and SDVP
04 it T
300 Torr
i o2s]  Tor
E 03 10.06 Torr A | 150 Torr | '.I|
B 8.04 Ton [ 0.204 100 Torr A
B —— 6.05Ton i) i A
o2 & ff 015
0 T\
= ) ;'.i." ' u_ﬂ}.'
01 d Jl A
.'\.',.":. ?_:’I ":_ 0.0% | 5
00 J \ ’F N 000 N E—
T o4 R i VP| 04 VP
£ e A 4 : e A 2
l% Do M‘Eﬁ‘w \. 'JGFJ e (.0
; 4 04
T 041 HC o4 HC
é 0.0 — s 00 .'“— —— e
.g -0.4 | ) ) . ) ) ) ) . D4 o
x 04 SDvp 04 SDVP
S 00 pemermE T e T m—— 0.0 - b TENE
- -0.4; D4
03 02 01 0.0 0.1 02 93 02 91 00 01 02
Relative wavenumber (cm ')
8
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Influence of non-Voigt effects on line parameters

Ratios of the self-broadening coefficients and intensity obtained by the HC (o) and SDVP
(=) to those obtained by the VP, for 13 H,O lines in the near-infrared.

1.16 1.03
a a
1444
112 4 | 102477 :
1 i€
1.10 ] 'y }'
£ iy | .
| B ol L 1009
L " g ' i = e
o 1084 \I.' I ;’ i - =HE S = ——
po ] | 1.068] = ] ] ] | 1.007
2 ‘T — > ) a ?
g %1 1 N a.. 1082 2,004 =
@ iy - g L
1.04 ~ E 5 w = =
mya " oged =
1.00 -
0.98 .
e S T s Y= I ik = i 7
I R L T o 1 2 3 4 5 &
Intensity (107" em”’ molec' em) 9

Ngo et al, JOSRT 113, 873, 2012

Remaining problems with these simplified non-Voigt approaches

Dependence of vy, on pressure
Relaxation of the 317.2 GHz line of O; in collision with O, at 240 K.

4000 - 317.2GHzlineof O; | il
0 -broadening at T=240K |
3500 - 'O rate in biue (SDVP) |
F 3ar. W ratein blue (SDVP) :
3000 - vy rate in red (SC) ' o
N -
E 2500 |- :
o 3
-
@ 2000 |-
€ i
= 1500 |- ™ i |
x L o
@ =
@ 1000 - ; -
0 __ = E"’ { i
g (‘:/i-"." E
’ i i i i
0 200 400 600 BOO 1000
P, (mTorr) 10
Rohart et al, J Mol Spectrosc 251, 282, 2008
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Remaining problems with these simplified non-Voigt approaches

H,0/N,, 2v,+v; 4, <=3 line

1600 | 5
Gp .._IL:-'
NGP Py
SDNGP
= =20 x SDBEepP
%, Vit
800
B
= -
400 | g =
= .Q'."-_-_"__R:,___::——— T — e R
o T ——— - T~ A
0 20 40 o

pressure (kPa)

11
Lisak et al, Phys Rev A 73, 102507, 2006

Our approach: Try to fix as much parameters as possible with

values derived from independent calculations.

Starting from an input reliable inter-molecular potential

1- Carry Classical Molecular Dynamics Simulations to get the velocity
changes collision-kernels f(v — V') (ie the frequency at which the

velocity changes from ¥ to V' )

2- Carry semi-classical calculations of the broadening and shifting
coefficients vs the relative speed v, from which the dependence on the

absolute speed is easily derived

12
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Classical molecular dynamic simulations (CMDS)

» Compute the time evolution of the system using the classical equations, for

molecule 1:
mv, =f and I =%

where the force f and torque T are computed from the potential gradient summed
over all nearby collision partners ZWJ

J#1
— This provides the c.o.m. positions and velocities as well as the orientations and

angular velocity of all molecules at all times

Velocity changes by using MDS

* Directly deduced the kernels by looking at the molecules with given velocity at time
zero that have other velocity at time t: H,-H,, H,-Ar

» Assume a velocity changing model and deduce its parameters from proper velocity
auto-correlation functions by CMDS: H,0-H,0, H,O-N,

13

Velocity changing by the Keilson and Storer model

- —
_3/2 v -0y

st(‘_’»%‘#"):VVcX(I_az) X f o

1-o

¢/ : memory parameter

2 limits

=0 = fO=V)=v, . fiz(vV'") — Hard collision model

a=1 = fO=V)=v,.00,V") —  Soft collision model

— KS more realistic than these two extreme cases and more suitable for intermediate cases

14
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The KS model: Determination of model parameters

With KS model, the expressions of the time auto-correlation functions of the velocity and

of the kinetic energy are analytical.

D (1) o< exp[—Vy (1 - 0)t]
T=296K; dyo=0.02 amagat

D (1) o< exp[—Vyc (1 - 0)t] 1o

— Vyc and o can be directly derived 081

D () o< exp(—t/ 1T,
from the MDS results for these to £ () o< exp( g)

(- . A —————

auto-correlation functions
0.4

Results at 296 K and 1 atm

0.2

Normalized auto-correlation functions

H,0-H,0 : D _(t) < exp(—t/T,)

Vye=0.054 cm! ool ——

(X = 0. 17 0 50IOO 10(‘)00 15(‘)00 20(‘)00 25(‘)00
time (ps)

H,O-N,:

Vye=0.023 cm! 15

a=0.13

CMDS results: Correlation between velocity- and state-changing collisions?

296K, 1 amagat, 5%H,0, 95% N,

Erot=462 cm’!

_—Nuv,t) Ny (VXN (0,1)

C
S
2
>5
o
o
o
he}
2
= Erot=833 cm’!
£
o
=z
0 50 100 150 200 250 300 350 400

time (ps)

Conclusion: There is a partial correlation between velocity- and rotational state-changing

collisions and the magnitude of this correlation depends on the considered line 16
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Speed-dependent broadening and shifting

Pure H,0, 296 K 6, (<=5, 5 line, 2v,+Vv,+V; band

0.8
¥(v,) and 8(v,) calculated, versus the Caloulated
relative (HzO—perturber) speed v, Wlth 0.7+ From quadratic law fitted to spectra
the CRB semi-classical model 06
g 0.5
S
- 0.4 4
§
g 0.3
Mean absolute speed
0.2 4
Then averaging over the Boltzmann .
e o 00 ' ' ' '
distribution of the perturber velocities : o - o o
v, gives Y(v) and 8(v) vs the absolute Absolute speed (m/s)

speed v of the H,O molecule

17

Model-experiment comparison

With the model (Vy, ¢, correlation from MDS) and SD from semi-classical (fixed inputs)
we compute the line shape.
Then we fit the calculated spectra (as the measured ones) by Voigt profiles and look at the

residuals.

Pure H,0, 296K, 2v,+v,+Vv, band: — measured, — calculated
0.4

0.2+

12}

S } } } 0.6

b \ ) [ 03
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] t-02 v r-0.4
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4 0.00 ‘
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Ngo et al, J Chem Phys 136, 154310, 2012
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Model-experiment comparison

H,0/N,, 296K, v;, H,0O/air, 296K, 2v+Vv,+Vv,
11,,¢-10,,,, 114;4=10,,, doublet 5,5¢4,, line

— measured, — calculated
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Ngo et al, J Chem Phys 137, 064302, 2012 oo fem )
Model-experiment comparison
H,0/N,, v, band lines
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spectra with Voigt profiles.
20
Ngo et al, J Chem Phys 137, 064302, 2012
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Influence of different contributions on the line-shape

w7 0.44 4 A—R
|5
©
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--- VP
T T T T
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r /r 21
Tran et al, J Chem Phys, submitted

CO,: Ab initio line-shape calculations by CMDS

- The classical rotational angular momentum is requantized, and the Doppler term is

introduced.
—iK(®)-G() T\ F7 o +HiK(®).G(0
d)((o,t):<e (@41 (1).d(0)eHR(@-d( >>
l te —iomt
F(w) =Req— [T ®(m,t)e” " dt
27
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Hartmann et al, Phys Rev A, submitted
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CO,: Model-experiment comparison

Voigt-fits residuals for the P(14) line of the v,+5v; band, ® measured, — calculated

50 Torr

100 Torr

150 Torr

{ 200 Torr

Normalized fit residuals (%)

250 Torr

300 Torr

015 010 -0.0s 0.00 0.05 0.70 0.15
o—G, (cm ) 23

Hartmann et al, Phys Rev A, submitted

CO,: Model-experiment comparison

Observed (symbols) and calculated (lines) broadening coefficient and fit residual amplitude
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Conclusions, future studies

. Molecular Dynamics Simulations appear as interesting tools to model line shapes

without use of phenomenological approaches.

. CMDS spectra can be used as a benchmark in order to choose or to build up a

simplified approach suitable for practical applications such as atmospheric spectra

predictions.

. For H,0O, it was shown that the pCSDHC is the most suitable for line-shape

modeling.

Studies of other radiating molecules (CO,, CH,, O,), other perturbers from light to

heavy ones for which the speed dependences and velocity changes are expected to

be very different -> a common model?
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Non isolated lines. Collisional line-mixing
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Introduction

CH,/N,,R(6) manifold, P=900.5 hPa, T=296 K

In some cases, for closely spaced lines, the
Voigt profile fails when P increases. It predicts

5 shapes that are too broad.
A
!
F 0.2 A2 " A11
0.0 F21 FzF11
E1‘ T
-0.2 - T T T T
6076.6 6076.8 6077.0 6077.2 6077.4
Wavenumber (cm'1) Energy
1 f ﬁ’,—'— f
1 : 7
- | S
Collisions induce transfers of populations : i Optical
! Ve i
between the levels of the two lines that . i Transtions
lead to transfers of intensity between the . = i
. Yy & : P ‘
lines. ' 4 j’?‘
E i ' </ 4
Collisions
Introduction

Need to know the « relaxation matrix W» whose off-diagonal elements represent
the couplings between the lines, the diagonal ones being I" and A.

For moderate line overlapping, a first order perturbation approach is possible.
Then we only need to know one line-coupling parameter (Y, related to the W
matrix elements) per line

Y, = 2Zﬂ—wkf
= d o, —o,

28
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Laboratory studies

Measurements: increasing number of measurements for various absorbing species,
pure or diluted in various mixture

- Generally limited to the Y’s (limits in pressure)

- Efforts still needed for the T dependence

- Almost nothing on H,O

Calculations: various models, more or less based on parameters adjusted on
measured spectra

- Fitting and scaling laws

- Semi-classical approaches from intermolecular potential

- Fully quantal approaches (simple systems)
Generally lead to agreement with measurements within better than 5%

Available data:

- CO,, O,, CH,, NH;, CH5CI, ...
- A lot on Raman Q branches

- H,O missing

29

Influence on retrievals. Vmrs soundings

Neglerting Line=Mmng

< Fits of a ground based
transmission spectra in the
region of the 2 v,+ v,
band of CO,

]"l IJ-|

E

: lhﬁa:ilnm fmha

il

e 0 B e e

i ol | I
Wﬁb r1”|”'Mw WM ]

e
Significant errors (10%) on &
the CO, atmospheric amount. 3 , o0l
Sinks and sources !!! =

UT Heur

Hartmann et al, ACP, 9, 7303, 2009
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CH,/air, 2v; band

Influences of line-mixing on line parameters determination

Voigt LM i
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Tran et al, JOSRT, 111, 1344, 2010

Conclusion

- Large progresses on knowledge and modeling of collisional effects on
molecular spectra from laboratory studies

- Increasing evidences of influence for remote sensing

- Becoming a key issue for high precision soundings (OCO, ACE, ...)

- Widely used Voigt isolated line profile progressively abandoned

Remaining problems

- Many laboratory experimental and theoretical studies still to be made
large range of pressure
very long paths

- A lot to be made for remote sensing
Standardized data for spectral shapes
Include more collisional shape parameters in database
Develop efficient computing routines

32
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“Cavity ring-down spectroscopy
for high-precision molecular line parameters”

Daniel Lisak

Institute of Physics, Nicolaus Copernicus University in Torun
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Prof. Dr. Daniel Lisak

Instytut Fizyki , Uniwersytet Mikotaja Kopernika
Grudziagdzka 5/7, 87-100 Torun, Poland

Phone: +48 609768516

E-mail: dlisak@fizyka.umk.pl

Research

The main research activity is related to atomic and molecular spectroscopy, particularly spectral line
shapes investigations. It includes study of such effects as collisional broadening and shifting of lines,
dependence of collisional parameters on velocity of molecules, Dicke narrowing. The recent
experimental work devoted to H>O, O, and CO; spectra is based on frequency-stabilized cavity ring-
down spectroscopy (CRDS). Spectrometer constructed at NIST was used for optical hygrometry with a
primary humidity standard as a gas source. These experiment allowed to quantify systematical errors of
trace water vapor measurement associated with line shape models. Investigations of O, and CO,; spectra
were motivated by application to remote sensing of atmosphere composition and improvement of
spectroscopic databases. It is focused on spectral line shapes and transition frequencies measured with
the optical frequency comb. The most recent research done at NCU is focused of the limits of precision
and accuracy of CRDS method.

Education and Professional Experience

2012 2-months research trip to the National Institute of Advanced Industrial Science and
Technology AIST, National Metrology Institute of Japan NMIJ, Tsukuba, Japan, working
in the group of Dr. Hisashi Abe

2005 —2008 Postdoctoral research associate - (19 months) in the National Institute of Standards and
Technology - NIST, Process Measurements Division (Gaithersburg, MD, USA). Working
in a group of Dr. Joseph T. Hodges

since 2004  Assistant Professor in the Department of Atomic, Molecular and Optical Physics of the
Institute of Physics, NCU

2003 1.5-month research trip to the Universita di Napoli "Federico II", Dipartimento di Scienze
Fisiche (Naples, Italy), working in the group of Prof. Antonio Sasso

2002 — 2004 Assistant in the Department of Gas Phase Spectroscopy of the Institute of Physics, NCU

2003 Nicolaus Copernicus University in Torun, Doctor of Physics

1998 Nicolaus Copernicus University (NCU) in Torun, Master of Physics
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Cavity ring-down spectroscopy for high-precision molecular line parameters

Daniel Lisak

Institute of Physics, Nicolaus Copernicus University in Torun

Cavity ring-down spectroscopy (CRDS) is one of the most sensitive of laser spectroscopic techniques,
which allows for investigation of weak molecular spectra with very high resolution and precision'". The
frequency-stabilized CRDS (FS-CRDS) technique, first developed at NIST, Gaithersburg MD'?!, and
further improved at NIST and at UMK Torun, Poland*® will be presented with technical details. The
ring-down cavity is actively length-stabilized to the reference HeNe laser to eliminate any temperature-
induced drift of the resonant frequencies and the probe laser is mode-matched and locked to the TEM,
mode. Single-mode excitation of the cavity enables to achieve high-quality exponential decay signals
and eliminate systematic errors of the measured absorption coefficients. In the most recent configuration
the probe laser is Pound-Drever-Hall locked to the ring-down cavity™®!. It was demonstrated that spectra
with extremely high signal-to-noise ratio (SNR) of over 2 x 10° can be achieved'®. The frequency axis of
measured spectra is determined by direct comparison of the probe laser frequency to the optical
frequency comb (OFC) at each point of the measured spectrum. This approach enables to determine
molecular transition frequencies with relative uncertainties 10,

FS-CRDS spectrometer was used to low-uncertainty measurements of line intensities, collisional
parameters and line frequencies of molecules of atmospheric interest, such as oxygen, water vapor,
carbon dioxide. Particular attention was paid to the influence of the line spectral line shape model on
systematic errors of determined line parameters. Such physical effects as Dicke-narrowing and the
speed-dependence of collisional broadening and shifting have to be taken into account in data analysis in
order to reduce uncertainties of line parameters below 1 percent, as required in many modern
applications.

D.A. Long, A. Cygan, R.D. van Zee, M. Okumura, C.E. Miller, D. Lisak, J.T. Hodges, Chem. Phys. Lett., 536, 1,2012.

J. T. Hodges, H. P. Layer, W. W. Miller, G. E. Scace, Rev. Sci. Instrum., 75, 849, 2004.

J. T. Hodges, R. Ciurylo, Rev. Sci. Instrum., 76, 023112, 2005.

D. Lisak, P. Maslowski, A. Cygan, K. Bielska, S. Wojtewicz, M. Piwinski, J. T. Hodges, R. S. Trawinski, R. Ciurylo, Phys. Rev. A., 81, 042504, 2010.
A. Cygan, D. Lisak, P. Mastowski, K. Bielska, S. Wojtewicz, J. Domyslawska, R. S. Trawinski, R. Ciurylo, H. Abe, J. T. Hodges, Rev. Sci. Instrum.,
82,063107,2011.

A. Cygan, D. Lisak, S. Wojtewicz, J. Domyslawska, R. S. Trawinski, R. Ciurylo, Meas. Sci. Technol., 22, 115303, 2011.

S. Wojtewicz, D. Lisak, A. Cygan, J. Domyslawska, R. S. Trawinski, R. Ciurylo, Phys. Rev. A, 84, 032511, 2011.

A. Cygan, D. Lisak,S. Wojtewicz, J. Domyslawska, J. T. Hodges, R. S. Trawinski, R. Ciurylo, Phys. Rev. A., 85, 022508, 2012.

J. Domyslawska, S. Wojtewicz, D. Lisak, A. Cygan, F. Ozimek, K. Stec, Cz. Radzewicz, R. S. Trawinski, R. Ciurylo, J. Chem. Phys., 136, 024201,
2012.
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Cavity ring-down spectroscopy for high-precision
molecular line parameters

Daniel Lisak

Instytut Fizyki, Uniwersytet Mikotaja Kopernika ﬁ
Torun, Poland

Principles of CRDS

* Frequency-stabilized CRDS

* Experimental realization

e Spectral line shapes and line intensity
* Low-uncertainty data

e Conclusions
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Cavity ring-down spectroscopy - CRDS

RING-DOWN
EVENT

Decay time

7(v) =

High reflectivity mirrors

L

LASER LASER

LIGHT HIGH-FINESSE LIGHT

INJECTED RESONANCE CAVITY LEAKED
Beam shutter /

c(l1-R+a(v)L)

Exponential decay:
t

[v)=I,(v)e *

[e(vy)] "= apg(v,) + au(v,)

= ay,(v,) +nc 2 Sigi(v,—vy),

> high sensitivity
> high spectral resolution
> insensitive to laser power fluctuations

_,

MM-CRDS — Multi-Mede CRDS

Multi-exponential decay — limitation of sensitivity
1.0
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Pulsed laser
FSR=1.12 GHz
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Separated by 187 MHz
J. T. Hodges et al., J. Chem. Phys. 105, 10278 (1996)
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Single-exponential decay— increase of

SM-CRDS — Single-Mede CRDS

sensitivity and accuracy
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Frequency-stabilized cavity ring-down spectroscopy FS-CRDS

J. T. Hodges, D. Lisak, Appl. Phys. B 85, 375 (2006)

Vibrations and thermal drift of cavity resonances

SM-CRDS
E
(=]
5
g
FS-CRDS * — Frequency-Stabilized CRDS 35 : 5 -4
8 FS-GHDS Av [GHz]

Active stabilization of the optical path length in the cavity

JL L

=d

(et)! [10% cmr']

5
4
3
."'i.‘h" [GHZ] Frequency reference
*Hodges, Layer, Miller, Scace, Rev. Sci. Instrum. 75, 849 (2004).
Laser lock to the cavity
low-bandwidth lock FS-CRDS

t
high-bandwidth Pound-Drever-Hall lock POH-locked FS-CRDS
-

Increase of repetition rate— faster signal averagiing — increase of precision

optical feedback lock (Grenoble)  Morville et al., Appl. Phys. B 80, 027 (2005)
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Experimental setup of PDH-locked FS-CRDS

to pump gas inlet

& i
[ \
\ /

ML<>

b ‘mluu,,w.

fo =fo + nfrep

resolution % 1 MHz to 10 kHz

i th I
depending on the recerence laser detection limit MDAL =2 x 100 cm?

3000 decays in 0.2 s, f ., = 15 kHz (7.5 x 101 cmt HZz'1/2)

Experimental setup of PDH-locked FS-CRDS

Laser scan with a step FSR =~ 204 MHz Laser scan with decreased step — by tuning the reference laser

resolution = 1 MHz to 10 kHz detection limit MDAL = 2 x 1019cm™?!
depending on the recerence laser (7.5 x 101 cmt Hz'%/2)

3000 decays in 0.2's, f, = 15 kHz
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Spectral line shape and line intensity

4 lines of H,0 near 7156.817 cm™ broadened by N, number density
15 - ’ - line intensity
SNR < 2100 ‘ pékgg): absorption coefficient line shape function
14 B
13.3
~1ah « 262 o(v) =ncXZS;g(v-v)
= :
g M J I Area=ncS
PEREE \
S ol /| — Pressure dependence of the fractional
Ny difference in the fitted area AA; (relative
oo r NN to SDNGP line shape model)
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D. Lisak, J. T. Hodges, Appl. Phys. B, 88, 317-325 (2007) p (kPa)

Semi-classical line shape models:

Spectral line shape
e Free motion of absorber, pressure (collisional)

models and Doppler broadening statistically independent
— Voigt profile (VP)

e Dependence of collisional width and shift on
absorber velocity — Speed-dependent Voigt
profile (SDVP)

Speed-dependence functions for
van der Waals interaction

\ By (x)=T(x,)/T, Bs(x)=Aw, )/A,
& (a=22) where x=v,/v, ; v, is the absorber speed and
: =32
a ((2 - 1_1)5, v, is the most probable absorber speed.
x (e =0.74) Quadratic speed-dependence model:
¢ t:gii; B, (x)=1+a,(x*-3/2) and By(x)=1+ay(x>~3/2)
1.0 —— ) ¢ Velocity-changing collisions (Dicke narrowing)
. RN ™ Ve — frequency of velocity-changing collisions
: K % (optical collisions)
0.0+~ : S o soft collision model — Galatry profile (GP)
? ! - 8 X 4 e hard collision model — Nelkin-Ghatak profile
(NGP) (or Rautian profile)
fix) — Maxwell distribution of velocities billiard-ball model — (BBP)

o —perturber to absorber mass ratio
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O"exp — Ot

F H,O 10687.36 cm-' + SFq 26.7 kPa

13.3 kPa

53.3 kPa

6.7 kPa

26.7 kPa
B N .Y vP
- L e ‘
e, P BBP
L et Sewm L
ettt w2 DVP
I’ -~
SDBBP
"SDNGP

v =V, (GHz)

High mass ratio of SF¢ to H,0 (a=8.1) and high pressure
shifting of line leads to strong asymmetry caused by the
speed-dependent effects

relative line intensity error (%)

0 20

Spectral line shape and line intensity

Systematic error of line intensity
determination caused by simplified
line shape model

H,O line 10687.36 cm! perturbed by SF4

4

o

60

Spectral line shape and line intensity

HJO 7179.75201|cm{! D. Lisak, D. K. Havey and
| +[13.3 kPa of N, J. T. Hodges, Phys. Rev. A
79, 052507 (2009)
6.8~ H,0 line 7170.27781 cm-! + VP
+13.3kPa of N, $ -GP
- = - SDNGP
£ PR
© 64l . . .
N VP fit underestimates line
2 S area by 2% do 11%,
® depending on scan length
5 6
(0]
£
56 | | | 1 1 |
0 4 8 12 16 20 24
scan length (GHz)
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System for H,0 spectra (1.39 um)

NIST primary standard
humidity generator

FS-CRDS built at NIST (USA)

H,O spectrum

chilled-mirror hygrometer

Uncertainty of H,0 line intensities

g 1.20 - . combined
(%] ¢ - sample generation
E % FS-CRDS measurement In most cases
5 080l u(S)/S < 0.4%
o L2
o
g °
©
<4 ®
€ 040} . 2 . For the strongest line relative
< . .
% ® L 3 §> b M contribution of sample
X X .
= w xx 0o XXX generation and CRDS
£ 0.00 — '_22 - ™ measurements are comparable
10 10 10 10
S (cm'/(molec. cm?))

D. Lisak, D. K. Havey and J. T. Hodges, Phys. Rev. A 79, 052507 (2009)
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1.05

S, Sy relative to Serps
o
o

0.90

H,0 lines near 940 nm measured by
FS-CRDS compared to other data

1 1

— CRDS
el (U(S)/Scros) = 0.0067
o o AT B 1.0049
—T—l‘f T ii—é?- T Y

2 3

4
Scros (1022 cm molec.™")

[HT] L.S. Rothman, et al., J. Quantum Spectrosc. Radiat. Transf. 96, 139 (2004)
[TT] R. Tolchenov, J. Tennyson, JQSRT 109, 559 (2008)

D. Lisak, J. T. Hodges, J. Molec. Spectrosc., 249, 6-13 (2008)

Line intensity measurements

110

H,0 lines near 1.39 um measured
by FS-CRDS compared to other data

i ® (85, =0801 ¥ (3/50=1.024
® (Bt = 1020 & {S5) = 0988
0.90 = 4 .
10" 10" i 10"

5 [em'f{malec. em 7))

[P] B. Parvitte, V. Zéninari, |. Pouchet, and G. Durryet, JQSRT 75, 493

(2002).

[PS] H. Partridge and D. W. Schwenke, J. Chem. Phys. 106, 4618 (1997).
[T]J. Tennyson, private communication.

Saturation spectroscopy

- decrease of relative line positions uncertainty
by up to 3 orders of magnitude

- decrease of line area (~intensity) uncertainty
by an order of magnitude

Af from Lamb dips Af from lineshape fits
parametr value uncertainty value uncertainty uncert. ratio
areal 35217 206 | 35888 2025 9.8
area2 22854 161 23119 532 3.3
area3 5552 305 4622 3094 10.1
delta f 1-2 -366.338 0.014 -369 8.8 620
delta f 1-3 217.376 0.019 225 291 1518

fe) (10 " em ')
&

\s

D. Lisak, J. T. Hodges, Appl. Phys. B, 88, 317-325 (2007)

~1 MHz-wide Lamb dips

Detuning (MHz)

X STL, Swinoujscie 2012
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PDH-locked FS-CRDS, limits of precision

Oxygen (1€0,) B-band R7Q8 line at 933 Pa

with 1000 spectra averaging the
quality of the fit (QF) is about 80000

QF = (amax - amin)/sR

signal-to-noise ratio = 220000

A. Cygan, et al, Phys. Rev. A 85, 022508 (2012)
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Lirs possiten (GHE)

Oxygen B-band spectra

Oxygen B-band, transitions
frequencies & pressure shifting
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J. Domystawska, et al., J. Chem. Phys. 136, 024201 (2012).

u(vy) =1.1 MHz

@ Gordon [25]
HITFLAN 2008 |20)

Chassh [30] .

{ L2

[25] Gordon, et al. JOSRT 112, 2310 (2011)
[20] Rothman, et al. JQSRT 110, 533 (2009)
[30] Cheah et al. JQSRT 64, 467 (2000)

Conclusions

* FS-CRDS properties:

* Allow for measurement of very week

Is based on time and frequency
measurements with well determined
uncertainties

High dynamic range: SNR > 200000

High spectral resolution: Af < 50 kHz
demonstrated

High precision of measurements:
0,/5<0.2%

spectral lines:

Line intensity, collisional broadening
and shifting, subtle line-shape effects

SNR evolution (2010 — 2012)

81 LiniaR7 Q8 0,

p =933 Pa

a o N

1/(ct) (10 cm*)

IS

3 1 1 1
0.01

P FS-CRDS 1 SNR = 1375
0
.0.01 L 1 1 1 1 1 1

E
S
& 0.01 - PDH-locked FS-CRDS SNR =5917
hat 0 s e At N op et notprrgFnne
g 1 1 1 1 1 1 1 1
3 -0.01
a
& 0.01 ~PDH-locked FS-CRDS SNR =220000
0 (1040 skanow)
_0.01 1 1 1 1 1 1
-3 -2 -1 0 1 2 3

dv (GHz)

— Line shifting and precise line positions of weak lines — reference

to OFC

* Low-uncertainty determination of spectral line area
(line intensity) requires knowledge of line shape function
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FS-CRDS, recent papers

D. Lisak, P. Mastowski, A. Cygan, K. Bielska, S. Wéjtewicz, M. Piwinski, J. T. Hodges, R. S. Trawinski, R. Ciuryto,
“Line shapes and intensities of self-broadened O, bIZQ*( v=1) & X3Eg'{ v=0) band transitions measured by cavity ring-down
spectroscopy”, Phys. Rev. A 81, 042504 (2010).

A. Cygan, D. Lisak, P. Mastowski, K. Bielskal S. Wéjtewicz, J. Domystawska, R. S. Trawinski, R. Ciuryto, H. Abe, J. T. Hodges,
“Pound-Drever-Hall-locked, frequency-stabilized cavity ring-down spectrometer”, Rev. Sci. Instrum. 82, 063107 (2011).

D. Long, K. Bielska, D. Lisak, D. K. Havey, M. Okumura, C. E. Miller, J. T. Hodges, “The air-broadened, near-infrared CO, line shape
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Dutch Metrology Institute, Van Swinden Laboratory (VSL)
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Primary Referencg'Gas Mixt
Preparation/& Analysis

15-16 November 201

VSL (Van Swinden Laboratory)
— Dutch Metrology Institute

National measurement standards
— Maintenance, Development
— Assure international traceability
Main Departments
— Calibration and Reference materials
— Customized Applied Metrology
— Research and Development
Metrological services (industrial metrology)
— Calibrations, Traceability
- Consultancy, R&D
- Training (Metrology college)
- Interlaboratory comparisons
Private company with a public task
- 97 employees; Turnover 13,2 M€ ; 35% from ‘market’
- Website: http://www.vsl.nl

Jan Hendrik van Swinden
“The meter” (1799)

Pag.
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i 1 Overview of mixture
'S4 preparation

Static mixture preparation
- Root of metrological traceability chain in gas analysis
- ‘Stable’ components

Dynamic preparation
- Very low amount-of-substance fraction levels
- ‘Unstable’ components

-'!-,\.'-x :" e

b =

ot ol 1Y Pag. 3

Primary realisation of mole

A primary realisation (PSM) of the amount
fraction in a static gas mixture involves:

—accurate weighing (incl. buoyancy correction) of pure
parent gases (or liquids) in a clean high pressure cylinder

—impurity analysis of the parent gases/liquids

- Analytical verification of the composition against a
coherent set of primary standards

- Stability testing

Problems: low amount fractions (nmol/mol) for
reactive gases, sorption on cylinder wall, isotopic
variation

Motrology Pag.
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Equipment for the gravimetric preparation

';- ; n?ﬁ"'r-

analytical balance

; ! T for weighing
automatic | efor | liquids

filling station 5-liter cylinders

= M

Typical relative uncertainty of gravimetric preparation

e The uncertainty of the calculated mole fraction is affected by the
uncertainties of:

-weighted masses parent gases: 0.002 - 0.1 % rel.,
- the parent gas composition: 0.0001 - 0.005 %rel.,

-molar masses of components: 0.0003 - 0.006 %rel.

e Standard uncertainty from one differential weighing on automatic balance
is 6 mg. It demands that ideal mass of added gas is at least 20 g.

e The pure component, under the laboratory conditions in a liquid state, is
inserted into the vial with septum cap. Through this cap it is possible to
take it into the syringe. Filling to the cylinder is realised by the injection
through heated sample loop

ST A
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{ Validation of composition

Standard for comparing gas
mixtures: 1ISO 6143

274

environmental
monitoring, law
enforcement, custody
transfer,....
PRMs
= CO, CO,, O,, C;Hg, CH,, SO,, NO, NO,, N,0O, H,S, BTEX,
medical diagnostics, natural gas, ethanol, SF4, NH;, H,0,
VOC (30 components), automotive, coke oven, refinery
gas, sulfurs (H,S, COS, CH;SH, C,H;SH, (CH,;),S),
biogas, stack gas, LPG and Liquid butane

Soon:
= HCI, S-free odorants, siloxanes

Reference gases

Stefan Persijn
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Relative deviation (%)

Key comparison:
example for CO, in air

CCQM-K52 Carbon dioxide in Synthetic air

2.0%
1.5%
1.0% I
0.5% l |
0.0% $|T|+|}|+|~|}|%l T |§|}| T I{I*I*|‘|*|.I
0.5% -
|_ 1 |
1.0%
1.5%
2.0%
- o £ = O 3 Doz 2 = X g =T Y = 4K oTooA
& = = z =
283883383228 22332528¢¢
z = v Z ]
Laboratory

Figure 1: Relative deviation from the reference value with uncertainties stated by the laboratories (k=1)

e Nominal amount of substance fraction: 360 pmol/mol

NO comparison

Year Amount of Substance Fraction (ppm) Relative Bias (%)

NIST VSL
1995 A 60100 G 60036 0.11
A 9984 G 997.74 0.07
A 101.2 G 101.12 0.08
2000 G 3271.0x6.5 A 3274+11 -0.09
G 4858*1.0 A 486.6 £ 1.7 -0.16
G 45.60 +£0.09 A  45.53+0.29 0.15
2003 A 0.496 + 0.006 G 0.500 + 0.005 -0.8

VSL-NIST Memorandum of Cooperation
Bilateral Comparisons
Declaration of Equivalence

Pag. VSL - Technology Chemistry

Stefan Persijn
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£ { Example use of mixtures for
=18 spectroscopic studies

Molecular Physics @ Taylor & Francis

Vol. 108, No, 4, 20 February 2011, 535-542 Takor & Franch Grous

RESEARCH ARTICLE

The effect of collisions with nitrogen on absorption by oxygen in the A-band
using cavity ring-down spectroscopy.

Frans R. Spiering"®, Maria B, Kiseleva®™, Nikolay N. Filippov”, Bas van Lieshout®,
Adrizan M.H. van der Veen® and Wim J. van der Zande"

“Depariment of Melecular and Biophysics, Institute for Molecwles and Materials, Radbowd Universiteit,
AJ 6325 Nijmegen, The Netherlands; Enstitute of Plvsies, 81, Perersburg University,
8t Perershurg-Petrodvoretz, 198904, Russia; “VSL, 2600 AR Delfe, The Netherlamdy

{ Received 12 Augrst 2000 final version received 15 October 20100

This paper reports on the effect of collisions between mitrogen and oxygen on absorption in the A-band near
760 nm under atmospheric conditions relevant for satellite retri studies. We use pulsed laser cavity ring-down
spectroscopy with o narrow bandwidth laser and use pressure scans to increase the accuracy of the measured
oxygen extinction coefTicients. We use the so-called Adjustable Branch Coupling model to describe line mixing in
the magnetic allowed A-band dipole absorption and we retrieve the collision induced absorption spectrum due to
Na-0; collisions.

Table 1. The mixing ratios of the gas mixtures used for Collision-induced absorption
determination of the CIA in OaN> muxtures. has quadratic dependence on
O, amount of substance !
vol.% O, vol.% Ns

Mixture | REES | 46 L1 «’home made’

Dutch Mixture 2 20,97 +0.03 79.0340.03  supplied by VSL

M4 O ! i 2 2 2

.‘|1E;I|r12ﬁ-'w Pag Mixture 3 29.989 4 0.002 70011 £0.002 < Supplied by VSL

Preparation of gas mixtures by
mixing of known (mass) flows of
calibration compound(s) and
complementary gas, usually

Dutch

e nitrogen or air
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Dynamic generation of formaldehyde

ISO 6145-8
mixing
dilution _g:ﬂ JLI_UE;
flow U
control to CRDS = 60-\\'\
purge gas E
o D %1
(7%'40-
9 .
w % of Tt
T
=
60°C TR o B 2o 2o 3 o
oven Time (hours)
Solid paraformaldehyde kept in Paraformaldehyde
oven at 60 °C. Stream of N,, mass release rate

_...burge gas, then further diluted

Comparison measurements with
Hitran 2004

—— measurement
6 —— Hitran database

Apsorpron coemcient (10° cm™)
w
1

2046 2947 2948 2949 2950 2951 2952 2953
Frequency (cm™) 1.34 pmol/mol

Hitran 2004 is incomplete and incorrect (most peaks ~30% too low).
Several studies are based on these Hitran data.

Stefan Persijn
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Comparison with Hitran 2008 &
PNNL

1.34 ymol/mol
74

71 ~ measurement
~ —— measurement ' 64 o PNNL database
't 6 ——Perrinetal. 3 (FTIR spectra
o (Hitran 2008) <
© S 5
e 5 7
£ 5
8 4 o)
o b=
t= @
g 3. 8
S 5
g 2 =
; 2

b <

2046 2047 2948 2949 2950 2951 2052 2953
Frequency (cm’)

Hitran 2008 (work of Perrin et al):
major improvement

Pag.

2046 2047 2048 2949 2050 2951 2052 2953

Frequency (cm)

Agreement with PNNL good

Absorption coefficient (10° cm”")

-
44 40064
—— measurement
o s = — Hitran 2008
E
337 ppb formaldehyde :‘;‘-H‘
g
o
E?&-Dﬁu
g
gi!-ﬂﬁ- [\j\/
0 T T T T T T T T T T T T T D T T T T I[A_l/k-
2895 2896 2897 2898 2899 2900 2E95 289 2BS7 1B 2E9S  2.900
Frequency (cm’1) 20091812formaldehyde2.opj Frequency (cm™)

For certain regions Hitran data for formaldehyde still requires
improvements

Pag.
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Gases in spectroscopic studies

Prepare gases yourself for spectroscopic measurements is not trivial.
For example for formaldehyde (CH,0O):

-generated from paraformaldehyde: water formed
-generated from trioxane: residual trioxane left, carbon monoxide,...

Measuring gas mixtures instead of pure compounds might be
beneficial as it may reduce:

— polymerization
— reactions
— number of absorption cells (i.e, different path lengths) needed.

Motrology Pag.
Inst

vst.  Thank you for your attention

/ /5/))} ;,//))))

Thijsseweg 11
2629 JA Delft
Postbus 654

2600 AR Delft

T 015269 15 00

F 01526129 71
E info@vsl.nl
I www.vsl.nl

Dutch
Motrology
Institute
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“EUMETRISPEC Work Package 1:
Generating traceable spectral line data”

Jean-Jacques Zondy

Laboratoire National de Métrologie et d’Essais (LNE)
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I

EURA@_ETI
-~

WP 1: Generating traceable spectral line data

JRP ENV06 EUMETRISPEC
Spectral Reference Data for Atmospheric Monitoring

Month12-Meeting & Stakeholder Workshop, PTB,
2012-11-14/16

Spectral J.-J. Zondy, LNE; M. Cadoret, Cnam
Reference Data O. Werhan, V. Ebert, PTB
for Environmental M. Vainio, MIKES
Monitoring J. Petersen, DFM
(FP7/EURAMET) S. Persijn, VSL
EURAIMET
. << Outline

v’ Goals of WP1: Traceable laser-based spectroscopic measurements at
satellite facilities (SF) in support/validation of CF-FTIR

v’ Overview of SF laser equipments and some past/recent spectroscopic
measurements/data

EUNETRISPEC

ENV06 — EUMETRISPEC, Month12 Meeting

2 2012-11-14/16 & Stakeholder Workshop

Jean-Jacques Zondy WP 1
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EURAME

o 4 v

Aims of WP1:

* creating a (initial) set of traceable (to national standards) spectral absorption line
data (from near infrared to mid infrared) for stakeholders’ needs

* data to be included in the pre-cursor data store for the Molecular Line Database
(MLDB) and in HITRAN/GEISA (though data may be truncated)

 determination of line data depending on atmospheric conditions by means of
o PTB’s central facility (CF-FTIR, WP2) and
o high-resolution laser instrumentation at CNAM, DFM, LNE, MIKES, and VSL

* measurements according to measurement protocols and traceability strategies
delivered by WP3

—
e |
Levmermisee | EMRP =3
ENVO06 — EUMETRISPEC, Month12 Meeting & ey i
-3- 2012-11-14/16 Stakeholder Workshop T tamr o e
,E.HR..Q..Q"..EI Spectral data to be measured

* providing measurement results on spectral line data for named species according
to measurement protocols delivered by WP3:

o line position v, and (air) pressure shift dv,/dp (acc. 10° cm™ to 10 cm)

o line strength Sy ,q6¢ (1073 relative accuracy)

o air broadening coefficients y,, (103 relative) and T-dependence (107 relative)
o spectral range A: 0.7 — 10um (all intrumentation combined)

o Temperature range: 220/240 => 300 K (CF)

o Pressure range: 10 hPa— 1100 hPa

* by SF as and at anchor points to CF and to report into the pre-MLDB

* by CF-FTS in broader ranges to populate the pre-MLDB

1 maew Meran) Powme v Foag v
ENVO6 — EUMETRISPEC, Month12 Meeting . [P
4 2012-11-14/16 & Stakeholder Workshop e DT Sttt e
284 WP 1
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EURAMNMES Molecules and Spectral ranges
~
SF (line position, linestrength, pressure dependence at T=296 K:

Molecule Spectral Range Tool JRP-Partner
CH, 3150 to 3500 cm™ & 2940 to 3125 cm™! (fs-comb/OPO) MIKES & LNE/CNAM
N,O 2175 to 3525 cm™! (fs-comb/OPO) + QCL MIKES & VSL
CO, ~4810 cm™ and ~ 6250 cm™! DL DFM
HCI 2900 to 3100 cm™! OPO VSL & CNAM/LNE
H,O 6950 to 7250 cm™’ DL DFEM

o, ~7810 cm-! DL DFM
HNO, 3520 to 3580 cm! OPO VSL

CF (pressure broadened linewidth vs Temperature):

Molecules Spectral Range Thermal range Pressure range Tool JRP-Partner
CH, 2900 to 3500 cm-1 220-300K 10 - 1100 hPa FTIR PTB & SMU
N,O 2100 to 3600 cm-1 220-300K 10 - 1100 hPa FTIR PTB & SMU
CoO, 2300 to 6300 cm-1 220-300K 10 - 1100 hPa FTIR PTB & SMU
H,0 3600 to 7250 cm-1 250-300K 10 - 1100 hPa FTIR PTB & SMU
HCI 2700 to 3000 cm-1 296 K 10 - 1100 hPa FTIR PTB & SMU

ENVO06 — EUMETRISPEC, Month12 Meeting

o 2012-11-14/16 & Stakeholder Workshop

EURAMNES
-
Laser absorption spectrometry: equipment & techniques

Table 2 shows the equipment at each of the JRP-Pariner’s and the spectral ranges they are able to cover.

JRP-Partner | Speciral range covered | Instrumentation used: Instrument
CHAMLNE 3 pm fo 4 pm (MIR) OPO= oplical paramelric ascillatar Salellite Facility (SF)
DFEM 127 um fo 2 pm (NIR) DL = diode laser Salefile Facility (5F)
MIKES 3.2 ym bo 4 pm (MIR) OPO= oplical parametric oscillator fsec comb Salefite Facility (5F)
WEL 2.7 pmi bo 3.5 pm (MIR) OFO= optical paramedric oscillator Salellile Facility (5F)
VEL Around 4.6 pm (MIR) QCL=quantum cascade lasar Satellife Facility (5F)
FTB 0.7 pm ko 10 pm (NIR 1o MIR| FT-IR = Feurier Transtorm infrared spectrometer | Central Facility (CF)

Equipment at SFs:
U Tunable near-IR semi-conductor diode lasers (TDL, A<2um) — DFM
* TDLS/multipass cells
U MIR Quantum cascade lasers (QCLs, A ~4-5um) - VSL, PTB
* TQCLS/multipass cells
U Widely tunable MIR cw OPOs (2.8 — 4.3um) — VSL, MIKES, LNE/Cnam
* OPO-CRDS
* OPO-single-pass/multipass cells, saturated absorption spectroscopy
U Optical Frequency Combs based on fs mode-locked lasers (Ti:Sa, Er:fiber)
* OFC-assisted high-resolution sub-Doppler spectroscopy using OPOs
(absolute line positions, hyperfine structure)

EMRP
ENVO06 — EUMETRISPEC, Month12 Meeting O S R

-6- 2012-11-14/16 & Stakeholder Workshop o

Jean-Jacques Zondy WP 1
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Absolute-frequency measurements of CH, and
N,O line centers

* Purpose: Determine absolute frequencies of the positions of
selected absorption lines of methane (CH,) and nitrous oxide
(N,0O), as well as their pressure shifts.

» Measurement range is from 2.85 to 3.45 um (2900 to 3500 cm-1)

» Expected accuracy of the line position measurements is £ 5-100
kHz ( <108 relative acc. for OFC-assisted measurements)

* The measurements will be done at MIKES (CH, and NO,) and
LNE (CH,) using cw OPOs referenced to a frequency comb.

* The measured data will be used as anchor points to validate the
FTIR data of the central facility.

MIKES

Absolute-frequency measurements of CH, and
N,O line centers (referenced to an OFC)

- S

P MIR idler locked to saturation dip and
' ” measured with near-IR OFC after SHG stage

OFC 1- 7 m) 1108 in - B e
—_— - & 3 jam '
[ | | - o5vc ) .
r ‘Wavelength
Er:fibre fs mode-locked Optical Frequency Comb
* bridges optical domain to p-wave time standards < e i34 7 Absolute requeney
_ . & e n | mesurement / locking
VN = Veeo N frep [ e L——
; . Optical Frequency Comb |
. RF RF Pikes : o i
optical l l detector AaomC] | lﬂé.h:nzs:::m
Locked to Cs clock or H-maser /| e
/ ewoma . 4
4o ‘ =
.m} ¥ | 1.. “E: = ?:J '.r'.- il : 1 o

\ SHG

MIKES
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Absolute-frequency measurements of CH, and
N,O line centers

e Current status of the work

» Test measurements done with the first version of the setup, which
was based on a Ti:sapphire-laser frequency comb (see below).

* New version of the setup, based on an Er-laser frequency comb, built
but not tested yet. (OPO pump laser failed, new one ordered).

+ First results (measurements of CH, lines) are expected in Jan-13

082
g o8
g R0
4 . WK
= fae o

088

a0 -20 1] 20 a0
Datuming (MHz)

Example of a sub-Doppler spectrum (Lamb dip) of the F), P(7) v, transition of '>)CH,, measured with the
first version of the experimental setup [using a Ti:sapphire-laser OFC, Opt. Lett. 36, 4122-4124 (2011)].

.~ MIKES

Locking the OPO to an Optical Frequency Comb (OFC)
EEE

»An OFC is a grid of millions of phase-locked equally-spaced longitudinal modes of a mode-
locked Er:fibre fs laser . The spacing is set by the repetition rate f, =250 MHz of the laser
pulses. Each comb absolute frequency (referenced to a time standard) is fy = f_, + N*f,

» By referencing the pump and signal waves frequencies to the nearest respective comb
tooth, one can deduce the absolute frequency of the idler: v, = v - v = (Np—NS)*fr+Ap+AS

OFC (collaboration LNE-CNR/INO, Italy — De Rosa/De Natale)

il |-

+N f
Beat Unit
v Saturation spectroscopy
y setup
Signal PZT

v Sample Cell

OPO ‘ T o

w PD CH;l (30 mTorr)

The comb/signal beatnote A, is used to control the OPO cavity kength and the comb/pump

beatnote A, is fed back to the pump frequency . Hence the OFC absolute stability and
accuracy are transfered to the idler frequency (drift cancellation).

“ LNE )i Laboratoire Commun de Métrologie LNE-Cnam l{j cnam

INO-CNR

Jean-Jacques Zondy WP 1 287



Traceable spectral reference data for atmospheric monitoring

Doppler & sub-Doppler spectroscopy of CH;l
HEn

Inset: Doppler-broadened profile with
nal-wave cavity-stabilized OPO small Lamb dip at the center.

Doppler lines of CH;l near 3.4um

Si

Ricciardi et al, Mol. Phys. 110, 2103 (2012) 5L « _
N T T T T T T T T T

PN /"”’W P=30 mTorr

Transmission (arb. u.)

Amplitude (arb. u.)

-500 0 200 1000 1500 2000
Frequency (MHz) &
> Line strength measurements 4+ Ricciardi et al, Opt. Express 20, 9178 (2012) A
P(19,0): 30 35 40 45 50
S=(2.74 £ 0.04)x10%'cm/molecule Relative Frequency (MHz)
P(19,1) :
S = (2.76 + 0.04)x102cm/molecule Lockin absorption signal of the hyperfine
structure (6 components) of the v,
P(18,3) rovibrational transition of CH,l:
: LNE m Laboratoire Commun de Métrologie LNE-Cnam | ceCcnam
Spectroscopy on CO, in N, at 2 pm D r=mnM

1. 40 m and 200 m multi pass cell absorption
spectrometers have been setup.

2. Negotiating with a commercial CRDS vendor
on acquiring/loaning a system for
comparison measurements.

3. Investigating CO, adsorption effects.

1 m single mode fiber

used for mode cleaning | © oo PUmp
BSI BS2 and gas supply

O o ||
L, dl

(o)

e Signal
gna : L
PD PD it @slh a2t S5 BS1, BS2: removable interferometer

for obtaining a frequency scale

JATRA

12 03/12/2012
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CO, adsorption in the measurement cell Dr=mM

40 m multipass cell filled with 300 hPa certified mixture of 1000 ppm CO, in N,.
Graphs show changes in pressure and spectroscopically measured concentraction.

Where does the CO, go?

0 2 4 6 8 10 12 14 16
Days after filling

= ; {1000 &
£ :/./'/./H/./././ &E
5 =
o 300 1800 &
js =
-8 250 - ° E
© e 1600 ©
o ) T
o 200 o
g) ° [ ] o [ ] E
@ 1501 1400 §
ey =
S 1004 E
? 1200 §
©  50- e
o 9
0 T T T T T T T 0 ON
O
O

13 03/12/2012

CH, line strengths:
3450-3500 cm-! region

leg,, Intensity  fzm’’ mol” em”)

3000 2100 a0 3 Ao J.480 34005 8 3405 3482
wavanumber (em’') Frequency [om "}

Weak CH, lines in the 3450-3500 cm-" region will be measured using OPO-based
CRDS (operating range 2850-3710 cm™)

CRDS CELL

L3

PZT

Dutch
Motrology
natitute
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104

o

Absorption coefficient (10° cm™)

CH, line strengths:
3450-3500 cm region

&

= Measurement CH, (with trace of H,0)
= CH, Hitran 2008

H,0 trace

Abmorption coeffickent {cm ')

3480,0

34805 34810

34815
Frequency (cm™)

+
II
|
|
|

*
|
|

Band calculation (P. Irwin, Clarendon
Laboratory, UK)

o

147 s 1450 148

Fregeency o)

An offset is visible due to contributions from distant methane lines. This offset is

however ~3x lower than predicted by CH, band calculations (often used for
planetary observations)

Measurements at low pressures are planned to measure individual line

Dutoh
Matrology
Inatitule

strengths (awaits availability mirrors with higher R later this year)

Conclusions and prospects

v The consortium of SF is equipped with suitable cw tunable laser sources and
spectroscopic equipments to produce traceable and accurate spectroscopic data sets
from the NIR to MIR up to 4.5 um for anchoring and validating the CF-FTIR facility.

v’ Intercomparision of measured data within SF will be conducted to validate accuracy
and identify potential bias effects

v possible extension of measurements to deeper MIR (5 — 12 um) using DFG laser sources

EUMETRISFEC

-16- 2012-11-14/16

Thank you for your attention!

Spectral
Reference Data
for Environmental
Monitoring
(FP7/EURAMET)

ENVO6 — EUMETRISPEC, Month12 Meeting
& Stakeholder Workshop
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EUMETRISPEC Work Package 2:
“Setup, characterization and validation
of the central facility FTIR spectrometer
for traceable spectral data measurement*

Jens Brunzendorf

Physikalisch-Technische Bundesanstalt (PTB)
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PIB

EUMETRISPEC Work Package 2

“Setup, characterization and validation
of the central facility FTIR spectrometer
for traceable spectral data measurement”

Jens Brunzendorf, Volker Ebert,
Anne Rausch, Anton Serdykov,
Olav Werhahn, Viktor Werwein

PTB Braunschweig

EMRP
Biospen sme Rsews g i EUR A&_E\T
. &

el . Lt B
Thes: EMAP i [ty frdisd 1y Hos ENIRP [sMEc{uplosg Cowrtrus

st ELIUAMET el ts Esrrazabi Liview EUMETRISPEC Stakeholder Workshop, 2012-11-15/16

Key Tasks

T2.1 Setting up the core of the FT-IR spectrometer hardware
Who? — mainly PTB

T2.2 Develop/setup /characterize surrounding spectroscopic infrastructure
of the CF

Who? — PTB, DFM, LNE, MIKES, SMU, VSL

T2.3 Traceably validate the CF by intercomparing CF spectral data (the
reference data sets) with traceable reference spectral data collected by
the top-performing laser instruments at the Satellite facilities (SFs)

Who? — PTB, CNAM, DFM, LNE, MIKES, SMU, VSL

Human resources: 7 person-years, 78% PTB

Jens Brunzendorf WP 2 295
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T2.1. FT-IR target performance

Spectral resolution (Target uncertainty better 10- relative across spectral range)

Characterized nonlinearity of the transmission axis

(Target uncertainty: linearity better than 10! in three investigated wavelength
ranges (NIR/SWMIR/LWMIR)

Wavelength accuracy (wavelength axis)
(Target uncertainty: relative accuracy 10%)

Characterization of instrumental line shape function of the CF
(in three investigated wavelength ranges)

Traceable measurement of cell pressure =1 hPa to =1100 hPa
(Target uncertainty 103 relative)

Traceable measurement of cell temperature 220 K to 320 K
(Target uncertainty 100mK)

Traceable absorption length measurement
(Target uncertainty 103 relative)

T2.2. Develop/setup and characterize the surrounding
spectroscopic infrastructure of the CF

Modification of

commercial 2
‘. absorptioncells ¢
\\ (PTB) // Develop

Characterisation®,
of cells and
transfer optics

control system
(PTB, DFM) spectrometric (PTB)

. infrastructure mmam=e=
Chemical Characterisation
characterisation of pressure+

of gases + referenc

~ X temperature
gas handling ¢ \  control syste

4 \
(vsL, smu) « Development &, - nqies, | NE
! of initial \
uncertainty
budget

(PTB)

¢/ pressure+
temperature

4

WP1 and WP3
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T2.3. Traceably validate the CF by intercomparing
CF spectral data with traceable reference spectral data
collected by the top-performing laser instruments
at the Satellite facilities (PTB, cNMA, DFM, LNE, MIKES, SMU, VSL)

Spectral windows:

= 1um —2um (NIR)

=2 um =3 um (SW MIR)
=3 um—10 um (LW MIR)

Preliminary intercomparison 1 will be used to optimize the CF’s spectrometer & data
evaluation

Independent intercomparison with independent set of data will be used to characterize
the CF performance & to evaluate the final uncertainty budget

T2.3. Intercomparing CF spectral data with spectral data

collected by the satellite facilities

Evaluation of L Evaluation of Final traceable
. optimise . . C .
pre-comparisonl intercomparisonl uncertainty

(PTB+SMU) CF (PTB+SMU) budget for CF

(PTB+SMU)

measurements
(PTB+SMU)
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WHERE ARE WE NOW?

FTIR-Spectrometer (core facility)
Bruker IFS 125HR spectrometer

—

i/

AL
[ ERRAEREY
i

i

——
oy S
: e Y
Commercial high-resolution Fourier-Transform-Infrared-Spectrometer (FTIR)

Wavelength range: 0.7-14 um max. optical path difference 481 cm

Detectors: InSb, MCT, InGaAs, Si Beam splitter: KBr, CaF,, Quartz
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Vacuum quality (empty FTS, no gas cell installed)
0,40

0,35 =

T
=
[=
@ 4
=
[3]
z
2 030-
B
®
=
=
o
g 0,25 -
e
] ——— Empty spectrometer, p_=5+10" mbar
Empty spectrometer, p_=5+10" mbar
0,20 T T T T T T T
7000 G000 5000 4000
Wavenumber / cm’’

A good vacuum is essential for high-quality H,0, CO,, ... measurements

The way to a good vacuum

1. Good pumps 2. air-tight instrument

* typical leakage rate of a Bruker IFS 125HR:
0.5 ... 1 mbar/day

* Our FTS: initial leakage rate 0.7 mbar/day

* Now: 0.1 mbar/day

* Key task: find & eliminate all leaks
(includes careful handling & cleaning ©)
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N

Sensor 3 (Samele)

Vacuum quality - final results (Nov., 2012)
:
A
: : Position of strongest H,O lines
. ->no lines visible!!
gﬂtu- ............. ———— =
g
=> Good enough for
- atmospheric gas
] measurements
g
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Spectrometer

adjustment

Accurate spectrometer adjustment

Optical abberations deteriorate the
instrumental resolution & line shape

=> Optical fine-tuning together with Bruker

1.  Further minimization of astigmatism

» careful re-alignment of the optical
components

» improved symmetry of spectral lines

2. Better collimation of the beam
in the interferometer compartment

Jens Brunzendorf

WP 2
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Resolution test

CO, lines, 20 cm gas cell, 1.8 mbar pressure,
aperture 1.5 mm, maximum resolution: 0.0015 cm™!

=> Resolution Av/v =2:10® => test passed

Wi o ol il o el o Wellenzahl Absolure Intensitit Relative Intensit yefunden,

| e -ermwﬂm' 'mw-l w TI0.06640 0,954 0,865 R.AR4467

| . | 11 720.17227 0.988 0,909 1.361847

4, | ' ‘ 1 t ‘ 72027024 1.095 1.025 0.740761

: | || 72036016 1214 1.148 9968269

720.44212 1.327 1.258 9.511696

720.51581 1.156 1.078 5178139

T20.58129 1.193 1.109 7375008

§ § . T2063828 1.014 0.923 3.148102

— T20.68713 0.963 0.871 8045831

e « T20.72750 1.013 0.921 0.00151 [73.015411

ErEcT - 720.75934 0676 0,580 000186 45909748

Babew o ” T20.78277 0.559 0,462 0.001%3 [36.571781

M o m _ T20.7976% 0.366 0.266 0.00190 [21.092960
* Measured FWHM line widths are 0.0016 cm? (48 MHz)

» Smaller than the requested FT resolution: 0.002 cm™* (60 MHz)
» Close to the true value of 0.0014 cm™
» Conclusion: Instrumental line broadening (ILS) well below 0.002 cm™

1.2

HBRIHSI:A'\M.DF'T; T=297, reguimad=0.25; reguiphase=0.25

TCCON performance tests (see also: Frank Hase, linefit)

TCCON is a network of ground-based Fourier Transform Spectrometers recording direct
solar spectra in the near-infrared spectral region. From these spectra, accurate and precise
column-averaged abundance of CO,, CH,, N,0O, HF, CO, H,0, and HDO are retrieved.

—

0.6

D&

04

0.2

Modulation test

our FTS: 99,8% ...103,2%

Phase test

e e e S e e i ah, bl

L

specs: >92% (perfect: 100% line)

—+— Modulation
-¥- Phase

specs: within £3% (perfect: 0% line)
Our FTS: -0,5% ...+0,1%

DT e

1
180
Optical Path Differance

50 100

200

200

302

WP 2

Jens Brunzendorf



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15% - 16%, 2012

Spectrometric Infrastructure
20 cm single-pass gas cell

Stainless steel cylinder with sapphire-windows, 3 connection ports compatible to ISO KF 16

Spectrometric Infrastructure

3.2-40 m multi-pass gas cell

* Modification of the commercial multipass-cell:

3.2-40 m optical path length

max. 1050 hPa

Glass cylinder with KBr-windows and gold-coated mirrors
Sealed adapter for the IFS 125HR with transfer optics

3 connection ports (1x ISO KF 16, 2x Swagelok 6 mm)

In progress:
* Incorporation of pressure and temperature sensors

* Temperature stabilization

Jens Brunzendorf

WP 2
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Spectrometric Infrastructure
Sensors and other Components
* Pressure sensor:
— Paroscientific 6000-23A (0 hPa to 1585 hPa; uncertainty <0,01% of full scale)
> Calibration by MIKES
* Temperature sensor:
— PT100-thermocouples (DIN EN 60751:2009-05; 100 K to 1100 K)
» Calibration by LNE
* Optical path length of the cells:
> Calibration by DFM
* Cooling liquid cryostat:
— Julabo FPW90-SL (180 K to 370 K)
* Vacuum system for absorption cells:
— Turbo pumping station Pfeiffer HiCube Classic 80 MVP 070 (vacuum <1E-7 hPa)
» handling of non corrosive gases
— Diaphragm pump Vacuubrand MD 12C Vario-B (vacuum 2 hPa)
» handling of corrosive gases

Central Spectroscopic Facility (CF)
| b - 1 =

3.2m-40m :> r*‘
|

multi-pass cell

|

q ' e—

gruker IFS 125HR

481cm optical path difference

Exit window
for long-path cell
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Thank you for your attention

ENV06-PTB-Team
Volker Ebert
Jens Brunzendorf Oliver Ott Anne Rausch
Anton Serdykov Olav Werhahn Viktor Werwein

tomorrow 11:45
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“EUMETRISPEC Work Package 3:
Procedures for generating traceable spectral absorption data,
to support atmospheric monitoring”

Jan C. Petersen

Danish Fundamental Metrology (DFM)
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e ﬁ@l
N

WP 3: Procedures for generating traceable
spectral absorption data, to support
atmospheric monitoring

JRP ENV06 EUMETRISPEC
Spectral Reference Data for Atmospheric Monitoring

Stakeholder Workshop, PTB, 2012-11-15/16

Spectral
Reference Data
for Environmental
Monitoring
(FP7/EURAMET)

EUHA_@T )
oty Outline

v' Goals of WP3
v" Aim of WP3

v WP3 Tasks: 3.1-3.5

v’ Overview of

ELWETRISFES
ENV0O6 — EUMETRISPEC, Month12 Meeting
- 2012-11-14/16 & Stakeholder Workshop =
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cam .-.....-u-.u..—.

spectral data, and their related uncertainties.

I WP5
Managamaerni

qd,;#‘:,-‘-‘ mﬂml:‘wﬂulbm ",&

Goal ot WP3: Develop measurement procedures and data analysis
protocols to support the collection of traceable high quality reference

e ot fssnasnanaannie

Line data
bases

MT WFP1 (FTB) ‘..I'...............
II ".- Lirs clnta *‘%

Irpact in specira-basod
concantration retrievals

WP2 (PTB) ...'I?.““E'”""“I'... o
o] mEr -

mm-umft Beraton & WP4
2 (VSL)

Community/
Stakeholder

.«"' v
i ﬁ‘%‘x WP3 (DFM) f Impect
'.. Mﬂumunrind B

traceabiity Protocols

T T T TR R R TR 3

How to do i :
——— "-.' s Facility access by o i
o
|
| EvmeETRISPEC EMRP 3
ENV06 — EUMETRISPEC, Month12 Meeting & e sn e i e
-3- 2012-11-14/16 Stakeholder Workshop T £ g T sy e
SN
e
Aims of WP3:
I.  Ensure that researchers (from this JRP-Consortium and beyond)
generate high quality data with accurately established
uncertainties.
Il. Toimprove the quality of data on spectroscopic databases.
[ll. To ensure data from many sources can be analysed in a uniform
and compatible way.
Vo
|
| EumETRISPEC EMRP 3
ENVO06 — EUMETRISPEC, Month12 Meeting & Iy K L [ —
-4- 2012-11-14/16 Stakeholder Workshop _:__-:-'wﬁ-::_:- T L sar ey s

310 WP 3

Jan C. Petersen



Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15% - 16%, 2012

e f‘:@_.;hl'
4 WP3 Tasks

Task 3.1: Procedure 3: An overview of requirements when establishing

molecular line reference data for atmospheric monitoring.

* The procedure will describing the general boundary conditions and

measurement data required to generate traceable molecular line reference
data.

* Guidance about generating spectral absorption data, gathering related
environmental data (required to establish the uncertainty budget)

* Provide an overview of the equations and models that can be used for data
correction, data processing, and data retrieval.

ENVO06 — EUMETRISPEC, Month12 Meeting

o 2012-11-14/16 & Stakeholder Workshop

curafaeT

. WP3 Tasks

Task 3.2: Procedures for collecting spectral absorption data from the CF and
molecular line reference data from the SFs

* Agree on and document common procedures for collection of spectral
absorption data by the JRP-Partners.

* The procedures agreed on will be used by all JRP-Participants during the project.

* The procedures will form the basis of Good Practice Guides that will be made
available to the stakeholder community (particularly organisations using the CF).

Suggested Good Practice Guides aimed at stakeholders:

“How to retrieve molecular line reference data
from experimental (raw) FTS datasets”

EUMETRISFEC | “Ensuring comparability of spectral data using FTS and HRLS

spectrometric techniques”

ENV06 — EUMETRISPEC, Month12 Meeting

-6- 2012-11-14/1
o v /16 & Stakeholder Workshop
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!E.'::’.‘?.ﬁ@_.—E:I
R - WP3 Tasks

Task 3.3: Good Practice Guide 3: “Assessing uncertainty budgets for spectral
absorption measurements and molecular line reference data”.

* Provide a common procedure for estimating, combining and reporting
uncertainties of spectral absorption data, in full agreement with GUM.

* The procedure will be documented in a Good Practice Guide, and associated
spreadsheet template.

* Two reports will describe the influence of various parameters on spectral data
quality from the SF and CF respectively.

All parameters having an influence on the uncertainty of the
spectral reference data will be assessed (from SF and CF)

the overall measurement uncertainties will be estimated from
actual measurements.

EMRP -
ENV06 — EUMETRISPEC, Month12 Meeting Frre— T

7 2012-11-14/16 & Stakeholder Workshop e d e b e
=L f}@_—":::[
o WP3 Tasks

At least data related to the following parameters will be generated in order to
determine how much these parameters affect the uncertainty of the spectral
absorption data: pressure broadening coefficient, line shape, path length,
uncertainty due to using coherent/ incoherent light sources, line position,
base line variation, FT transmission nonlinearity, gas temperature, gas
pressure, line strength and gas contamination.

A report on how to make traceable measurements of the parameters and
how the parameter influences the spectral data quality will be made.

Reports that will be generated:

“The effect of various influence parameters on spectral absorption
| data quality for the SF”.

“The effect of various influence parameters ....... for the CF”

EUMETRISFEE | “Assessing uncertainty budgets for spectral absorption

measurements and molecular line reference data”.
ENV0O6 — EUMETRISPEC, Month12 Meeting
“ 2012-11-14/16 & Stakeholder Workshop
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&ﬁg\ Spreadsheet for uncertainty incl. instructions :

Spreadsheets for: line-fitting and uncertainty budget calculations
Including Instructions and Documentation.

-9- 2012-11-14/16

ELIR A

' N WP3 Tasks

Task 3.4: Development of Intercomparison protocols

* Provide intercomparison protocols for comparing measurements of molecular
reference data from CF and SF for a few selected molecular species.

* The protocols will describe the measurement method, analysis of results, data
formats, and calculation of uncertainty budget.

* All participants of the intercomparisons are expected to follow the protocols.

* Two types of intercomparisons are planned: molecular line data and
mole fraction. (Both based on circulated gas samples prepared using
standard techniques).

* Each satellite facility will participate in at least one intercomparison.

e The comparisons will at least include CO2, CH4, N20 and HBr (or HCI).

e The intercomparison results will be used to validate JRP-Partner
capabilities, to optimise procedures being developed, and to generate
traceable molecular line reference data and uncertainties.

EMRP -
ENV06 — EUMETRISPEC, Month12 Meeting rts— Ay
& Stakeholder Workshop s | — g e

-10- 2012-11-14/16
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-11-

eur Al

AMET
i WP3 Tasks

Task 3.5: Intercomparisons

* Two round robin intercomparisons of all JRP-Partners' measurement capabilities
will be realised in orderr to validate all JRP-Partners' capabilities, and identify
possible improvements.

* The mole-fraction intercomparison also seeks to demonstrate the added value of
traceable molecular reference line data.

.
EUWETRISFES
EMRP
ENV06 — EUMETRISPEC, Month12 Meeting e B—
2012-11-14/16 & Stakeholder Workshop e d e b e

-12-

EurafaE

il L8
4

Important outcome of WP3:

a) Procedures for collecting traceable spectral absorption data (Draft
finished)

b) Three Inter-comparison protocols (Finished)
c) Three Good Practice Guides

d) Iterations with the WP1 and WP2 to ensure robustness and
practicality.

e) Uncertainty budget spread-sheet according to GUM

LECNETRSAEE | EMRP

ENVO06 — EUMETRISPEC, Month12 Meeting & e smmcrmryn Y b

2012-11-14/16 Stakeholder Workshop
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Thank you for your attention!

Spectral
Reference Data
for Environmental
Monitoring
(FP7/EURAMET)

ENV06 — EUMETRISPEC, Month12 Meeting

o 2012-11-14/16 & Stakeholder Workshop
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CONTENTS: PART B - POSTER SESSION

A. Albert, H. M. Niederer, M. Quack, V. Boudon, J. P. Champion, S. Bauerecker Poster
“High-resolution IR spectroscopy of BCH,: The Pentad and the Octad” 1

Y. L. Babikov, S. N. Mikhailenko, A. Barbe, V. G. Tyuterev

“Implementation of S&MPO ozone information system Po;ter
for the virtual atomic and molecular data center (VAMDC)”
J. Brunzendorf, A. Serdyukov, O. Werhahn, V. Werwein, A. Rausch, V. Ebert Poster
“Towards Sl-traceable reference line-by-line spectral data using a modified Bruker 3
IFS125HR spectrometer”
B. Buchholz, N. Bése, V. Ebert Poster
»Towards a traceable TDLAS Hygrometer for airborne applications* 4
A. Campargue, L. Wang, O. Leshchishina, D. Mondelain, S. Kassi Poster
“The WKMC empirical line lists (5852-7919 cm™) for methane between 80 K and 296 K 5
A. Castrillo, G. Galzerano, P. Laporta, M. Marangoni, L. Gianfrani
« R . . .. . Poster
Quantitative spectroscopy in the mid-infrared region 6

by comb-referencing quantum cascade lasers”

M. De Rosa, G. Gagliardi, P. Maddaloni, P. Malara, S. Mosca, 1. Ricciardi, A. Rocco,
S. Bartalini, S. Borri, P. Cancio, 1. Galli, G. Giusfredi, D. Mazzotti, P. De Natale Poster

“Frontier Sources for High-Resolution Spectroscopy” 7
V. Ebert, M. Gisi, P. Ortwein, A. Serdyukov, S. Wagner, W. Woiwode Poster

wLine Parameters of the HCI Absorption Band in the first Overtone at up to 10 bar* 8
A. Fateev, S. Clausen Poster

“High-resolution spectroscopy of gases for industrial applications” 9
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T. Forsting, I. Vespoli, C. Maul
“Teaching an old dog new tricks: Quantum state selective detection of molecular chlorine by
high-resolution cavity ring-down spectroscopy”

J. Hald, L. Nielsen, J. C. Petersen
“Towards Accurate Determination of Molecular Line Strength - Exemplified by Acetylene”

G. Leggett, T. Gardiner, R. Robinson
“The Identification and Quantification of Greenhouse Gas Point Source Emissions
Using Cavity Ring-Down Spectroscopy, Complementary to Other Techniques”

A. Nikitin, L. Brown, K. Sung, M. A Smith, A. Mantz, X. Thomas,
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J. Nwaboh, A. Pogany, O. Werhahn, V. Ebert
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traceability and uncertainty assessment”
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K. Schifer, R. Harig, T. Blumenstock, N. Hofert, K. Weber
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M. Vainio, J. Peltola, M. Merimaa
“Absolute-frequency measurements of CH; and N0 line centers in the mid-infrared”

J. Vander Auwera, M. Herman, B. Amyay, K. Didriche,
T. Foldes, D. Golebiowski, M. Tudorie, A. Fayt
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High-Resolution IR Spectroscopy of "CH,: The Pentad and the Octad

“Sieghard Albert, “"'Sigurd Bauerecker, “Vincent Boudon, ‘Jean-Paul Champion,
“Hans-Martin Niederer, ‘Martin Quack

“ETH Ziirich, Wolfgang-Pauli-Strasse 10, CH-8093 Ziirich, Switzerland
*TU Braunschweig, Hans-Sommer-Strasse 10, D-38106 Braunschweig, Germany
‘Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université de
Bourgogne 9 Avenue Alain Savary, BP 47 870, F-21078 DIJON Cedex, FRANCE

Besides many applications ranging from astrophysics to atmospheric pollution and
combustion engines methane is also of fundamental importance for understanding molecular
quantum dynamics, potential hypersurfaces and fundamental symmetries including parity
violation [1,2]. In this context spectroscopic studies of methane are important. We have
carried out new high resolution measurements of infrared spectra of methane and its
isotopomers *CH, [3], *CHy4 [4,5], *CH;D [6], “CH,D; [7], *CHDs [6] and '*CD, [8]. The
spectra have been taken in the range 900-12000 cm™ at low temperature (80K) and at room
temperature (293K) using the Ziirich prototype Bruker 125 spectrometer (ZP 2001) in
combination with a low temperature cooling cell [9]. Low temperature, giving rise to reduced
Doppler widths (by a factor of 1.9) and very high resolution (0.0027 ¢m™ for spectra in the
region around 3000 cm'), made it possible to determine line positions very accurately, i.e. for
PCHy, better than 10* cm™ around 3000 cm™. We have studied “CH, spectra in its pentad
region [4,5] (2250-3250 cm™). Now we are analyzing the octad region (3800-4750 cm™),
recently analyzed for the isotopomer >CH4 [3]. An initial analysis of this region counting 8
levels is presented in [5,10] and compared to the work on "*CH, [3]. The complex interacting
system is analyzed using an effective Hamiltonian theory described in [11]. A closely similar

version of the present work has been presented in ref. [12] previously.

[1] R. Marquardt and M. Quack, J. Chem. Phys., 1998, 109, 10628; R. Marquardt and M.
Quack, J. Phys. Chem. A., 2004, 108, 3166.

[2] M. Quack, Angew. Chem. Int. Ed. Engl., 1989, 28, 571 — 586 and: M. Quack,
Fundamental Symmetries and Symmetry Violations from High Resolution Spectroscopy, in
Handbook of High Resolution Spectroscopy, Vol. 1, pp. 659 — 722, M. Quack and F.
Merkt (eds.), Wiley, 2011.

Poster 1 321



“UOTIEPUNO,] 90USIDG [eUOTIeN] SSIMG ) pue YLy 14 Aq Afenueury pajroddns st srom mQ "sysia Apnjs Sunpueur-0d 10§ su8031mog ap 93ISIDATU) S} 0} USALS Ik SHURY) dISDUIG SJUBWISPI[MOWPY

10T “0ST “L66T “9504392ds “Jop *[ “umoig ~y T pue uordureyD) J *[ “[proaeT g “preano( A ‘[ [S1]
‘09T ‘€€ ‘900 ‘291105 “uurewume( Y ‘0eISdN Y ‘SIULISNO)) 'Y ‘UOS[OYIN ‘d
‘AeSPIN d "D ‘ByeIng *g ‘MessoIq  YTelD Y ‘saureq ‘H Y ‘UOPNog ‘A ‘UmoIg Y ‘nouuey {J ‘opeajusd d WHMID 'V D [¢1]
20T “IST “800T “9s0430ads “jopy *[ “uotrdurey) +f *[ pue ‘Aoreyzueg A 10310y JA “‘Uopnog ‘A “Suap D [¢1]
S[IOX MIN “SU0G 39 AS[IM UYO[ “F661T “So1A1 ] 241JoN4]G ADIJINN PUv AV[NIIJOIA UL SPOYFIIA] 9104qa Sy “TOSS] UBA ] pue Yuel] 'y [¢1]
*0391(] Ueg “SSa1 ] JTWLDPELIY ‘T66T “TOGIM 'V
pue oey "N Y Aq PayIpa ‘wnipapy 4vjjajsiaqu puv asaydsowy s,yjavg ayj Jo Adodsorgoads ur axrar g -0y pue 93907 A “‘vordureyd [ [11]
“TEL‘96€ ‘600T “*sfitfd wayD SPend W pPue UBR{IN 'V ‘21207 W ‘uordurey) f [ ‘umorg -y 1 ‘uopnog ‘A ‘1e3pa1eneq 'S ‘11eqry S [01]
‘(uonyexedard ur) ‘g10g “9s04192ds “JolN [
oend) A pue ‘uopnog ‘A ‘Iadaraney ‘g ‘paqry 'S “Suepp ‘0 X 1R19paIN ‘N ‘H ‘uoydurire) L, [6]
"6¢861 IN H.LH "SIl “YPMNZ S[MUDSYIO0H SUPSIUYDIL, SYPSISSQUOSPIY ‘TLOT ‘Sisatf[, “(T Hd ‘T9I9PIIN ‘I 'H [8]
€T '79 “800¢ ‘viuiry) “oend) ‘N pue uordwrey)  °[ ‘uopnog ‘A “Ida1aneyq ‘g ‘paq[y ‘S ‘DIdpaIN N ‘H [£]
“TFS ‘SOL *£00T “SAtd "o “UIUI®IS *S pue >pen) N “Iodpareneq S Haqry s [9]
“T0L “B66T “*shAyd wayD [ "wmng -y ‘W pue 3pend) ‘N ‘1prenbrepy - ‘waisu[ioH H [¢]
"8T90T ‘601 ‘8661 *“sfitfd “wayD *[ “Spend W pue yprenbrepy  [¢]
“99T€ ‘80T ‘$O0T ‘v “wayD “shiyd *[ “{oend W pue jprenbrepy - [¢]
668 “TF ‘0661 "D “shiyd oy uuy pend ‘N [¢]
‘80T ‘88 ‘8861 “*shiyd ‘wayD *[ “Pend ‘W pue zuaromaT W [1]
SDUDIJIY

(g awwaf) uoluInILLS Mmau ayj Ul paonpoldat A130a1100 AJU0 a4 SIFVIS Pajioxa
A8y Ajppuiorgviol “1002m0H *(F puv g sauwwif) [§°/] y4om Juasaid ayj wioLf SuounuLs aiyj sv jam
s gnoqu sjaea) Suih] mop Ajpuoripiol onpoidal (1 puv O sawvif) [GT] 03 Suipioddp siajouivivd
SuIsn SUOHVINIWS Y], (D £ TEYT PUNOLD SUOIISUDLY “8°2) 20UIPLU00 Y31y Aida yzim pausissy
pup paysinSuijsip aq pinod SUOLISUDA] ‘U0IINJ0SL AdYSty puv uonvoyiduis o3 an “(q i)
N 8 1 puv ( 2wvif) a4njviadiiag w004 v papidal THDg, J0 v43oads YT omg fo pwpaq G 23]

_un /a
§768T  9TEST  VIEST  TTE8T 0T8T SIEST  9IEST  VIEST
4 << < < [$1] "wg
I 3
% | =
d 0 [g] “wrig
a M8z dxg -
L 6%
™
)
[¥1] wig 2
ee)
1 v VY YV R
(zDd [8] "wg
, NOV
v o VTV VT E
b ELTATES: (I
N, i

uonernuiIg snsIaA judwdxy

"[9] sa3180dwi020UvYL 121430 PU SAP13AVA PINIINAIS [12YS-2400 “Sa]134vdounu
Ap[Nn2ajo1u Jo uo1piaua8 ayj smojy wajshs uorgoalur aspnd-ajdinus 7 awqui 000€ puv 10°0 Uaamiaq
pup Y 00F puv § uaamiaq Apguapuadapur pasnipy aq uvo ainssaid puv aangvaadiuag iy ] 1230110430ads
Jaynig ayj Jo jaod joppavd (wiia3xa ayy 03 4aquivyd $213do JafSuviy paENIVAI UV V1A PaIIUU0I SI
1199 9y ‘[HI] UL uoouL §5a81v] S,uinjvs Jo aiaydsouip Surivjuod auvloul aiyg Ul paaiasqo iy
Aayy sv SUOIIPUOD V]IS JU SJUAULIAAXD *8'T *SUOHIPUOD OISV [V14FSLIdIVAIXa Auviy Su112000
SjuaLIadxa SMOj[Y dnjas ay ] 4a1ai0439ads (Y1) PoAvLful wii0fSuvj 414N0] I143auodaf1a3u (1007
dZ) ¥MH STL SdI 4aynig adhjojoid yornz ayj ypor pauiquiod wajshs Surjood puoisijo) % amsig

[011u09 aJnjesadwia |

dnjog reyuswrradxyg

‘G N1 o ‘aungvaaduiag ayj fo 1004 aivnbs ayg yIMm SMOLIVYU JUL] [94393ds a1SULS U J0 yIpLn
1a1ddocq ayy ‘vorpppy uy g an8rg o ‘aangwiadmay yjim Apuorjiodosd Apguunxosddy asvaioap
SpUvq UOIVIqIA-U01FB104 2y} JO SYIpI Y T *pazAjpuy A1sva aiom aq uvd suaagvd pvhjod xajduios puv
pagunual awaddy spuvq J0f *svs aduiws ayy Su1j00o Aq payduiis aq uvd vi3oads xajduwio)) :¢ oIy

un / a
‘ 0vet 0EET 0zeT 01ET ,
Y Y T T Y R Y T W T T P Y WYY WY W Ty
e
»
@]
L p -
o
oV}
=]
2
un / a
009¥ 00%F 002¥ 000% 008€
_ : JI Mol _-_ T , .
r 1 >
g
B : 1 2
! o
' )
! a
r ' T ]
TequicT 8L ("HDg) " Tequi 27 8L (THDg) '
C | , | , m , | , | ]

‘Alaaigoadsas S §/ puv anjvaadiuag 1004 v Papi0dal vi3aads 03 puodsariod saui] anjq puv pay
“UMOYS S1 D410adS papA00aL Y3 JO U0170a]aS v aUULf 42000] ay} U] FHD,; JO UOLSaL (7)) proapviia} iy}
puw () prioo ayg () pviuad ayj Suriaa0o syapionpuvq 12371 xis smoys awif saddn ay 1 1z 9mSIry

U /4
0009 0009 000% 000¢ 000¢

L o - " 2 {5 = nuw
i ("HOw) 'd Wil 2
1
B L =]
I~ AwEUQv mﬁ~ wmu,ﬁ . m
N 1 5
B 1 Z
] ] ] ] ] m

sarpn)g Tejudwizadxy ay) Jo £3AIng

‘aungvpouauiou pohjod ayy 3ySii ayy uQ “Ajpaijoadsal Y €67 puv Y 8/ 19 U0LSaL 11D )0G9-() Y3
u1 suonIsuv.y Jo wmmxvus Jivy v syipio g aapddocq ayy ajouap sppuoSvp aul] JySwais§ 4ajovivyd
Suipuaq puv Su1y03a43s 4113 03 SUIPA020V Pauo131sod auv 1] ayj 1o Sjaaa] [puoyvIqe Y] T 9INIL]

“ud, 0T / yapm [0y soiddog
0c ST 0T S 0

7|

Suryojans +— Jurpuaq

([9A97 1) peuo =

(sPA9I 7) PRAQ i'd

-000¢ M
(S[oA9] Q) peyud( 4y m
(S|PA9] §) PEPO m 000% L

(S[2A9[ $1) pedapenay 'y 0009

iy Ty
THD; 103 dwdYdS peA[og

U SALX /SALHS/ VINS/Iwo / 1yau8osmog-n-qdr/ /:diy je sjqejreae Aaa1y
pue [g1] a8exoed werdoxd g x oy ur pajuswarduwr ‘[Z111] uoliq ur pajeroqed yoeordde
UBTUO}[TWERH 9A19J9 93 Suisn pazAeue st wdysAs Sunderspur xo[dwod sy, [01] "HD;;
1owodojost ayj 10§ pazATeue AJjusdar sem pedo YL ‘[68] (; W2 0SLF-008€E) S[PAd] § Jur
-junod uorgda1 pe3oo ayj ojur wppe pedjod ayy dn Surquurpd are am MON (WD 05ZE-0STT)
[8'£] uordax pejuad sy ur enoads THD,, parpnis aAey 9p T, WD, _(] Uey} 19}aq suonisod
SUI[ SUTULIR}RP 0} 3[qIssod 31 apew “(;_wd Qg PUnoIe UoI3al sy} ut expdads 10§ ;U £z00°0)
uonnjosar y3ny A104a pue ([¢'] JO 10}0e§) wnwixew jiey je yipim gy rorddocy paonpas e
03 ast1 Surard ‘armjeradway Mo [9] [[90 Surood ammjeradwd) MO[ € Y)IM UOTJRUIGUIOD UL
(1002 d7) 1e3ewondads gz Jevnig adAjojoxd yorumyz ay Sursn amjeradwa) woor je pue
(1 08) eanyeraduwa) Mo[ Je ;_wd Q0T L-006 d3URL 3} Ul '(D;; PUe 'HDg "TAHD, “A"Hy
‘A*HD,; s1owodojos sy pue sueyiaw Jo endads parerjur UoHN[osaI Y31 MaU Uaye} dAey
IM ‘[6-¢] adAy0301d jueyrodwur ue se anosjowr sueygaw a3 3ursn sadeymsiadAy reryusjod
djerndde SUNPNIISUOd UO YIOM JUSdI IO [¢T] UOHNJLISIPAI [EUOHRIQIA IB[NII[OWRIUL
jo sarpms ayy sajdwexa se uopuaw Aew apy Adodsomnoads uonniosar Y3y ur syuswdo
-[9A9P MdU Jo asnedaq aueyiouwr Jo Adodsonoads a3 UT }SIISIUT PIMIUDI U] Sey 919

uondNponuf

OIIAHOSNNYHE NZ

VNINTAHTIA-OTOUYD
LY.LISHAAIND THDSINHOAL

I93da19neq 'S

uordwrey) J *[ “uopnog ‘A

yo1nz A8ojouysa] 40 33n3su| [BI3P3S SSIMS
Yd11NnZ 3|NYdsyd0H aydstuyra) ayasissouadpig

HILS
JoenQ ‘N IeISpIN ‘N 'H ‘HqIV 'S

AvVIDQ FHL ANV AVINAJ GHT, : "HDeq 40 AdODSOYLIAAS ¥ NOILLNTOSTY-HOIH




Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16%, 2012

IMPLEMENTATION OF S&MPO OZONE INFORMATION SYSTEM FOR THE
VIRTUAL ATOMIC AND MOLECULAR DATA CENTER (VAMDC)

Yurii L. Babikov?, Semen N. Mikhailenko', Alain Barbe? and Vladimir G. Tyuterev?

! Institute of Atmospheric Optics, SB RAS, 634055 TOMSK, Russia
2 Groupe de Spectrométrie Moléculaire Atmosphérique, UMR 6089,
Université de Reims Champagne Ardenne, Moulin de la Housse,
BP 1039 - 51687 REIMS Cedex 2 France

Poster 2 323



M UNIVERSITE
DE REIMS
e CHAMPAGNT - AHDENNE

IMPLEMENTATION OF S&MPO OZONE INFORMATION SYSTEM FOR THE

EUMETRISPEC Workshop, November 2012, Braunschweig

) VE zumv st |

Fr he S&MPO information system has been developed with contributions of

Contributors (main involvement)

J.M.Flaud analysis and predictions for 005/311 band system

A.Campargue experimental CRDS spectra

S.Kassi experimental CRDS spectra

D.Mondelain experimental CRDS spectra

C.Janssen experimental intensity data

J.Malicet experimental UV data

D.Daumont experimental UV data

M.R. De Backer absolute intensity measurements, spectra analysis, Dobson spectrometry
E.Starikova isotopic spectra analysis

J.J.Plateaux code for primary data reduction (MULTIFIT) and server administration
S.A.Tashkun code for spectra calculation (GIP), optimization of codes for global calculations
X.Thomas instrumental and software support of FTS and spectra recording

P.Von Der Heyden instrumental support of FTS, optical and mechanical systems, ozone generation
L.Regalia primary data reduction and Multifit code

T.Cours wavefunction plots from global models

R.Gamache line width and partition function calculations

What is S&MPO ?
S&MPO is the abbreviation of
“Spectroscopy and Molecular Properties of Ozone”.

»S&MPO is an interactive graphical information system accessible via Internet.

»S&MPO contains Information, Data and a Software written in PHP JavaScript, C++.

»S&MPO can be accessible from any computer and a graphical display should be independent on an operation
system

»S&MPO is essentially based on experimental and theoretical joint research of two laboratories GSMA
(Reims, France) and LTS (Tomsk, Russia), complemented with results of larger collaborations ( LSP, Grenoble)
and with information available in spectroscopic literature.

How is S&MPO distinguished from existing spectroscopic databases like
HITRAN, GEISA, TDS etc...

S&MPO is concerned with the ozone molecule and its isotopomers which is the only one known for the
complexity of its spectra and electronic structure as well as for its particularly important role in advanced
fundamental and applied research in Molecular Physics and Quantum Chemistry. Most of other spectroscopic
databases are dealing with all types of molecules involved specifically in atmospheric applications.

Molecular Properties

Compared to other spectroscopic databases S&MPO is enhanced with information on molecular properties. It
includes 3D and contour plots for accurate potential energy surface in the electronic ground state and for full
vibrational wavefunctions with a coordinate choice on user’s request, global predictions of vibrational levels
for its isotopic species, dipole moment surfaces, centrifugal distortion, transition moments parameters,
references etc.

Modeling versus Compilation + Experimental spectra

S&MPO contains Fundamental Spectroscopic Data (Energies - Transition Moments - Spectroscopic
Constants) recovered from Comprehensive Modeling and Simultaneous Fitting of experimental spectra.
Particular attention is paid to Interpretation, Validation, Precision Estimation to allow reliable extrapolations of
Laboratory Measurements. Ro-vibrational energy levels and mixing coefficients for each resonance group,
simulated spectra together with band statistics, accuracy estimations are provided on user’s request.

Interactive access via Internet
S&MPO has more extended and flexible operation-system-independent interface which should allow a real-
time treatment of user requests in graphical or numerical forms.

A current European project "*Virtual Atomic and Molecular Data Cen-
ter” (VAMDC) [1] aims to build a documented, exible and interoperable
environment-based interface to the existing data in the eld. This is cov-
ering the development and deployment of the infrastructure and the develop-
ment of interfaces to the existing atomic and molecular databases as well as
providing a forum for training potential users and dissemination of expertise
across the research communities in atmospheric and planetary applications,
astrophysics, plasma, laser and chemical physics. In this presentation the in-
ternet accessible information system **Spectroscopy and Molecular Properties
of Ozone™ (SMPO) system [2], developped jointly by the University of Reims
and the Institute of Atmpospheric Optics of Tomsk, as well as the implemen-
tation of interactive access to this system via VAMDC services currently in
progress (WP4/WP5) are overwieved. The SMPO contains various types
of data for ozone isotopologues, including Hamiltonian and dipole moment pa-
rameters, transitions probabilities, rovibrational energy leves as well as other
information on molecular properties. The web information system provides
to the user interactive tools for data selection, comparison, spectra simulation
a complete list of references, including ab initio calculations and analyses of
high-resolution spectra [3, 4, 5]

The support of VAMDC EC project is acknowledged.
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Example of accuracy achieved in global variational calculation of
vibrational band centres for O,

Note : The table indudes all
(000) —(v,V,v;) bands directly observed
s far in high resolution spectra
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experimental spectra (references are
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Example of experimental spectrum : general survey

Example of statistics for line intensities of 6O,

Bhrae o tha P8 g e
- |
Uyt siste raaaninta prove.

1410 .
il o m
I
[

Il

Potential energy surface (PES) versus bond lengths (ngte = 11657 A ‘bend-stretch’ cut though the P.E.S. ¢,=121174

(Assignment problems)

J
~N

HIGH RESOLUTION

Rotational structure of 160, (nonad)

Atlas : example of %0, bands included in the banks

SelVib states GSMALTS
Up Lowi #lin Wy o Wiy o

Hitran
em VN, cm

Geisa

1Sy, GOl Hlin Wiy oY W om 1S, cmimol

emimol #in W,

Calculated sticks spectrum of 6O, from GSMA /LTS

References: s&MPO includes references on the following topics:

O Original studies of the SMPO team

H High-resolution IR,MW spectra/analysis/data reduction
L Low-resolution spectra/ broadening

T Theoretical background/ ro-vibrational models

E Electronic structure, transitions/ab initio/UV

P Potential/Dipole/Global calculations

C Chemistry/Dissociation/Kinetics

A Atmospheric measurements/applications

The v, +v,+3v, region : observed (&), calculated (b) transmittances
and sticks (c). General survey

(@) D Databases/information systemsin spectroscopy
. Refs Poster:
1. M.L. Dubernet et al, JQSRT, 111, 2151-2159 (2010).

2. S.N. Mikhailenko, Yu.L. Babikov, VI.G. Tyuterev, A. Barbe, Journal of Computational
Technologies 7, 64-70 (2002.

3. S.N. Mikhailenko, A. Barbe, VI.G. Tyuterev and A. Chichery Atmos. Ocean. Opt.,

| 12(9), 771{785 (1999)

wad 4. A. Campargue, M.-R. De Backer-Barilly, A. Barbe, VI.G. Tyuterev and S. Kassi,
Chem.Chem. Phys., 10, 2925{2946 (2008).

5. E. Starikova, A.Barbe, VI.G. Tyuterev, M-R De Backer-Barilly, S. Kassi, A. Campar-

gue, J. Mol. Spectrosc. , 257, 40-56 (2009).
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Towards a Traceable TLDAS Hygrometer
for airborne applications

B. Buchholz'?, N. Bose?, V. Ebert!?*

! Center of Smart Interfaces, Technische Universitit Darmstadt, Germany
2 Physikalisch Technische Bundesanstalt Braunschweig, Germany

*corresponding author: volker.ebert@ptb.de

In-situ water vapor measurements are absolutely necessary for improving our understanding of the processes in
the atmosphere, because water vapor by itself is the most important greenhouse gas and is frequently used as
correction value for many other gas analytical measurements principles. Over the past decades many different
hygrometers types have been developed. Nevertheless, even under static conditions the deviations of the best
instruments are in the £ 10 % range [1]. In extrapolation to in-flight environments with its aggravating effects
like sampling artifacts, vibrations, thermal impacts etc. these deviations may increase significantly and make a
precise instrument comparison and a correct interpretation of the atmospheric water vapor signatures very
difficult.

From our perspective one of the biggest issue for theses deviations is the different calibration quality, especially
if it is done by online calibration in the lower ppmv range during flight, or before and after flights with the
expectations, that theses calibration are also valid in the different airborne conditions during flight. In order to
avoid such complications it seems a logical step to develop calibration-free or self-calibrating instruments and to
validate them on a metrological level via intercomparison with a primary humidity standard.

SEALDH (Selective Extractive Airborne Laser Diode Hygrometer) is a new, absolute TDLAS (Tunable Diode
Laser Absorption Spectroscopy) hygrometer at wavelength of 1370 nm, which uses an advanced multi-line
spectroscopic fitting process for calibration-free evaluation of the tunable diode laser absorption signal, TDLAS
[2]. The compact (19 ” 4 HU) form factor is especially designed for extractive airborne applications and the
internal optical white cell with its 1.5 m optical path length allows a dynamic range from about 30 to
30000 ppmv. The prototype has already been validated in a blind intercomparison campaign [3]. The time
resolution of the SEAL hygrometer is directly limited by the flow through the internal absorption cell with a
volume of 300 ccm. Depending on the inlet system of the aircraft, this results at a flow of 8 sm and a pressure of
200 hPa with the assumption of a bulk flow to an exchange time of 0.45 sec. The optical sample frequency can
be adapted within a wide range to the particular application requirements of the flight. Typically a sampling
frequency of 140 Hz is used. This results in a maximum time resolution of about 7 msec. Averaging data for
2.1 sec we achieve an excellent precision of 33 ppbv, i.e. a band width and path length normalized precision of
72 ppbv-m-(Hz) ™2,

The fast measurements, its excellent precision, high validated accuracy, and absolute, calibration-free multi-line
evaluation in combination with the compact, robust setup allows airborne measurements in the range of the
troposphere up to the lower stratosphere.

[1] D. Fahey and R. Gao, “Summary of the AquaVIT Water Vapor Intercomparison: Static Experiments,”
source: https://aquavit. icg. kfa-juelich. de/WhitePape, no. October, 2009.

[2] V. Ebert and J. Wolfrum, “Absorption spectroscopy,” in OPTICAL MEASUREMENTS-Techniques and
Applications, ed. F. Mayinger, Springer, 1994, pp. 273-312.

[3] B. Buchholz, B. Kiihnreich, H. G. J. Smit, and V. Ebert, “Validation of an extractive, airborne, compact
TDL spectrometer for atmospheric humidity sensing by blind intercomparison,” Applied Physics B, Sep.
2012. online first DOI 10.1007/s00340-012-5143-1
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The WKMC empirical line lists (5852-7919 cm™)
for methane between 80 K and 296 K

A. Campargue, O. Leshchishina, L. Wang, D. Mondelain, S. Kassi

Université Grenoble 1/CNRS, UMR5588 LIPhy, Grenoble, F-38041, France
Alain.Campargue @uijf-grenoble.fr

The methane line list included in the last version of the HITRAN and GEISA databases,
is insufficient to fulfil important needs for planetary and atmospheric sciences for three
main reasons: (i) it lacks in sensitivity especially in the transparency windows, (ii)
except for a few strong lines, it does not provide lower state energy levels necessary to
calculate the temperature dependence of the line intensities, (iii) transitions due to the
CHsD and **CH, isotopologues are not systematically identified.

During the five last years, we have constructed empirical line lists for methane at room
temperature and at 80 K from spectra recorded by (i) differential absorption
spectroscopy (DAS) in the high energy part of the tetradecad (5852-6195 cm™) and in
the icosad (6717-7589 cm™) (ii) high sensitivity CW-Cavity Ring Down Spectroscopy
(CRDS) in the 1.58 um and 1.28 um transparency windows (6165-6750 cm™ and 7541-
7919 cm™, respectively). We have recently assembled the global line lists for methane
in natural isotopic abundance, covering the spectral region from 5854 to 7919 cm™ 2,
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Fig. 1: The WKMC empirical line lists for methane at 80 K and 296 K showing
the lines of *CH, and CHsD in “natural” methane.

These WKMC (for Wang, Kassi, Mondelain, Campargue) empirical lists include about
43000 and 46420 lines at 80+3 K and 29643 K, respectively. The “two temperature
method” provided lower state energy values, Eemp, for about 24000 transitions. The
obtained data sets allow us to account for most of the temperature dependence of the
absorption over the considered region. The WKMC list at 80 K has been successfully
applied in a large range of temperature conditions existing on Titan !, Uranus, Pluto,
Saturn and Jupiter.

[1] A. Campargue, L. Wang, S. Kassi, D. Mondelain, B. Bézard, E. Lellouch, A.
Coustenis, C. de Bergh, M. Hirtzig, P. Drossart. Icarus. 219, 110-128 (2012).

[2] A. Campargue, O. Leshchishina, L. Wang, D. Mondelain, S. Kassi, A.V. Nikitin,
JQSRT 113,1855-73 (2012).
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The WKMC empirical lists (5852 -7919 cmt) for methane between 80 K and 296 K.

Alain Campargue, Le Wang, O. Leshchishina, Didier Mondelain and Samir Kassi |
Université Grenoble 1/CNRS, UMR5588 LIPhy, Grenoble, F-38041, France

The methane line list included in the last version of the HITRAN and GEISA databases, is insufficient to fulfill important needs for planetary and atmospheric sciences for three main reasons: (i) it lacks in sensitivity especially in the transparency windows, (ii) except for a few strong lines, it does not provide lower state energy levels necessary to calculate the temperature
dependence of the line intensities, (iii) transitions due to the CH,D and *3CH, isotopologues are not systematically identified.

During the five last years [1-13], we have constructed empirical line lists for methane at room temperature and at 80 K from spectra recorded by (i) differential absorption spectroscopy (DAS) in the high energy part of the tetradecad (5852-6195 cm) and in the icosad (6717-7589 cm™) (ii) high sensitivity CW-Cavity Ring Down Spectroscopy (CRDS) in the 1.58 mm and 1.28
mm transparency windows (6165-6750 cm* and 7541-7919 cm*, respectively). We have recently assembled the global line lists for methane in natural isotopic abundance, covering the spectral region from 5854 to 7919 cm™ [1, 2]. By comparison with DAS spectra of highly enriched **CH, and CH,D, recorded in the same temperature conditions, transitions of *CH,and CH,D
present in “natural” isotopic abundance were identified.

These WKMC (for Wang, Kassi, Mondelain, Campargue) empirical lists include about 43000 and 46420 lines at 80 £3 K and 296+ 3 K, respectively. The “two temperature method” provided lower state energy values, Eqp,, for about 24000 transitions. The obtained data sets allow us to account for most of the temperature dependence of the absorption over the considered region.
The WKMC list at 80 K has been successfully applied in a large range of temperature conditions existing on Titan *, Uranus, Pluto, Saturn and Jupiter.

CRDS and DAS at 80K

An original cryogenic cell

The WKMC line lists at 80 K and 296 K Experimental determination of the lower state energy
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The cooling from RT down 81 K leads to a dramatic change in the
appearance of the methane spectra as illustrated on the above Fig.
corresponding to the highest transparency spectral section of the
1.58 pm window.

In general, the reduction by a factor of 2 of the Doppler line width
reveals a number of multiplets which are strongly blended at
room temperature.

&

An example of simulation of the CH, spectrum recorded at LNT
near 6234 cm-.

Upper panel: Experimental spectrum at LNT (P = 10 Torr),

Middle panel: Simulated spectrum resulting from the line fitting
procedure (a Voigt profile was affected to each line),

Lower panel: Residuals between the simulated and experimental
spectra.

J

Identification of the 3CH, lines in the spectrum of
“natural” methane at 80 K by comparison of the methane
and °CH, spectra near 7493 cm. The two spectra were
recorded at 80 K with a pressure of 6.0 Torr and 1.0 Torr,
respectively. The chosen interval shows the Q branch of
the v, + 2v, band of *CH,,

-

Low resolution simulations (P = 1.0 Torr)
obtained from the complete line list
(purple) and limited to the CH,D lines
(blue) showing the fraction of the
absorption due to CH,D in natural
abundance between 6150 and 6750 cm.
The CH,D contribution has been
highlighted in blue.

In order to determine the temperature
dependence of the CH,D absorption in the
1.58 um region, the lower state energy
levels were obtained by applying the two
temperature method to DAS spectra of
pure CH,D [11]. The empirical values were
transferred in the WKMC list at 80 K

allowing to account for the T dependence
of the methane absorption in the region. J
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Atmospheric and planetary science communities make a daily use of molecular spectroscopic
parameters, such as center frequencies and intensity factors of vibration-rotation lines in the infrared
portion of the electromagnetic spectrum. Most data are taken from the HITRAN database, which is
widely recognized as a good compendium made of a proper combination of laboratory
measurements and quantum mechanical calculations. Even though refined in the course of the
years, its level of accuracy remains insufficient for some specific applications, including
atmospheric monitoring for the study of climate changes and for the validation of climate models,
where high-quality and traceable spectroscopic parameters are needed, at least for those molecules
contributing to the greenhouse effect.

The past 12 years have witnessed the advent of an extremely fine spectroscopic tool, the optical
frequency comb synthesizer (OFCS). Based upon mode-locked femtosecond lasers, an OFCS
provides hundreds of thousands of sharp, equally spaced, spectral components, distributed across
hundreds of nanometers. The main motivation for its invention was to provide a direct and phase-
coherent link between optical and microwave domains, thus allowing for precision measurements of
optical frequencies. As a result, the field of frequency metrology has received a tremendous impulse
in the last decade. Nowadays, the OFCS technology is finding an increasing number of new
applications in different research fields, either in the near-infrared (NIR) or in the mid-infrared
(MIR).

In the framework of molecular spectroscopy, frequency combs have been so far mostly applied to
the determination of line-center frequencies with extreme accuracy: in such measurements the
frequency comb typically acts as a rigid ruler to count the frequency of a continuous-wave (cw)
laser that has been tightly locked to a sub-Doppler absorption feature.

In this work, we show how traceable and accurate spectroscopic data can be retrieved in the mid-
infrared (MIR) region by taking the advantage of a referencing scheme allowing a quantum-
cascade-laser (QCL) to be phase-locked to a NIR frequency comb [1, 2]. Tuning the comb
repetition rate allows the QCL to be scanned across a given absorption line with a highly accurate,
absolute, and repeatable frequency axis, so as to obtain absorption spectra with the highest
metrological qualities.

We demonstrate the concept of determining the line-centre frequency, line strength, pressure shift,
and pressure broadening coefficients for molecules of strong atmospheric interest (such as carbon
dioxide), in the so-called fingerprint region [3]. In this respect, we benefit from the fact that widely
tunable QCLs are commercially available in the whole 3-12 um spectral range. The proposed
methodology has thus the potential of being a standardized procedure with the highest metrological
qualities, capable of solving the inconsistency problem of the currently available molecular
databases.
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Frontier Sources for High-Resolution Spectroscopy

M. De Rosa, G. Gagliardi, P. Maddaloni, P. Malara, S. Mosca, I. Ricciardi, A. Rocco,
CNR-INO, Istituto Nazionale di Ottica, Napoli (Italy)
S. Borri, S. Bartalini, P. Cancio, I. Galli, G. Giusfredi, D. Mazzotti, P. De Natale
CNR-INO, Istituto Nazionale di Ottica, Firenze (Italy)

Atomic and molecular spectroscopy continues to play a major role in the understanding of
Nature and represents a test bench for fundamental physical theories, from the microscopic
world to the cosmic scale. Accurate measurements of transition parameters demand for
increasingly stable and spectrally pure laser sources. We present an overview of different
laser sources and spectroscopic techniques, developed in our labs, aimed to accurate
measurements on molecular transitions, falling in the infrared region. We developed different
sources, based on difference frequency generation [1,2] and optical parametric oscillation [3]
in nonlinear crystals, which can cover the spectral range between 2.7 and 4.5 um. At longer
wavelengths, we investigated the ultimate performances of quantum cascade lasers [4,5],
which are more and more proving to be reliable sources for high-resolution spectroscopy. All
these sources have been used in combination with optical frequency synthesizers, for
frequency stabilization and absolute frequency determination. Finally, high-sensitivity
techniques have been developed for quantitative measurement of gas concentration [6,7].
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LINE PARAMETERS OF THE HCI ABSORPTION BAND
IN THE FIRST OVERTONE AT UP TO 10 BAR

V. Ebert'?3, M. Gisi?, P. Ortwein'?, A. Serdyukov', S. Wagner®®, W. Woiwode?
! Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

2 Physical Chemistry Institute (PCI), Universitat Heidelberg, INF253, 69120 Heidelberg, Germany
¥ Center of Smart Interfaces, Technische Universitat Darmstadt, Petersenstrale 32, 64287 Darmstadt, Germany
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Proceedings of the EUMETRISPEC workshop
held at Wolfenbiittel castle & PTB Braunschweig, November 15" - 16%, 2012

High-resolution spectroscopy of gases for industrial applications
Alexander Fateev” and Sgnnik Clausen

") e-mail: alfa@kt.dtu.dk

Optical Diagnostics Group,
DTU Chemical Engineering, Frederiksborgvej 399, Roskilde, DK-4000, Denmark

Keywords: high-resolution spectroscopy, gas cells, databases

High-resolution spectroscopy of gases is a powerful technique which has various
fundamental and practical applications: in situ simultaneous measurements of gas
temperature and gas composition, radiative transfer modeling, validation of existing and
developing of new databases and etc. Existing databases (e.g. HITRAN, HITEMP or CDSD)
can normally be used for absorption spectra calculations at limited temperature/pressure
ranges. Therefore experimental measurements of absorption/transmission spectra gases (e.g.
CO,, H,0 or SO,) at high-resolution and elevated temperatures are essential both for analysis
of complex experimental data and further development of the databases.

High-temperature gas cell facilities available at DTU Chemical Engineering are presented
and described. The gas cells and high-resolution spectrometers allow us to perform high-
quality reference measurements of gases relevant to, for example, atmospheric research,
combustion and gasification. Some high-temperature, high-resolution IR/UV
absorption/transmission measurements gases (e.g. CO,, SO,, SOz and phenol) are presented.
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Quantum state selective detection of molecular chlorine by high-
resolution cavity ring-down spectroscopy

Thomas Forsting, Ignacio Vespoli, and Christof Maul
Institut fur Physikalische und Theoretische Chemie, TU Braunschweig,
Hans-Sommer-Str. 10, 38106 Braunschweig, GERMANY

State resolved detection of nascent products of chemical reactions and/or photodissociation
provides valuable information about the dynamics of the underlying elementary processes.
Molecular chlorine is of particular interest with respect to is role in atmospheric chemistry,
however, detailed studies have remained scarce due to the lack of suitable optical detection
methods.

The weak rovibrational bands in the visible absorption spectrum of molecular chlorine have
been reexamined in the region of 485 — 505 nm at room temperature with the highest
instrumental resolution yet known (0.001 nm). Due to the small absorption cross-sections of
about 10 to 10 cm? in this region a method of very high sensitivity needs to be employed:
Cavity Ring-Down (CRD) Spectroscopy. Absorption spectra are presented that were obtained
via a Cavity Ring-Down cell with a XeCl excimer laser pumped dye-laser as pulsed light-
source and a photo-multiplier tube as detector.

The resulting absorption spectrum shows rotationally resolved bands of the spin-forbidden
transition B%[1(0,") € X129+. A rovibrational analysis of the observed bands is performed and
takes into account that chorine occurs in three isotopomers®**Cl,, *CI*’Cl and *’Cl, with the
natural abundances of 57.4 %, 36.7 % and 5.9 % respectively.

Altogether we present CRD Spectroscopy as a powerful and yet very easy method to obtain
high resolution gas-phase absorption spectra of species with very low absorption cross-
sections. The current detection limit is of the order of 10 cm™. The results are a proof of
concept as well as a preliminary stage to carry out chemical reactions with in situ detection of
gaseous reaction products.
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TOWARDS ACCURATE DETERMINATION OF MOLECULAR
LINE STRENGTHS — EXEMPLIFIED BY ACETYLENE

J. Hald, L. Nielsen, and J. C. Petersen
Danish Fundamental Metrology, Matematiktorvet 307, DK-2800 Kongens Lyngby, Denmark
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The Identification and Quantification of Greenhouse Gas Point Source Emissions Using
Cavity Ring-Down Spectroscopy, Complementary to Other Techniques

Graham Leggett®, Tom Gardiner?, Rod Robinson?

! Tiger Optics LLC, 250 Titus Avenue, Warrington, PA 18976-2426, USA
2 National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 OLW,
United Kingdom

The provision of robust, accurate, stable, and mobile instrumentation for the determination
of key greenhouse gases (GHGs) in ambient air is essential for assessing the emissions of
these species from anthropogenic sources such as landfill sites, industrial processes, and
agricultural facilities, for the purpose of process optimisation and carbon accounting
activities. We report the details of a study where a commercial cavity ring-down
spectroscopy (CRDS) based analyser (Tiger Optics Tiger-i 2000) has been developed to
complement the measurement of point source emissions of greenhouse gases using more
established techniques such as open-path FTIR and Differential Absorption LIDAR (DIAL).
We give an introduction to the CRDS technique, its application to GHG measurements, and
wider applications of the technique relevant to the environmental sector. We demonstrate
that cavity ring-down spectroscopy provides a reliable, fast response, calibration-free,
relatively low-cost option for the identification of point sources and the subsequent
quantification of emitted greenhouse gases. We show how the technology provides the
appropriate sensitivity in order to determine the output of gases at some distance from the
emission source, and also the dynamic range to allow effective measurements of localised
sources within the site of interest.

High-Range Concentration Step Challenge
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Figure 1. Tiger-i 2000 response to high concentration CH4intrusion.
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NEW MEASUREMENTS AND ANALYSES OF LINE POSITIONS
AND INTENSITIES OF CH3D IN THE INFRARED

A. Nikitin!, L. Brown?, K. Sung?, M. A. Smith?, A. Mantz®, X. Thomas®,
L. Regalia®, L. Daumont®, R. Kochanov®*, M. Rey?®, and V. Tyuterev®

! Laboratory of Theoretical Spectroscopy, V.E. Zuev Institute of Atmospheric Optics,
SB RAS, Academician Zuev square, 634021, Tomsk, Russia
2 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, CA 91109, USA
® Groupe de Spectrométrie Moléculaire et Atmosphérique, UMR CNRS 7331,
Université de Reims Champagne Ardenne, Moulin de la Housse, BP 1039-51687 REIMS Cedex 2, France
* Science Directorate, NASA Langley Research Center, Hampton, VA 23681, USA
® Dept. of Physics, Astronomy and Geophysics, Connecticut College,
270 Mohegan Avenue, New London, CT 06320, USA

Recently a new study of 2CH;D line positions and intensities of strong and medium lines has been performed for
the upper portion of the Enneadecad polyad between 4000 and 4550 cm™. For this, FTIR spectra were recorded
with D-enriched methane samples: one at 80 K with a Bruker 125 IFS at 0.005 cm™ resolution, 3.35 Torr with
path length 0.2 m at the Jet Propulsion Laboratory in Pasadena and two others at 291 K with the McMath-Pierce
FTS at 0.011 cm™ resolution, 0.72 and 4.88 Torr with path length 2.39 m at the Kitt Peak National Observatory
in Tucson. Line positions and intensities were retrieved by least square curve-fitting procedures and analyzed
using the effective Hamiltonian and the effective Dipole moment expressed in terms of irreducible tensors
operators adapted to symmetric top molecules. Combining the two temperature datasets confirmed the assumed
quantum assignments and also demonstrated the relative accuracies to be better than +0.0002 cm™ for line
positions and at least +6% for ~1160 selected features. Including additional assignments from the room
temperature spectra alone permitted 1362 line intensities of 12 bands (involving 23 vibrational symmetry
components) to be reproduced with an RMS of 9%. Over 4085 selected positions for 12 bands were modeled to
0.008 cm™. In order to extend the knowledge of **CH3D weak lines, new long path FTS measurements are
recorded in Reims between 1850 and 9200 cm™ at 290 K, 2.58 Torr with path lengths of 201, 302 and 1603 m.
In this work we focus particularly on the full spectral range of this polyad (3300-4550 cm™). The aim is to
complete the previous study by intensity measurements of lines corresponding to higher J transitions and to
improve the modelling in the 3300-4000 cm™ range using new theoretical predictions for band centers and
resonance coupling parameters.
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LINE STRENGTHS AND COLLISIONAL BROADENING COEFFICIENTS
OF CO, (@2 um) AND H,0 (@2.7 um),
TRACEABILITY AND UNCERTAINTY ASSESSMENT

J. Nwaboh, A. Pogany, O. Werhahn, V. Ebert

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
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Towards traceability in CO, spectroscopic line parameter
measurements using tunable diode laser absorption spectroscopy

Andrea Pogany, Javis A. Nwaboh, Olav Werhahn, Volker Ebert

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig,
Germany, andrea.pogany@ptb.de, javis.nwaboh@ptb.de, olav.werhahn@ptb.de,
volker.ebert@ptb.de

Tunable diode laser absorption spectroscopy (TDLAS) is a measurement technique with
exceptionally high spectral resolution in the range of 10 cm™ and therefore is highly
interesting for accurate measurements of molecular spectral line parameters like line
strengths or pressure broadening coefficients'. Based on such data TDLAS enables
absolute measurements and traceability, which ensures reliability and comparability of
results.

We are aiming at traceable line parameter measurements by means of TDLAS?®. Such
spectroscopic line parameters are frequently measured by Fourier-transform infrared
spectroscopy (FTIR) or other broadband techniques to derive data for a whole multifold
of lines. Results are collected in databases that are typically used for concentration
determinations. A recent project, e.g., aims at traceable spectral line data for
atmospheric monitoring using traceable FTIR spectroscopy”. FTIR provides extremely
wide spectral coverage, however at the price of a limited spectral resolution of 107 to
10 cm™. TDLAS-based high resolution spectral anchor points are beneficial in order to
validate and increase the reliability of FTIR measurements.

We have measured the strength of a number of CO, lines between 2 and 3 um
employing TDLAS. Traceability of the measured line strength values requires
traceability of all input parameters, namely the gas temperature and pressure, the
concentration and isotopic composition of the measured species in the gas sample, the
optical path length, as well as the line area. Thus we discuss the question of traceability
in case of each of these parameters. We present the retrieved line strength values
together with an uncertainty assessment referring to the ISO-GUM, identifying critical
parameters influencing the accuracy of the resulting line strength. Finally, we compare
the measured line strength values to literature data. This work was initiated within the
framework of the European project MACPoll°, devoted to air pollutant and gas purity
measurements.
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Development of a VDI guideline for passive FTIR measurements in the atmosphere

K. Schafer!, R. Harig?, T. Blumenstock®, N. Hofert*, K. Weber®
Karlsruhe Institute of Technology, IMK-IFU, Kreuzeckbahnstr. 19, 82467 Garmisch-Partenkirchen (D)
e-mail: klaus.schaefer@kit.edu
“Bruker Optik GmbH, Remote Sensing and Gas Analysis, Rudolf-Plank-Str. 27, 76275 Ettlingen (D)
®Karlsruhe Institute of Technology, IMK-ASF, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen (D)
“*Verein Deutscher Ingenieure, Commission on Air Pollution Prevention of VDI und DIN, VDI-Platz 1, 40468
Disseldorf (D)
SUniversity of Applied Sciences Diisseldorf, Georg-Glock-Str. 19, 40474 Diisseldorf (D)

The passive FTIR technique is based on the original radiation of gases and aerosols in the atmosphere
depending from their own temperature as well as the natural radiation sources as the sun. Such
infrared radiation measurements can be applied for the determination of atmospheric composition,
detection of air pollutants and calculation of emission source strengths. This remote sensing method
offers some important advantages over the in situ techniques: low operational costs, ease of handling,
online measurements, possibility of re-analysis without affecting the data source (measured spectra),
no extractive sampling, thus avoiding any chemical changes which may occur within the probe and
extraction system before reaching analytical equipment, avoids contamination of measurement
equipment by dangerous substances and reduces risk of damage of exhaust emitters as e.g. turbines.
The determination of the spatial distribution of concentrations of compounds in the atmosphere is
important for the detection of pollutants as well as harmful emissions and allows the validation of
numerical simulations of physical and chemical processes. Originated by these motivations a VDI
guideline for passive FTIR spectrometry is under development. The main content of this guideline is
the following:

e Basics of the measurement technique
Principles for the detection of gaseous clouds and exhaust composition, radiative transfer model,
radiative temperature, noise equivalent column density and detection limits.

e Measurement systems
Fourier transform spectroscopy, Michelson interferometers, measurement configurations,
spectrometers with one detector element, scanning systems, scanning imaging systems,
spectrometers with a detector array, measurement settings.

e Calibration
Error sources, disturbances and limits of measurements, radiometric calibration, system calibration.

The guideline includes the following applications also:

¢ Remote sensing of gases at ambient temperature
Basics, identification of gases, quantifications, application examples.

¢ Remote sensing of gases at high temperatures (smoke stacks, aircraft engine exhausts, flares)
Basics, quantification of gas temperature, quantification of composition, application examples.

¢ Remote sensing of gases by means of solar radiation
Basics, measurement performance, data analyses, application examples.

The number of the guideline is 4211 and the title is “Remote sensing — Atmospheric measurements

using passive FTIR spectroscopy — Emission and ambient air measurements”. A first draft is available.

The further work will incorporate the description of different application cases of the measurement

methods. Future application of passive FTIR technique will depend from:

e Accuracy of spectral line data which influences the detection limits of this method for single
compounds as well as the determination of interferences of mixtures of compounds and thus the
accuracy of this method.

¢ Availability of spectral line data of compounds of gaseous emissions of anthropogenic and natural
origin.

¢ Availability of spectral line data of such compounds at high temperatures which are important for
certain emissions and combustion processes.
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ANALYSIS OF THE FTS SPECTRUM OF %03 IN THE RANGE 3300-3600 cm™:
FIRST EXAMPLE OF NEW THEORETICAL MODELLING FOR POLYAD OF
STRONGLY COUPLED (220)/(121)/(022) STATES

Evgeniya Starikova®?, Vladimir Tyuterev®, Alain Barbe’,
Marie-Renée De Backer', Xavier Thomas®, Sergei Tashkun?

! Groupe de Spectrométrie Moléculaire et Atmosphérique, UMR CNRS 7331,
Université de Reims Champagne Ardenne, Moulin de la Housse,
BP 1039 - 51687 REIMS Cedex 2, France
? Laboratory of Theoretical Spectroscopy of IAO SB RAN, av. 1,
Akademician Zuev square, 634021 TOMSK, Russia
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Absolute-frequency measurements of CH4 and N,O line centers in the mid-
infrared

M. Vainio®, J. Peltola?, M. Merimaa®

! Centre for Metrology and Accreditation, P.O. Box 9, FIN-02151 Espoo, Finland
2 Laboratory of Physical Chemistry, Department of Chemistry, P.O. Box 55,
FIN-00014 University of Helsinki, Finland
email: markku.vainio@mikes.fi

We report a mid-infrared spectrometer that has been designed to accurately measure
molecular spectroscopic data, in order to improve the quality of the existing spectroscopic
databases. The spectrometer, which is schematically depicted in Fig. 1, is based on a
wavelength-tunable continuous-wave optical parameter oscillator (cw OPQ). The OPO can be
used for high resolution spectroscopy between 3 and 4 pum mid-infrared wavelengths [1]. In
the first version of our experimental setup, the frequency of the mid-infrared (idler) beam of
the OPO was linked to an optical frequency comb through its near-infrared pump and signal
beams [2]. We have recently improved the experimental setup so that the link to the frequency
comb can be established by simply frequency doubling of the mid-infrared beam (Fig. 1).

The frequency-comb-referenced cw OPO can be used to accurately measure frequencies,
linewidths, and pressure shifts of molecular absorption lines in the mid-infrared. In this work
we focus on the spectroscopy of methane (CH,) and nitrous oxide (NO) within the spectral
range between 2.85 and 3.45 pm. In our upgraded setup we use cavity-ring-down
spectroscopy, which is an extremely sensitive and accurate technique for absorption
measurements and makes it possible to measure also the strength of the molecular absorption
line under study.

Cavity-ring-down spectrometer (3- 4 um) / Absolute frequency \
measurement / locking

x” 7 SHG TN
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Fig. 1. The OPO is pumped at wavelength A, = 1064nm, and it produces two new wavelengths, As ~ 1.6 um and
Ai ~3 pm such that 1/ &; = 1/A, — 1/As. The absolute frequency of the mid-infrared (A;) beam can be determined
with a commercially available optical frequency comb after frequency doubling (SHG).
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Infrared line parameters for constituents of planetary
and stellar atmospheres

J. Vander Auwera,* M. Herman,® B. Amyay,® K. Didriche,® T. Foldes,?
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(b) Laboratoire de Spectroscopie MolZculaire, UniversitZ Catholique de Louvain (UCL),
2 chemin du cyclotron, bo"te L7.01.07, B-1348 Louvain-La-Neuve, Belgium

Relying on high resolution instrumental and methodological means, our activities
aim to provide reference spectroscopic information required to quantitatively
probe the composition of atmospheres and to study the internal structure of
molecules. The common ground supporting these activities is the investigation of
the energy, intensity and shape of spectral lines. Much of the reference
spectroscopic information we obtained is included in the HITRAN and GEISA
databases. After a brief description of our experimental means, a few examples
of our recent research are presented.
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SPECTROSCOPIC LINE DATA FOR HIGH TEMPERATURE
PROCESS DIAGNOSTICS IN COMPLEX CHEMICAL MATRIXES
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Challenges in Mid-Infrared Chemical Sensing Applied to Reactive Non-
Equilibrium Environments

S. Welzell, J. Répckez, R. Engeln1

1

Eindhoven University of Technology, Applied Physics, P.O. Box 513, 5600 MB Eindhoven, The
Netherlands
2 INP Greifswald, Felix-Hausdorff-Str. 2, 17489 Greifswald, Germany

Chemical sensing in the mid-infrared (IR) spectral region (3 - 20 um) is a versatile non-
invasive and selective means to detect, monitor and quantify stable and transient molecules as
well as free radicals in their electronic ground states. High resolution absorption cross section
or line strength data are thereby essential for obtaining absolute number densities from
relative intensity measurements.

Particularly in reactive and non-equilibrium environments, such as electrical gas discharges,
additional challenges have to be considered that finally determine the accuracy of the results.
Non-equilibrium conditions are frequently present in reactive plasmas used for materials and
gas phase processing, such as surface modification, e.g. deposition and etching, and gas
conversion. A few spectroscopic challenges that are highlighted in the contribution are
summarised below:

e complex gas mixtures:

- congested spectra

- collisional partners (line-broadening) different from atmospheric mixtures
non-equilibrium conditions (T, ~ Ty < Ty, < To)

elevated gas temperatures (up to 1000 K and higher)

gradients in temperatures and densities along the line-of-sight

time-dependent quantities and short reaction time-scales (clearly below seconds)
- time-dependent temperatures and hence line-strengths

- convolution of changes in line-strengths and densities of species

- limited sensitivity (accuracy) in highly time-resolved measurements

Opportunities to overcome some of these challenges enabled by the recent progress in mid-IR
laser technology, e.g. the time-resolved detection of the absorption coefficient and a more
localised measurement of quantities in inhomogeneous gas-phases, will be addressed [1,2].
Additionally, the application of (infrared) spectral databases during the analysis of
(congested) Fourier-Transform (FT) IR spectra is discussed.

[1] J. Ropcke, P.B. Davies, N. Lang, A. Rousseau, S. Welzel, J. Phys. D: Appl. Phys. 45
(2012) 423001

[2] S. Welzel, F. Hempel, M. Hiibner, N. Lang, P.B. Davies, J. Ropcke, Sensors 10,
(2010) 6861
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