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Phys. Conditions

Introduction : 5-7 actual problems on spectroscopic 
measurements of ozone 


Multispectral Measurements (FTS & TDL): UV, 5 and 10 μm


Pressure shifting using QCLs


Kinetic & Isotope Studies
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T ~ 6000 K
credits NASA

Asplund et al.  
Ann Rev Astron Astrophys 47, 481 (2009)

T ~ 200 - 300 K



Ozone in the solar system
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Ozone hole

Planetary
bodies

Fast et al., EPSC (2012) 

Pollution

Noll et al., Science 273 (1996)From Scientific Assessment of Ozone Depletion (2014)



"Science of measurement"


GUM - Guide to the Expression of Uncertainty in 
Measurement


Uncertainty is integral part of measurement


Need common rules


Assure traceability 


(link to primary standards)


Provide (complete) uncertainty budget

Metrology
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Outline

Introduction : 


A phenomenological primer on molecular line parameters


Problems associated with spectroscopic data of ozone 


Multispectral Measurements (FTS & TDL): UV, 5 and 10 μm, 
incl. pressure shifting using QCLs


The VAMDC infrastructure as ressource of molecular data      
(presentation of work by M.L. Dubernet, C.M. Zwölf, 
N. Moreau, and Y.A. Ba)


Vitacura 16.09 - 19.09.2017ESO Calibration



Ozone Spectroscopic Data Quality

Molecular Line Parameters

weak field / linear absorption


adapted from Rothman et al., 

J Quant Spectrosc. Radial. Trans. 60, 1998
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Ozone Spectroscopic Data Quality

Molecular Line Parameters

weak field / linear absorption


adapted from Rothman et al., 

J Quant Spectrosc. Radial. Trans. 60, 1998

E1

E0

N1

N0

B BA

S��0 =
h���0
c

n�
N

⇣
1 � g�n�0

g�0n�

⌘
B��0

resolved ro-vibrational transitions


Vitacura 16.09 - 19.09.2017ESO Calibration

S =
R
�(�)d�

cross section of ind. transition


�(�) = S ⇥ ƒ (�)

𝚪

most commonly used: Voigt

𝚫

V =
Z

G(�D,�)L(�L,�0 � �)d�0



Ozone Spectroscopic Data Quality

Molecular Line Parameters

weak field / linear absorption


adapted from Rothman et al., 

J Quant Spectrosc. Radial. Trans. 60, 1998
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𝚪

most commonly used: Voigt

𝚫

High resolution spectroscopy reveals limits of Voigt profile
Preparation for more general line shape model
(Dicke effect, velocity and phase changing collisions, ….):

HTP(�D,�0,�0,�2,�2,�VC,�;��)

eg Wcisło et al., J Quant Spectrosc. Radial. Trans. 177, 75 (2016)



Ozone Spectroscopy &  
Measurement

The following product channels successively open with
increasing excitation energy:

O3 þ !ho ðEph:41:051 eVÞ ! Oð3PÞ þO2ðX3S$
g Þ ð1Þ

O3 þ !ho ðEph:42:026 eVÞ ! Oð3PÞ þO2ða1DgÞ ð2Þ

O3 þ !ho ðEph:42:678 eVÞ ! Oð3PÞ þO2ðb1Sþ
g Þ ð3Þ

O3 þ !ho ðEph:43:016 eVÞ ! Oð1DÞ þO2ðX3S$
g Þ ð4Þ

O3 þ !ho ðEph:43:999 eVÞ ! Oð1DÞ þO2ða1DgÞ: ð5Þ

Channels (1) and (5) are spin-allowed and have the largest
quantum yields, for example, in the Hartley band.13 However,
also the very weakly populated spin-forbidden channels
(2)–(4) have been observed experimentally in the wavelength
range corresponding to the Huggins band.14–18 These channels
can be accessed via spin–orbit (SO) coupling to one or more
triplet states.19

In this article we discuss the quantum mechanical studies of
the four absorption bands performed in our group in the past
few years and the interpretation/assignment of the spectra in
terms of the underlying molecular dynamics. Calculations of
other research groups will also be considered. The presented
account of the experimental work is not meant to be compre-
hensive. The reader interested in experiments on ozone is

referred to the reviews which can be found, for example, in
ref. 13 and 20–22. We start with short descriptions of the
electronic structure and dynamics calculations and then dis-
cuss the four bands in order of decreasing intensity. In the last
chapter we summarize questions which are still open and
require additional work.

II. Computational tools

A. Electronic structure calculations

Because of the relatively high density of low-lying states the
electronic structure of ozone is complicated and the ab initio
determination of complete PESs is challenging. Extensive
electronic structure calculations were first performed in the
1970s.23–26 The first three-dimensional (3D) PES of the 31A0

state, suitable for studying the photodissociation in the Hug-
gins/Hartley band system, was constructed by Hay et al.27 and
empirically adjusted by Sheppard and Walker.28 About one
decade later Yamashita et al.29 calculated an improved PES of
the same state, which was subsequently used in several dyna-
mical studies. Investigations of the electronic origin of the
Chappuis and Wulf bands started at about the same time.
Banichevich et al.30 calculated two-dimensional cuts of PESs
of the eight lowest (singlet and triplet) electronic states. These
calculations evinced the complexity of the electronic structure
and attributed the Chappuis band to the first two 1A00 states.
Braunstein and Pack31 determined the spectroscopic constants

Fig. 1 (a) The measured absorption cross section (in cm2; logarithmic scale) of ozone as function of the excitation energy. The data up to 5.4 eV

(solid line) are those of Bogumil et al.7 for 203 K and the data above 5.4 eV (dashed line) are those of Freeman et al.6 for 195 K (http://

cfa-www.harvard.edu/amdata/ampdata/cfamols.html). (b) One-dimensional cuts through the potential energy surfaces relevant for the photo-

dissociation of ozone. R1 is one of the O–O bond lengths; the other one is fixed at R2 = 2.43 a0 and the bond angle is a= 1171. E= 0 corresponds

to O3(X̃) in the ground vibrational state (zero point energy). A, B, and R indicate the three (diabatic) 1A0 states relevant for the Hartley and

Huggins bands. The horizontal arrows illustrate the electronic assignments of the absorption bands. Color coding in (a) and (b) stresses the relation

between the absorption bands and the underlying electronic states.

This journal is %c the Owner Societies 2007 Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2045
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Product Specifications

The Thermo Scientific Model 49i-PS 
Ozone Primary Standard utilizes UV 
Photometric technology to produce ozone 
at a rate of up to 5000 ppb. The Model 
49i-PS analyzer is a dual cell photometer, 
the concept adopted by the NIST for the 
national ozone standard.  

The Model 49i-PS analyzer can operate 
with ozonator flow rates of up to 6 liters 
a minute. Because the instrument has 
both sample and reference flowing 
simultaneously, a response time of 20 
seconds can be achieved.

Temperature and pressure correction 
are standard offerings. User settable 
alarm levels for concentration and for a 
wide variety of internal diagnostics are 
available from an easy to follow menu.

This state-of-the-art gas analyzer offers 
features such as an Ethernet port and a 
flash memory for increased data storage 
and field upgradability.  
   
Ethernet connectivity provides efficient 
remote access, allowing the user to 
download measurement information 
directly from the instrument without 
having to be on-site.
   
You can easily program short-cut keys to 
allow you to jump directly to frequently 
accessed functions, menus or screens.  
The larger interface screen can display 
measurement information and status, 
while viewing menu and operational 
screens.

Key Features

• Ethernet connectivity for efficient 
remote access

• Enhanced user interface with one 
button programming and large 
display screen

• Flash memory for increased data 
storage and user downloadable 
software

• Enhanced electronics design 
optimizes product commonality

• Improved layout for easier 
accessibility to components

Thermo Scientific
Model 49i-PS
Ozone Primary Standard 

UV Photometric Primary Standard 
for the calibration of Ozone 
analyzers and transfer standards

ambient O3 analyser

Brewer-Dobson
LIDAR

SCIAMACHY

IASI

MIPAS

& GOMOS

Vitacura 16.09 - 19.09.2017ESO Calibration



Ozone Spectroscopic Data Quality
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Atmos. Meas. Tech. Discuss., 7, 2071–2106, 2014

www.atmos-meas-tech-discuss.net/7/2071/2014/

doi:10.5194/amtd-7-2071-2014

© Author(s) 2014. CC Attribution 3.0 License.
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Discussions

This discussion paper is/has been under review for the journal Atmospheric Measurement

Techniques (AMT). Please refer to the corresponding final paper in AMT if available.

Quality assessment of ozone total column
amounts as monitored by ground-based
solar absorption spectrometry in the near
infrared (> 3000 cm�1)
O. E. García1, M. Schneider1,2, F. Hase2, T. Blumenstock2, E. Sepúlveda1,3, and
Y. González1

1Izaña Atmospheric Research Centre (IARC), Agencia Estatal de Meteorología (AEMET),
Santa Cruz de Tenerife, Spain
2Institute for Meteorology and Climate Research (IMK-ASF), Karlsruhe Institute of Technology
(KIT), Karlsruhe, Germany
3University of La Laguna, San Cristóbal de La Laguna, Spain

Received: 5 February 2014 – Accepted: 17 February 2014 – Published: 3 March 2014

Correspondence to: O. E. García (ogarciar@aemet.es)

Published by Copernicus Publications on behalf of the European Geosciences Union.

2071

D
i
s
c
u
s
s
i
o
n

P
a

p
e
r

|
D

i
s
c
u
s
s
i
o
n

P
a

p
e
r

|
D

i
s
c
u
s
s
i
o
n

P
a

p
e
r

|
D

i
s
c
u
s
s
i
o
n

P
a

p
e
r

|

Abstract

This study examines the possibility of ground-based remote sensing ozone total col-
umn amounts (OTC) from spectral signatures at 3040 and 4030 cm�1. These spectral
regions are routinely measured by the NDACC (Network for the Detection of Atmo-
spheric Composition Change) ground-based FTIR (Fourier Transform InfraRed) ex-5

periments. In addition, they are potentially detectable by the TCCON (Total Carbon
Column Observing Network) FTIR instruments. The ozone retrieval strategy presented
here estimates the OTC from NDACC FTIR high resolution spectra with a theoretical
precision of about 2 % and 5 % in the 3040 cm�1 and 4030 cm�1 regions, respectively.
Empirically, these OTC products are validated by inter-comparison to FTIR OTC refer-10

ence retrievals in the 1000 cm�1 spectral region (standard reference for NDACC ozone
products), using a 8 year FTIR time series (2005–2012) taken at the subtropical ozone
super-site of the Izaña Observatory (Tenerife, Spain). Associated with the weaker
ozone signatures at the higher wavenumber regions, the 3040 cm�1 and 4030 cm�1

retrievals show lower vertical sensitivity than the 1000 cm�1 retrievals. Nevertheless,15

we observe that the rather consistent variations are detected: the variances of the
3040 cm�1 and the 4030 cm�1 retrievals agree within 90 % and 75 %, respectively, with
the variance of the 1000 cm�1 standard retrieval. Furthermore, all three retrievals show
very similar annual cycles. However, we observe a large systematic di�erence of about
7 % between the OTC obtained at 1000 cm�1 and 3040 cm�1, indicating a significant20

inconsistency between the spectroscopic ozone parameters (HITRAN 2012) of both
regions. Between the 1000 cm�1 and the 4030 cm�1 retrieval the systematic di�erence
is only 2–3 %. Finally, the long-term stability of the OTC retrievals has also been ex-
amined, observing that both near infrared retrievals can monitor the long-term OTC
evolution in consistency to the 1000 cm�1 reference data.25

2072

Inconsistencies in atmospheric & laboratory 
data (+ data bases)


Lab: IR (10 μm / 1000 cm-1) - UV (300 
nm): 


5.5 % (Picquet-Varrault et al., 2005) &


4.0 (± 0.1)% (Gratien et al., 2010)

Column-O3: FTIR (962 -1044 cm-1) - 
Brewer (303.2 - 320.1 nm) @ Izaña:          


4.2 ± 0.7 % (e.g. Viatte et al., Atmos. 
Meas. Tech. 4, 2011)

Ozone Spectroscopic Data Quality

target uncertainty : < 1%


UV VIS 3 μm 5 μm 10 μm 14 μm

UV -4%
VIS 0 ?

3 μm + 7%
5 μm 0 ? ?
10 μm 4% -7% ? ?
14 μm ?

7 %

Rel. retrieval bias using recommended data 

The Science of Ozone DepletionMontreal Protocol

Solar Cycle & Volcanoes

Ozone & Climate Change

ClO + ClO

(ClO)2 + sunlight   
ClOO

2(Cl + O3 

Net: 2O3 

(ClO)2
ClOO + Cl
Cl + O2

ClO + O2)

3O2

ClO + BrO     Cl + Br + O2

BrCl + sunlight     Cl + Br

Net: 2O3     3O2

ClO + BrO     BrCl + O2

Cl + O3     ClO + O2
Br + O3     BrO + O2

)or(

Halogen source gases accumulate in the atmosphere and are
distributed throughout the lower atmosphere by winds and other air motions.

Most halogen source gases are converted in the stratosphere to reactive
halogen gases in chemical reactions involving ultraviolet radiation from the sun.

Polar Stratospheric Clouds increase ozone depletion by reactive halogen
gases causing severe ozone loss in polar regions in winter and spring.

Air containing reactive halogen gases returns to the troposphere
and these gases are removed from the air by moisture in clouds and rain.

T he destruction of ozone in Cycle 1 involves two separate chemical reactions.  The
net or overall reaction is that of atomic oxygen with ozone, forming two oxygen

molecules.  The cycle can be considered to begin with either ClO or Cl.  When starting
with ClO, the first reaction is ClO with O to form Cl. Cl then reacts with (and thereby
destroys) ozone and reforms ClO.  The cycle then begins again with another reaction of
ClO with O.  Because Cl or ClO is reformed each time an ozone molecule is destroyed,
chlorine is considered a catalyst for ozone destruction.  Atomic oxygen (O) is formed
when ultraviolet sunlight reacts with ozone and oxygen molecules.  Cycle 1 is most
important in the stratosphere at tropical and middle latitudes, where ultraviolet sunlight
is most intense.

Significant destruction of ozone occurs in polar regions because
ClO abundances reach large values. In this case, the cycles initi-

ated by the reaction of ClO with another ClO (Cycle 2) or the reac-
tion of ClO with BrO (Cycle 3) efficiently destroy ozone. The net reac-
tion in both cases is two ozone molecules forming three oxygen mol-
ecules. The reaction of ClO with BrO has two pathways to form the
Cl and Br product gases. Ozone destruction Cycles 2 and 3 are cat-
alytic, as illustrated for Cycle 1, because chlorine and bromine gases
react and are reformed in each cycle. Sunlight is required to complete
each cycle and to help form and maintain ClO abundances.

Reactive halogen gases cause chemical depletion of
stratospheric total ozone over the globe except at tropical latitudes.
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End of 21st century

T otal ozone values
have decreased begin-

ning in the early 1980s 
(see middle panel).  The
ozone values shown are
3-month averages corrected
for seasonal effects.
Incoming solar radiation,
which produces ozone in the
stratosphere, changes on a
well-recognized 11-year
cycle.  The amount of solar
radiation at a wavelength of
10.7-cm is often used to
document the 11-year cycle
(see top panel).  A compari-
son of the top and middle
panels indicates that the
cyclic changes in solar out-
put cannot account for the
long-term decreases in
ozone.  Volcanic eruptions
occurred frequently in the
1965 to 2005 period.  The
largest recent eruptions are
El Chichón (1982) and Mt.
Pinatubo (1991) (see red
arrows in bottom panel).
Large volcanic eruptions are
monitored by the decreases
in solar transmission to
Earth’s surface that occur
because new particles are formed in the stratosphere from volcanic sulfur emissions (see 
bottom panel). These particles increase ozone depletion only temporarily because they do not
remain in the stratosphere for more than a few years. A comparison of the middle and 
bottom panels indicates that large volcanic eruptions also cannot account for the long-term
decreases found in global total ozone.

Significant ozone depletion from the release of ozone-depleting gases in
human activities first became recognized in the 1980s.  The Montreal

Protocol provisions are expected to further reduce and eliminate these gases
in the atmosphere in the coming decades, thereby leading to the return of
ozone amounts to near pre-1980 values.  The timeline of the recovery process
is schematically illustrated with three stages identified.  The large uncertainty
range illustrates natural ozone variability in the past and potential uncertain-
ties in global model projections of future ozone amounts.  When ozone reach-
es the full recovery stage, global ozone values may be above or below pre-
1980 values, depending on other changes in the atmosphere.

Observed values of midlatitude total ozone (top panel, right) and
September-October minimum total ozone values, over Antarctica (bottom

panel, right) have decreased beginning in the early 1980s.  As halogen source gas
emissions decrease in the 21st century, ozone values are expected to recover by
increasing toward pre-1980 values.  Atmospheric computer models that account
for changes in halogen gases and other atmospheric parameters are used to pre-
dict how ozone amounts will increase.  These model results show that full recov-
ery is expected in midlatitudes by 2050, or perhaps earlier.  Recovery in the
Antarctic will occur somewhat later.  The range of model projections comes from
the use of several different models of the future atmosphere.

1 2
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6

T he abundances of chlorine source gases and reactive
chlorine gases as measured from space are displayed

with altitude for a midlatitude location.  In the troposphere
(below about 10 kilometers), all chlorine is contained in the
source gases.  In the stratosphere, reactive chlorine gases
increase with altitude as chlorine source gases decrease. This
is a consequence of chemical reactions involving ultraviolet
sunlight.  The principal reactive gases formed are HCl,
ClONO2, and ClO.  Summing the source gases with the
reactive gases gives total available chlorine, which is
nearly constant with altitude up to 47 km.  In the ozone
layer, HCl and ClONO2 are the most abundant reactive
chlorine gases.

3

T otal ozone values are shown for high southern latitudes as measured by a satellite instrument.  The
dark blue and purple regions over the Antarctic continent show the severe ozone depletion

or “ozone hole” now found during every spring.  Minimum values of total ozone inside the ozone hole
are close to 100 Dobson units (DU) compared with normal springtime values of about 200 DU. In late
spring or early summer (November-December) the ozone hole disappears in satellite images as ozone
depleted air is displaced and mixed with ozone-rich air transported poleward from outside the ozone hole.

T otal ozone in polar regions is measured by well-calibrated satellite instruments.  Shown here is a
comparison of average springtime total ozone values found between 1970 and 1982 (solid and dashed

red lines) with those in later years.  Each point represents a monthly average in October in the Antarctic
or in March in the Arctic.  After 1982, significant ozone depletion is found in most years in the Arctic and
all years in the Antarctic.  The largest average depletions have occurred in the Antarctic since 1990.  The
ozone changes are the combination of chemical destruction and natural variations.  Variations in meteor-
ological conditions influence the year-to-year changes in depletion, particularly in the Arctic.  Essentially all
of the decrease in the Antarctic and usually most of the decrease in the Arctic each year
are attributable to chemical destruction by reactive halogen gases.  Average total ozone values over
the Arctic are naturally larger at the beginning of each winter season because more ozone is transported
poleward each season in the Northern Hemisphere than in the Southern Hemisphere.

V alues are shown for key parameters of the Antarctic ozone hole:  the area enclosed by the
220-DU total ozone contour and the minimum total ozone amount, as determined from space-based

observations.  The values are averaged for each year near the peak of ozone depletion, as defined by
the dates shown in each panel.  The ozone hole areas are contrasted to the areas of continents in the
upper panel.  The intensity of ozone depletion gradually increased beginning in 1980.  In the 1990s,
the depletion reached fairly steady values, except for the anomalously low depletion in 2002.  The 
intensity of Antarctic ozone depletion will decrease as part of the ozone recovery process.

S atellite instruments monitor ozone and reactive chlorine gases in the global stratosphere.  Results
are shown here for Antarctic winter for a narrow altitude region within the ozone layer.  In winter,

chlorine monoxide (ClO) reaches high values (1500 parts per trillion) in the ozone layer, much higher than
observed anywhere else in the stratosphere because ClO is produced by reactions on polar stratospheric
clouds.  These high ClO values in the lower stratosphere last for 1 to 2 months, cover an area that at times
exceeds that of the Antarctic continent, and efficiently destroy ozone in sunlit regions in late winter/early
spring.  Ozone values measured simultaneously within the ozone layer show very depleted values.

T he stratospheric ozone layer resides between about 10 and 50 kilometers (6 to 31 miles) above
Earth’s surface over the globe.  Long-term observations of the ozone layer with balloonborne instru-

ments allow the winter Antarctic and Arctic regions to be compared.  In the Antarctic at the South Pole,
halogen gases have destroyed ozone in the ozone layer beginning in the 1980s.  Before that period, the
ozone layer was clearly present, as shown here using average ozone values from balloon observations made
between 1962 and 1971.  In more recent years, as shown here for 2 October 2001, ozone is destroyed
completely between 14 and 20 kilometers (8 to 12 miles) in the Antarctic in spring.  Average October
values in the ozone layer now are reduced by 90% from pre-1980 values.  The Arctic ozone layer is still
present in spring as shown by the average March profile obtained over Finland between 1988 and 1997.
However, March Arctic ozone values in some years are often below normal average values as shown here
for 30 March 1996.  In such years, winter minimum temperatures are generally below PSC formation
temperatures for long periods.  Ozone abundances are shown here with the unit “milli-Pascals” (mPa), which
is a measure of absolute pressure (100 million mPa = atmospheric sea-level pressure).

Ozone is naturally produced in the stratosphere in a
two-step process.  In the first step, ultraviolet sunlight

breaks apart an oxygen molecule to form two separate oxygen
atoms.  In the second step, each atom then undergoes a
binding collision with another oxygen molecule to form
an ozone molecule.  In the overall process, three oxygen
molecules plus sunlight react to form two ozone molecules.

Amolecule of ozone (O3) contains three oxygen (O)
atoms bound together.  Oxygen molecules (O2), which

constitute 21% of Earth’s atmosphere, contain two oxygen
atoms bound together.

Ozone is present throughout the lower atmosphere (troposphere and
stratosphere).  Most ozone resides in the stratospheric “ozone layer”

above Earth’s surface.  Increases in ozone occur near the surface as a result
of pollution from human activities.

T he purpose of the Montreal Protocol is to achieve reductions in
stratospheric abundances of chlorine and bromine. The reductions

follow from restrictions on the production and consumption of manufac-
tured halogen source gases.  Projections of the future abundance of effec-
tive stratospheric chlorine are shown in the top panel assuming (1) no
Protocol regulations, (2) only the regulations in the original 1987
Montreal Protocol, and (3) additional regulations from the subsequent
Amendments and Adjustments.  The city names and years indicate where
and when changes to the original 1987 Protocol provisions were agreed
upon.  Effective stratospheric chlorine as used here accounts for the
combined effect of chlorine and bromine gases. Without the Protocol,
stratospheric halogen gases are projected to increase significantly in the
21st century.  The “zero emissions” line shows a hypothetical case of
stratospheric abundances if all emissions were reduced to zero beginning
in 2007.  The lower panel shows how excess skin cancer cases might
increase with no regulation and how they might be reduced under the
Protocol provisions.

H uman activities since the start of the Industrial Era (around 1750) have
caused increases in the abundances of several longlived gases, changing

the radiative balance of Earth’s atmosphere.  These gases, known as “green-
house gases,” result in radiative forcings, which can lead to climate change.
Other international assessments have shown that the largest radiative forcings
come from carbon dioxide, followed by methane, tropospheric ozone, the halo-
gen containing gases, and nitrous oxide.  Ozone increases in the troposphere
result from pollution associated with human activities. All these forcings are
positive, which leads to a warming of Earth’s surface.  In contrast, stratospher-
ic ozone depletion represents a small negative forcing, which leads to cooling
of Earth’s surface.  In the coming decades, halogen gas abundances and stratos-
pheric ozone depletion are expected to be reduced along with their associated
radiative forcings.  The link between these two forcing terms is an important
aspect of the radiative forcing of climate change.

Ozone-depleting gases (halogen
source gases) and their substitutes

can be compared via their ozone deple-
tion potentials (ODPs) and global warm-
ing potentials (GWPs).  The GWPs are
evaluated for a 100-yr time interval after
emission.  The CFCs, halons, and HCFCs
are ozone-depleting gases and HFCs, used
as substitute or replacement gases, do
not destroy ozone.  The ODPs of CFC-11
and CFC-12, and the GWP of CO2 have
values of 1.0 by definition.  Larger ODPs
or GWPs indicate greater potential for
ozone depletion or climate change,
respectively.  The top panel compares
ODPs and GWPs for emissions of equal
mass amounts of each gas.  The ODPs of
the halons far exceed those of the CFCs.
HFCs have zero ODPs.  All gases have
non-zero GWPs that span a wide range of
values.  The bottom panel compares the
contributions of the 2004 emissions of
each gas, using CFC-11 as the reference
gas.  Each bar represents the product of a
global emission value and the respective
ODP or GWP factor.  The comparison
shows that 2004 emissions of ozone-
depleting gases currently contribute more
than substitute gas emissions to both
ozone depletion and climate change.
Future projections guided by Montreal
Protocol provisions suggest that the
contributions of ozone-depleting gases to
climate change will decrease, while those
of the substitute gases will increase.

S atellite observations show a decrease in global total ozone values over more than two decades.  The
left panel compares global ozone values (annual averages) with the average from the period 1964 to

1980.  Seasonal and solar effects have been removed from the data.  On average, global ozone decreased
each year between 1980 and the early 1990s.  The decrease worsened during the few years when volcanic
aerosol from the Mt. Pinatubo eruption in 1991 remained in the stratosphere.  Now global ozone is about
4% below the 1964- to-1980 average.  

The right panel compares ozone changes between 1980 and 2004 for different latitudes.  The largest
decreases have occurred at the highest latitudes in both hemispheres because of the large winter/spring
depletion in polar regions.  The losses in the Southern Hemisphere are greater than those in the Northern
Hemisphere because of the Antarctic ozone hole.  Long-term changes in the tropics are much smaller because
reactive halogen gases are less abundant in the tropical lower stratosphere.

U ltraviolet (UV) radiation at Earth’s
surface has increased over much of

the globe since 1979.  Also known as
“erythemal radiation,” sunburning UV is
harmful to humans and other life forms.
The increases shown here for 1979-1998
are estimated from observed decreases in
ozone and the relationship between ozone
and surface UV established at some surface
locations.  The estimates are based on the
assumption that all other factors that influ-
ence the amount of UV radiation reaching
the Earth’s surface, such as aerosol abundances and cloudiness, are unchanged.  The estimated changes in ultra-
violet radiation in the tropics are the smallest because observed ozone changes are the smallest there.

The ozone layer resides in the stratosphere and surrounds the entire
Earth.  UV-B radiation (280- to 315- nanometer (nm) wavelength)

from the Sun is partially absorbed in this layer. As a result, the amount of
UV-B reaching Earth’s surface is greatly reduced. UV-A (315- to 400-nm
wavelength) and other solar radiation are not strongly absorbed by the
ozone layer. Human exposure to UV-B increases the risk of skin cancer,
cataracts, and a suppressed immune system. UV-B exposure can also
damage terrestrial plant life, single cell organisms, and aquatic ecosystems.

Atotal ozone value is obtained by measuring all the ozone that resides in  
the atmosphere over a given location on Earth’s surface.  Total ozone

values shown here are reported in “Dobson units” as measured by a satellite
instrument from space.  Total ozone varies with latitude, longitude, and season,
with the largest values at high latitudes and the lowest values in tropical
regions.  Total ozone at most locations varies with time on a daily to seasonal
basis as ozone-rich air is moved about the globe by stratospheric winds.  Low
total ozone values over Antarctica in the 22 December image represent the
remainder of the “ozone hole” from the 1999 Antarctic winter/spring season.

Ozone is measured throughout the atmosphere with instruments on the 
ground and on board aircraft, high-altitude balloons, and satellites.  Some 

instruments measure ozone locally in sampled air and others measure ozone remotely
some distance away from the instrument.  Instruments use optical techniques, with the
Sun and lasers as light sources, or use chemical reactions that are unique to 
ozone.  Measurements at many locations over the globe are made regularly to 
monitor total ozone amounts.
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Polar Ozone Depletion

Global Ozone Depletion
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# Global Total Ozone Change

Increasing Solar UV

Halogen source gases are emitted at Earth's surface by
human activities and natural processes.

Emissions

Transport

Conversion

Accumulation

Chemical reaction

Removal

Stratospheric air temperatures in both polar regions reach minimum values in the
lower stratosphere in the winter season.  Average minimum values over Antarctica

are as low as –90°C in July and August in a typical year.  Over the Arctic, average min-
imum values are near –80°C in January and February.  Polar stratospheric clouds (PSCs)
are formed when winter minimum temperatures fall below the formation temperature
(about –78°C).  This occurs on average for 1 to 2 months over the Arctic and 5 to 6
months over Antarctica (see heavy red and blue lines). Reactions on PSCs cause the
highly reactive chlorine gas ClO to be formed, which increases the destruction of ozone.
The range of winter minimum temperatures found in the Arctic is much greater than in
the Antarctic.  In some years, PSC formation temperatures are not reached in the Arctic,
and significant ozone depletion does not occur.  In the Antarctic, PSCs are present for
many months, and severe ozone depletion now occurs in each winter season.

A variety of gases transport chlorine and bromine into the stratosphere.  
These gases, called halogen source gases, are emitted from natural sources

and by human activities.  These partitioned columns show how the principal chlo-
rine and bromine source gases contribute to the respective total amounts of chlo-
rine and bromine as measured in 2004.  Note the large difference in the vertical
scales:  total chlorine in the stratosphere is 160 times more abundant than total
bromine.  For chlorine, human activities account for most that reaches the strat-
osphere.  The CFCs are the most abundant of the chlorine-containing gases
released in human activities.  Methyl chloride is the most important natural

source of chlorine.  HCFCs, which are substitute gases for CFCs and also are reg-
ulated under the Montreal Protocol, are a small but growing fraction of chlorine-
containing gases.  The “Other gases” category includes minor CFCs and short-
lived gases.  For bromine that reaches the stratosphere, halons and methyl bro-
mide are the largest sources.  Both gases are released in human activities.  Methyl
bromide has an additional natural source.  Natural sources are a larger fraction of
total bromine than of total chlorine.  (The unit “parts per trillion” is used here as
a measure of the relative abundance of a gas in air: 1 part per trillion indicates the
presence of one molecule of a gas per trillion other air molecules.)

Cycle 1 Cycle 2

Cycle 3

Ozone Destruction Cycles

Primary Sources of Chlorine and Bromine for the Stratosphere in 2004
Past and Expected Future abundances of Atmospheric Halogen Source Gases

Designed by Dr. David W. Fahey (NOAA/Earth System Research Laboratory, Boulder, CO USA) and Dennis Dickerson (Respond Grafiks, Superior, CO USA) / March, 2007

Stratospheric Ozone Production

Measuring Ozone in the Atmosphere

Ozone & Oxygen

Recovery Stages of Global Ozone
Recovery of Global Ozone

Ozone in the Atmosphere

Radiative Forcing of Climate Change from
Atomospheric Gas Changes (1750-2000)

Effect of the Montreal Protocol Average Total Ozone in Polar Regions

Minimum Air temperatures in the Polar Lower Stratosphere
Arctic Polar Stratospheric Clouds

Stratospheric Halogen Gases

Polar Ozone Depletion

Satellite observations in the lower stratosphere

Antarctic Ozone Depletion

Changes from 1964-1980 average

Changes between 1980-2004

Evaluation of Selected Ozone-Depleting Substances and Substitute Gases
Relative importance of equal mass amounts for ozone depletion and climate change

UV Protection by the Ozone Layer

#

The Solar Cycle, Global Ozone
and Volcanic Eruptions 

Changes in Surface Ultraviolet Radiation

T he maximum daily UV Index is a
measure of peak sunburning UV that

occurs during the day at a particular loca-
tion. UV-B, which is absorbed by ozone, is
an important component of sunburning UV.
The UV Index varies with latitude and sea-
son, and with the Sun’s elevation in the
local sky.  The highest values of the maxi-
mum daily UV Index occur in the tropics,
where the midday Sun is highest through-
out the year and where total ozone values
are lowest.  The lowest average UV Index
values occur at high latitudes.  As an exam-
ple, the figure compares the seasonal UV
Index at three locations. The UV Index is
higher throughout the year in San Diego, a
low-latitude location, than in Barrow, a
high-latitude location.  Index values are zero at high latitudes in winter when darkness is continuous.  The effect
of Antarctic ozone depletion is demonstrated by comparing the Palmer and San Diego data in the figure.  Normal
values estimated for Palmer are shown for the 1978-1983 period before the “ozone hole” occurred each season
(see red dotted line).  In the decade 1991-2001, Antarctic ozone depletion has increased the maximum UV Index
value at Palmer throughout spring (see yellow shaded region).  Values at Palmer now sometimes equal or exceed
those measured in spring and even in the summer in San Diego, which is located at much lower latitude.

Seasonal changes in the UV Index

Principal Steps in the Depletion of Stratospheric Ozone

UNEP

T he rise in effective stratospheric chlorine values in the 20th century has
slowed and reversed in the last decade (top left panel).  Effective strato-

spheric chlorine values are a measure of the potential for ozone depletion in the
stratosphere, obtained by summing over adjusted amounts of all chlorine and
bromine gases.  Effective stratospheric chlorine levels as shown here for mid-
latitudes will return to 1980 values around 2050.  The return to 1980 values will
occur around 2065 in polar regions.  In 1980, ozone was not significantly
depleted by the chlorine and bromine then present in the stratosphere.  A
decrease in effective stratospheric chlorine abundance follows reductions in

emissions of individual halogen source gases.  Overall emissions and atmospheric
concentrations have decreased and will continue to decrease given international

compliance with the Montreal Protocol provisions.  The changes in the atmos-
pheric abundance of individual gases at Earth’s surface shown in the panels were
obtained using a combination of direct atmospheric measurements, estimates of
historical abundance, and future projections of abundance.  The past increases of
CFCs, along with those of CCl4 and CH3CCl3, have slowed significantly and most
have reversed in the last decade.  HCFCs, which are used as CFC substitutes, will
continue to increase in the coming decades.  Some halon abundances will also
continue to grow in the future while current halon reserves are depleted.  Smaller
relative decreases are expected for CH3Br in response to production and use
restrictions because it has substantial natural sources.  CH3Cl has large natural
sources and is not regulated under the Montreal Protocol.

H alogen source gases (also known as ozone-depleting substances)
are chemically converted to reactive halogen gases primarily in the

stratosphere.  The conversion requires ultraviolet sunlight and a few other
chemical reactions.  The short-lived gases undergo some conversion in the

troposphere.  The reactive halogen gases contain all the chlorine and bromine
originally present in the source gases.  The reactive gases separate into reservoir
gases, which do not destroy ozone, and reactive gases, which participate in
ozone destruction cycles.

T his photograph of an Arctic polar stratospheric cloud (PSC)
was taken from the ground at Kiruna, Sweden (67°N), on 27

January 2000.  PSCs form during winters in the Arctic and
Antarctic stratospheres.  The particles grow from the condensation of
water and nitric acid (HNO3).  The clouds often can be seen with the
human eye when the Sun is near the horizon.  Reactions on PSCs
cause the highly reactive chlorine gas ClO to be formed, which is very
effective in the chemical destruction of ozone.

Halogen source gases are transported to the stratosphere by air motions.
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Cross section @ 253/325 nm
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« Monochromatic » source: 
 Laser or discharge lamp

”Resolving power” ~ 3 106 



UV measurements @ 325 nm

N = 28
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Fit results 2016-10-08 : 
(uncertainty from scatter, N = 28)   

 
a = 4.138e-06 ± 0.000195

  b = (16.34 ± 0.015) 10-21 cm2 

Ozone cross section @ 325.032 nm

collaboration J Gröbner/ Phys. Met. Obs. Davos
EMRP - JRP ENV59 ATMOZ

Preliminary results

a. u.

weak scatter 
⇒ u(σ) < 0.5 % 
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Introduction
Ozone is a key species in planetary atmospheres. Its 

important role for the existence of life on Earth and its 
use as a dynamical and photo-chemical marker for the 
atmospheres of telluric planets (Mars, Venus) and sup-
posedly also of Earth-like exo-planets make it a pre-
ferred subject of spectroscopic studies, in different re-
gions of the electromagnetic study. Ozone being the 
most prominent absorber in the 250 - 330 nm window, 
this spectral range is used frequently for observation 
and monitoring of this molecule. The absorption around 
250  nm in the maximum of the Hartley band receives 
particular interest. This is due to ozone concentration 
measurements based on absorption measurements at 
the 253.65 nm Hg emission wavelength being the rec-
ommended reference method. 

Ozone air quality monitoring, in particular, is based 
on ozone absorption photometry operating at this wave-
length position. The currently recommended value, 
which has been determined back in 1961 [1, 2], warrants 
verification and improvement, because it suffers from a 
relatively large uncertainty. Many attempts have been 
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The primary standard to measure ambient ozone concentrations is based on the absorption cross section of
ozone at the mercury emission line at 253.65 nm [1]. The currently recommended value dates back to 1961 [2].
Since then many attempts have been made to improve on the uncertainty of this measurements, but the data base is
not consistent (Figure 1).

Fig. 1: Summary of measurements and recommended values

Moreover, ozone absorption cross sections and intensities in the different spectral ranges (UV, VIS and IR)
used for atmospheric remote sensing seem to be inconsistent with discrepancies up to 5 % [e.g. 3]. This level of
uncertainty is by way too large to study trends in atmospheric ozone, such as the recovery of the ozone layer, and
there is urgent need to reducing the level of uncertainty in the ozone spectral data base, requiring multi-wavelength
comparisons [3, 4] and absolute measurements in the different spectral regions.

Here we report first results on high precision UV absorption measurements at the mercury emission line at
253.65 nm and we present in detail the high purity ozone formation system [5] and the photometer setup. Emphasis
is on the suppression and quantification of systematic biases and uncertainties. We find a value that is about 1.4 %
lower than the current recommendation, calling for a revision. The estimated relative uncertainty (at the 95 %
confidence level) is below 1 %. This level of accuracy is sufficient to study isotope effects in the UV dissociation
of ozone. Future directions, such as isotope studies and temperature dependent measurements are proposed.

Acknowledgments. The presented work has received funding through contract no06/7005118 from the Canadian
Space Agency and from ANR through contract no ANR-09-BLAN-0022-03 (ANR IDEO – Isotope and dynamic
effects in excited ozone).
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made to improve on the uncertainty of this measure-
ments, but the data base is not consistent (Fig. 1)

Moreover, ozone absorption cross sections and in-
tensities in the different spectral ranges (UV, VIS and IR) 
used for atmospheric remote sensing seem to be incon-
sistent with discrepancies of up to 5 % [3, 4]. This level 
of uncertainty is by way too large to study trends in at-
mospheric ozone, such as the recovery of the ozone 
layer, and there is urgent need to reducing the level of 
uncertainty in the ozone spectral data base, requiring 
multi-wavelength comparisons and absolute measure-
ments in the different spectral regions.

Here, we present ongoing measurements of the 
O3 absorption cross section at 253.65 nm. Special 
emphasis has been placed on investigating and 
eliminating systematic biases, such as ozone decom-
position, sample impurity and multiple reflections in 
the sample cell.

Fig. 1 Ozone absorption cross section at the 253.65 nm Hg line position. Expanded 
standard uncertainties (k=1) are indicated. The weighted average with uncertainty 
range (k=2) is indicated by blue shades.

Experimental
A crossed UV-IR beam absorption cell has been set 

up. Along the short path (l = 50  mm) direction a UV 
photometer (Fig. 2) with a low pressure Hg-lamp has 
been built to measure the concentration of ozone. The IR 
beam from an interferometrically stabilized diode laser 
spectrometer [5, 6] can pass through the long arm (l = 
30 cm) for simultaneous UV-IR measurements (not re-
ported here).

Ozone has been generated from research grade 
oxygen in a dedicated vacuum system (Fig. 3). For pre-

Absorption cell
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PD + IF

Chopper wheel

Mirror

Focussing lens + IrisCollimating lensQuartz fibre exit

PD + IF

Focussing lens

Focussing lens

Photodiode + IF

Photodiode + IF

Hg - lamp

cise pressure measurement, an O2 gas buffer has been 
installed which avoided decomposition of O3 on the 
pressure sensor.

Measurements are based on the Beer-Lambert law

which requires measurement of pressure p, temperature 
T, the cell length l and initial and transmitted intensities 
I and I0, respectively. An experimental run is shown in 
Fig. 4. Cell temperature, absorption signals and pressure 
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are monitored continuously, but the pressure cell is only 
very shortly connected to the pressure sensor, right after 
ozone has been admitted to the cell. Then, the decay of 
ozone is monitored with the pressure gauge being dis-
connected and ozone is finally condensed in a cold fin-
ger in order to determine the presence of condensable 
gases in the sample.

Fig. 4. Temporal evolution of measured signals. The cell temperature T is measured at three lo-
cations of the absorption cell. The transmission I/I0  depends on the instantaneous ozone con-
centration in the cell. The pressure sensor is only shortly connected to the cell via the gas 
buffer. This avoids oxygen from the buffer contaminating ozone in the cell and ozone diffusing to 
the pressure gauge, which would lead to its decomposition.

Overall, a series of 55 measurements has been re-
corded. Condensable gas impurities have been identified 
by IR spectroscopy, but these impurities were in the 
range of the detection limit (Tab. 1).

Fig. 2: Setup of the UV photometer for absorption cross section measurements. IF stands for 
narrow band interference filter
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Fig. 3. Scheme of the gas handling system. TMP –  turbo molecular pump; B1, B2 – 10 Torr and 
1000 hPa Baratron, respectively; AC – absorption cell; BS – buffer spiral, consisting out of two 
separable spirals S1 and S2 ; DR – discharge reactor; CT – cold trap, V – glass valve. Gas lines 
that are filled with molecular oxygen and ozone are indicated through areas confined by dotted 
lines and by blue and red color, respectively

Results and Conclusions
A series of possible impurities has been investigated 

by various methods (Tab. 1). 

impurity method conc. (%)
H2O IR-TDLAS -0.010 ± 0.017

CO2 IR-TDLAS   0.007 ± 0.007

N2O IR-TDLAS   0.03 ± 0.03

NO, NO2, NO3 etc. VIS-photometry   ?

O2, N2 p, MS   < 0.1

CO p, leak rate < 0.001

Oxygen and air in the sample are below 0.1%. Meas-
ured quantities in the 0.1 - 0.6 % range must have en-
tered the gas system only after the measurement 
(Fig. 5). Condensable gases are at the measurement lim-
its in the < 0.05 % range and can be neglected. So far, 
the detection limit and concentration of NO3 needs still 
to be established.

Fig. 5 displays the measured UV absorption cross 
section.  No dependence on pressure and the degree of 
non-condensable gases has been found, which allows 
extrapolation of the data. We find a value of

�UV = (1.131± 0.7%) · 10�17 cm2

which is 1.4% lower than the currently recommended 
value [1,2]. Our result is nevertheless compatible with 
the reference value, but has a clearly reduced uncer-
tainty (3 times). The indicated uncertainty of 0.7 % is 
given at the 95% confidence level (k = 2). The final pre-
cision is still being evaluated but not expected to change 
much.

   Our absolute absorption cross section at 253.65 
nm confirms the earlier measurement of Daumont et al. 
[7, 8], currently being discussed to be recommended for 
the evaluation of atmospheric ozone data in the UV and 
VIS spectral regions. Moreover, it shows very good 
agreement with the results of Mauersberger et al. [9,10], 
that have frequently served as a reference value in labo-
ratory studies on ozone.

Future activities include the measurement of the 
temperature dependence and the much improved accu-

racy will also allow to investigate the isotope depend-
ence. Simple modeling of ozone photodissociation pre-
dict strong effects that might have significant impact on 
the isotope composition of upper atmospheric ozone 
[11], but measurements are still lacking.
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Tab. 1. Impurities in ozone sample. H2O and CO2 are ubiquitous in vacuum systems. Nitrogen 
oxides may be produced from traces of air present in the discharge used to generate ozone. Ki-
netic modeling shows that N2O and NO3 are the most abundant nitrogen oxide species. Non 
condensable gases are determined by pressure measurements. Measurements of NO3 are being 
prepared, but not yet available.

Fig. 5. Apparent absorption cross section relative to the actual reference value from Hearn [1]. 
Results are given as function of the non-condensable gas content xnc. and total sample pres-
sures are indicated by a color code.The fact that results are independent of xnc indicates that the 
observed impurities entered the sample after the measurement, justifying extrapolation to xnc = 0.

UV measurements @ 253 nm

N = 55

�LERMA = (1.131 ± 0.7%) · 10�17 cm2

�He�rn/B�PM = (1.148 ± 2.1%) · 10�17 cm2

�Vi�llon/B�PM = (1.127 ± 0.9%) · 10�17 cm2
(officially recommended)

Viallon et al., AMT, 8, 2015 
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High resolution study of 
individual molecular line 
transitions 
(almost metrological 
quality)
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IR studies at LERMA

TDL
HeNe

N2O cFPE

Sample Abs. Ref. Rel. Ref. Interferometer

O3

- high spectral resolution (< 5 x 10-8) 
- interferometer based stabilization 
- 1 out of 2 systems explicitly mentioned for 
spectroscopy on future satellite missions 
(Harrison et al., JQSRT 112, 2011)

- ground based FTS, part of the air quality 
research station of UPMC at Paris 

- Bruker HR125, resolution: 0.0024 cm-1 
- MCT and InSb detectors: access to        
950-1400 cm-1 and 1950-3200 cm-1

Té et al. RSI 81, 2010Guinet et al. JQSRT 110, 2010
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Lab: Interferometrically 
controlled tunable TDL

Atmosphere: 
FTS-Paris(R ~ 108) (R ~ 106)



Frequency stabilization

time / s

I / a. u.

0 105

D = kd�d = kHeNe �HeNe

time
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compare to: 
 - 10--6   FTIR

��/� = 5 · 10�9 (1/2 h)
��/� = 1 · 10�8 (1h)
��/� = 2 · 10�8 (3h)



Spectra Acquisition and the 
Wavenumber Scale
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Summary IR Spectroscopy 
in SWIFT Target Window

line positions line intensities

Analysis of 15 strong absorption lines in small spectral window 
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Guinet et al. JQSRT 110, 2010



Intensities at 1130 cm-1
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UV - IR (10 μm) data consistency

• Complete study on ν3 
• Measure isolated 

16O16O18O

• Confirm ~ 4% 
discrepancy between 
UV and IR


• Both regions seem to 
require correction


• UV (253.7 nm): -1.4 %

• IR (10 μm ): + 2.1 % ideO3

ANR: Isotopic and Dynamic effects in Excited Ozone

A RNAGENCE NATIONALE DE LA RECHERCHE

• Confirm ~ 4% discrepancy between UV and IR

• Both regions seem to require correction

• UV (253.7 nm): -1.4 %

• IR (10 μm ): + 2.1 %

Vitacura 16.09 - 19.09.2017ESO Calibration



5 & 10 μm regions 
Field observations & 
validation of database 
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Sensitivity to bias in line 
parameters

 FTS-Paris

sensitivity coefficient


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

O3


�(�) = �Co�
Co�

¿
��
�

Vitacura 

H2O


Schneider & Hase, J. Quant. Spectrosc. Radiat. Trans. 110 (2009)

Sν

n

γ
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FTS-Paris at Air Quality Station Jussieu:  
Remote Sensing over a Megacity

required precision (CO2)
right now: 1 ppm →  0.25 %


pollutant monitoring

GHG monitoring


TCCON 
(provisional) status 
since June 2015

high-resolution

GHG: CO2, CH4, 
N2O, HF, CO, H2O, 
HDO

future: 0.5 ppm  →  0.125 %

Bruker 125 HR
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Ozone Spectroscopic Data Quality

O3 Multispectral Study 5 & 10 μm  FTS-Paris
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Good agreement (< 2%) 
between 5 and 10 μm 
(Thomas et al. JQSRT 
111, 2010)

Problem with 
evaluation of (ACE) 
satellite data (Walker et 
al. 2007)
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Atmospheric FT spectra over 
Paris

5 μm

10 μm

Vitacura 16.09 - 19.09.2017ESO CalibrationFigure 1: Overview of spectral regions and micro-windows used for the ozone retrieval. Top – 5 µm micro-windows, bottom – 10 µm micro-
window. Red black and blue traces respectively indicate measured and fitted spectrum as well as the residual signal. See Table 3 for micro-window
boundaries and supplemental information.

Author: cjanssen; Revision: 30; Last changed on: 2015-06-19 14:29:51 +0200 (Fri, 19 Jun 2015)
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Ozone Spectroscopic Data Quality

O3 Multispectral Study - 10 μm  FTS-Paris

Vitacura 16.09 - 19.09.2017ESO Calibration
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Ozone Spectroscopic Data Quality

 FTS-Paris

Vitacura 16.09 - 19.09.2017ESO Calibration

O3 Multispectral Study 5 & 10 μm
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Short Summary

• Complete study on ν3 
• Measure isolated 

16O16O18O

• Confirm ~ 4% 
discrepancy between 
UV and IR


• Both regions seem to 
require correction


• UV (253.7 nm): -1.4 %

• IR (10 μm ): + 2.1 % ideO3

ANR: Isotopic and Dynamic effects in Excited Ozone

A RNAGENCE NATIONALE DE LA RECHERCHE

• At 10 μm data bases (DBs) are consistent (< 1 %)

• At 5 μm differences between DBs are larger (> 1 %)

• SM&PO data base is currently most consistent (< 1 %)

• obvious need to include isotopes in order to get to the 

< 1% accuracy level

Vitacura 16.09 - 19.09.2017ESO Calibration



Pressure shift at 10 μm

Vitacura 16.09 - 19.09.2017ESO Calibration



Pressure shift

Vitacura 16.09 - 19.09.2017ESO Calibration

Lock-in 
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Pressure shift
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Pressure (air) shift

Vitacura 16.09 - 19.09.2017ESO Calibration
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Ongoing project

Menlo FC1500-250-WG

6485 ± 40 cm-1

Beat Detection

QCL @ 8 - 10 μm

ω1

ω2

+

1080 ± 120 cm-1

5405 ± 80 cm-1

SFG

6485 ± 40 cm-1

REFIMEVE+

Δv = 8 10-3 cm-1
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Target molecules

Control loop(9.26 μm)

(1.85 μm)

(1.54 μm)

(1.54 μm)

Raman WL Shift

A. Amy-Klein et al. Opt. Lett. 30, 3320 (2005)
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Virtual	Atomic	and	Molecular	Data	Centre 
(VAMDC:	http://www.vamdc.eu)  

 
Latest	Achievements	and	  
Prospects	for	Collaboration  

 

M.L.	Dubernet1,	C.M.	Zwölf1,	N.	Moreau1,	Y.A.	Ba1	
And	VAMDC	Consortium	Collaboration	

1LERMA	Department,	Paris	Observatory	
and	Paris	Observatory	Data	Center
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History

The	VAMDC	Consortium	is	a	technical	and	political	
framework	for	sharing	Atomic	and	Molecular	data	

Build	upon	2	FP7	European	funded	Projects:	

➢VAMDC:	2009-2012	with	25	different	laboratories		
◆ The	baseline	of	the	Infrastructure	

➢SUP@VAMDC:	2012-2014	with	9	laboratories	
◆ Building	the	political	framework	
◆ Expanding	towards	other	communities	

➢Currently	«	VAMDC	Consortium	»	is	sustained	
◆ Via	its	members	in	kind	(and	cash	via	self-financing	and	fees	for	those	not	

maintaining	resources)	
◆ Via	a	small	starting	budget	of	60kEuros	for	4	years

ASOS12	-		VAMDC	-	04/07/2016 38



Consortium		Overview 
M.L.	Dubernet	&	al,	J.	Opt.	Phys.	B,	(2016),	49,	074003 

➢ The	VAMDC	consortium	is:	
◆ Built	on	a	Memorandum	of	Understanding.	
◆ Currently	composed	by	17	members	who	signed	the	MoU.	
◆ Officially	launched	on	November	1,	2014.	

➢ Board	of	Directors:	Full	members		à Decisions	
➢ Science	and	Technical	Board:	Full	and	Associated	Members	

◆ Propose	evolutions	and	Maintain	the	VAMDC	infrastructure	
➢ How	to	join	us	(accession	documents)	

◆ Memorandum	of	Understanding	
◆ Internal	Regulations	
◆ Roadmap

ASOS12	-		VAMDC	-	04/07/2016 39





Partners	
17	full	members	today,		Full	Membres	candidates	

+	Associated	Members	candidates
	 Astronomska	Opservatorija	(Serbia,	M.	Dimitrijevic)	

							Observatory	of	Cagliari	-	INAF	(Italy,	G.	Mulas	)	
									Observatory	of	Catania	–	INAF	(Italy,	G.	Leto	)	
									Observatory	of		Paris	(France,	M.L.	Dubernet)		
																		à Legal		Representative	
									Queen's	University	Belfast	(UK,	T.	Millar)	
									Open	University	(UK,	N.	Mason)	
University	of	Cambridge	(UK,	N.	Walton)	
University	College	London	(UK,	J.	Tennyson)	
Uppsala	Universitet	(Sweden,	N.	Piskunov)	
Universitaet	zu	Koeln	(Germany,	S.	Schlemmer)	
Université	de		Bordeaux	(France,	V.	Wakelam)	
Université	de	Bourgogne	(Dijon,	V.	Boudon)	
Université	de	Champagne-Ardenne	(Reims,	V.	Tyuterev)	
Université	Joseph	Fourier	(Grenoble,	B.	Schmitt)	
Université	Paul	Sabatier	(Toulouse,	C.	Joblin)	
Université	de	Mons	(Belgium,	Quinet)	
Atomic	and	Molecular	Data	Unit	(IAEA,	B.	Braams)	

Institute	for	Astronomy	RAS	(T.	Ryabchikova)	
Institute	of	Atmospheric	Optics	(V.	Perevalov)		
Institute	of	Spectroscopy	RAS	(A.	Ryabtsev)	&	RFNC	(P.	
Loboda)

Universidade	Federal	do	Paraná	(Brazil,	M.	Fujimoto)	
Corporacion	Parque	tecnologico	de	Merida	(IVIC,	C.	
Mendoza)

ASOS12	-		VAMDC	-	04/07/2016

Tata	Institute	for	Fundamental	Research	(India,	E	
Krishnakumar)	
Indian	School	of	Mines	(India,	B.	Antony)	
Korea	Atomic	Energy	Reserch	Institute	(South	
Korea,	Y.	Rhee)	
Australian	National	University	Flinders	University	
(Australia,	M.	Brunger)	
National	Institute	for	Fusion	Science	(Japan,	NIFS,	
I.	Murakami)

NIST	(Y.	Ralchenko,	C.	Gonzalez)	
The	Harvard-Smithsonian	Center	for				Astrophysics	
(L.	Rothman)	
Jet	Propulsion	Laboratory	from	NASA,	CALTECH	(B.	
Drouin)

University	of	South	Africa	(D.	Smits)
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About	us
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Databases Type	of	A&M	Data Partners Application’s	Fields

VALD Atomic	Linelists Uppsalla,	Vienna,	Moscow	–	N.	
Piskunov

Stellar	-	GAIA

CHIANTI Atomic	Linelists	and	collisions Cambridge	(UK)+MSSL/UCL	–	
H.	Mason,	G.	Rixon

Solar	Physics

Spectr-W3 Atomic	Linelists	and	Collisions Russia	(RFNC	VNIITF	)	–	P.	
Loboda

Solar/Stellar	Physics	+	
Fusion

Stark-B Atomic	LineShifts/Broadening	with	
charged	perturbers

Observatory	of		Belgrade	
(Serbia)	+	Observatory	of	Paris	
(LERMA)	–	M.	Dimitrijevic/S.	
Sahal-Bréchot

Stellar	Physics	+	Plasmas

TipBase,	
TopBase

Atomic	Linelists	and	Collisions	from	
Opacity	Project	and	IRON	Project

Observatory	of	Paris	(LERMA)	+	
CTPM	(Venezuela)	+	CDS	
(Strasbourg,	Fce)	–	C.	Zeippen/
C.	Mendoza/F.	Delahaye

Stellar	Physics

CDMS Molecular	Linelists	(mm,	Sub-mm) Cologne	(Germany)	–	S.	
Schlemmer

ISM	+	Earth

JPL	 Molecular	Linelists	(mm,	Sub-mm) Pasadena	(USA)	+	Cologne	
(Germany)	–	B.	Drouin

ISM	+	Earth	

SMPO O3	linelists Reims	(France)+	Tomsk	(Russia)	
–	V.	Tyuterev

Earth	–	Exo-Planets

MeCaSDa Linelists	CH4	 Dijon	(France)	–	V.	Boudon Earth,	Planets,	Exo-Planets,	
Brown	dwarfs
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Databases Type	of	A&M	Data Partners Application’s	Fields

HITRAN Molecular	Linelists	and	
Broadening	Coefficients

Harvard	(USA)	+	UCL	–	L.	
Rothman+J.	Tennyson

Earth,	Planets,	Exo-
Planets

CDSD CO2	Linelists IAO,	Tomsk	–	V.	Perevalov Earth,	Planets,	Brown	
Dwarfs

W@SIS Water	Information	System IAO,	Tomsk	–	A.	Fazliev+	UCL	
(J.	Tennyson)

Earth	and	Planets

KIDA Kinetic	Data Bordeaux	(France)	–	V.	
Wakelam

ISM	-	Planetology

UdfA Kinetic	Data	(ex-UMIST) Belfast	(UK)	–	T.	Millar ISM	-	Planetology	

GhoSST Solid	Spectroscopy	Data Grenoble	(France)	–	B.	
Schmitt

Planetology,	ISM

LASP Solid	Spectroscopy	Data	 Obs.	of	Catania	–	G.	Leto Planetology,	ISM	

BASECOL Low	Energy	Molecular	Collisions	 Observatory	of	Paris	–	M.L.	
Dubernet

ISM

PAH PAH	Theoretical	Data	and	soon	
experimental	Data

Observatory	of	Cagliari	
(Italy)	–	IRAP	(Toulouse,	
France)	–	G.	Mulas+C.	Joblin

ISM	and	Planets
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Databases Type	of	A&M	Data Partners Application’s	Fields

RADAM	
Ion	
interaction

Database	for	Radiation	damage	
of	molecules	of	biological	
interest	induced	by	ion	
collisions:	cross	sections	and	
fragmentation	yields

GANIL	-	FRANCE Biology	–	radiation	
Damage

IDEABD Dissociative	electron	
attachment	upon	interaction	of	
low	energy	electrons	with	
molecules.

Innsbrück Radiation	Damage,	
Planets,	ExoPlanets,	

BEAM-DB Molecular/atom—electron	
collisions

Belgrade,	Serbia Biology,	radiation	
damage

ECaSDa Ethene	Calculated	LInelists Reims	–	L.	Daumont Earth	and	Planets

ALADDIN2 Sub-Set	of	IAEA	ALADDIN	:	
atomic	collisions

IAEA	–	Vienna	–	B.	Braams Plasmas

DESIRE Spectroscopy	of	sixth	row	
elements	(Z=72-86)

Belgium	–	P.Quinet Plasmas	–	Stellar	-	Solar

SESAME Electronic	Spectra	of	atoms	and	
molecules

Paris	Obs.	–	E.	Roueff ISM	-	Stellar
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Databases Type	of	A&M	Data Partners Application’s	Fields

SHeCaSDa Hexafluoride	Calculated	
LInelists

Dijon	–	V.	Boudon Earth	and	Exo-Planets

TFMeCaSDa Tetrafluoro-Methane	calculated	
linelists

Dijon	–	V.	Boudon	 Earth

MOLD Photo-Dissociation	Cross-
sections

Belgrade	-	Serbia Stellar

LxCAT	 Low	temperature	plasmas	data L	Pitchford	-	Toulouse Plasmas

NIST	Atomic	
Specta

Spectroscopy	of	Atoms	– NIST	–	Yuri	Ralchenko Stellar	–	ISM	-	Plasmas

IAMDB Indian	Atomic	and	Molecular	
Database	(atomic	collisions,	
A+M	spectroscopy)

Tata	Institute	Fundamental	
Research,	ISM,	Sandar	Patel	
Univ

Astrophysics

DREAM Radiative	data	for	rare	earth Belgium	–	P	Quinet Stellar-Solar-Plasmas	–	
Lighting	-

ExoCross Molecular	Linelists UK	–	UCL	–	J.	Tennyson Exo,	Brown	Dwarf,	Earth,	
Stellar



User	Communities
➢Atmospheric	Science	

◆ input	for	complex	terrestrial	atmosphere/climate	models,	
determination	of	concentrations	and	radiative	transport	of	
about	100	species	

➢Astrophysics,	Astrochemistry	and	Planetary	Science	
◆ great	need	for	reliable	A&M	data	because	of	extraordinary	
range	of	physical	conditions	

➢Plasma	Technologies	
◆ plasma-assisted	materials	processing	or	surface	modification,	
e.g.	manufacture	of	semi-conductor	chips.	A&M	data	needed	
for	modeling	chemically	active	plasmas.	

ASOS12	-		VAMDC	-	04/07/2016 48



User	Communities	cont’d

➢Fusion	Energy	Research	
◆ design	and	operation	of	vital	fusion	device	systems	require	
large	amounts	of	A&M	collisional	and	spectroscopic	data		

➢Radiation	Science	
◆ radiotherapy	models	exploring	damage	of	DNA	by	radiation	
need	A&M	data,	e.g.	electron	collisions	with	DNA	components	
and	other	biomolecules	
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How	is	VAMDC	technically	organised	?	

Node
software DB

Node
software DB

Database Node

Node
software DB

Registry
VOSI
 . . .

Monitoring
. . .

Applications
XSAMS

VAMDC Core Infrastructure

Client
Applications

Format
converters
Format

converters
Legacy

Applications
Format

converters

Applications capable of combining, 
extracting and processing data from all 

VAMDC member databases

➢ A	set	of	standards	(www.vamdc.eu/standards)	
◆ Data	exchange	Protocols,	Data	Description	
◆ Standard	vocabulary	for	all	exchanges,	including	for	registration	of	ressources	

➢ A	set	of	software	(www.vamdc.eu/software)			

➢ Documentation	and	on-line	support	system	(www.vamdc.eu)	
➢Monitoring	of	services
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What	can	we	currently	do	with	VAMDC?	
		

Virtual	Atomic	and	Molecular	Data	Centre		

➢ Query	all	registered	databases	via	the	Portal	(www.portal.eu)	or	orther	
portals	
◆ Visualisation	of	Data	
◆ Download	of	Data	

➢ Standalone	Work	with	Software:				
◆ Query	databases	&	Mix	heterogeneous	databases	
à Example	of	SPECTCOL	software	

➢ Use	of	our	libraries	in	user	applications	in	order	to	access	the	VAMDC	
registered	databases	

➢ Include	new	databases	or	data	in	the	infrastructure

ASOS12	-		VAMDC	-	04/07/2016 52

http://www.portal.eu
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2	query	forms
Tutorial	for	Portal



Tutorials	For	Portal
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VAMDC	Queries

➢	SQL-like	requests	
➢Example	:	select	*	where	((AtomSymbol	=	'he')	OR	(AtomSymbol	=	'li'))	

➢ All	quantities	are	well	defined	into	a	dictionary	
➢ http://dictionary.vamdc.eu	

http://dictionary.vamdc.eu
http://dictionary.vamdc.eu


VAMDC	Queries



ASOS12	-		VAMDC	-	04/07/2016 58



Species	database

➢	Repository	of	all	species	contained	in	the	infrastructure,	sorted	by	database	

➢	http://species.vamdc.eu	

➢	Browsable	through	a	web	site	to	find	quickly	where	a	species	can	be	found,		

➢	Data	can	be	exported	in	a	xls	file,	easy	to	sort	or	to	convert	to	csv	

➢	Queryable	through	an	API	:	
➢ http://species.vamdc.eu/api/v12.07/nodes	
➢ http://species.vamdc.eu/api/v12.07/species	

➢	Returns	JSON	structured	data	

http://species.vamdc.eu/api/v12.07/nodes
http://species.vamdc.eu/api/v12.07/species


 
	http://species.vamdc.eu  

ASOS12	-		VAMDC	-	04/07/2016 60



ASOS12	-		VAMDC	-	04/07/2016 61



XSAMS tree: XML	Schema	for	 
Atoms,	Molecules	and	Solids		

XSAMS

Methods

Functions

Data	
sources

Objects Processes

Atoms Molecules

Solids Particles

Nonrad.Radiative

Collisions
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VISUALISATION	OF	DATA

To	be	improved:	exportation	for	example,	we	need	feedback	from	user
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Save	queries	so	that	you	can	re-use	them	
							1-		in	session	
							2	-	later	if	you	have	worked	being	logged	onto	the	portal
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Data	are	sent	to	TOPCAT	VO	tool	
										Full	compatibility	with	Virtual	Observatory	Tools	

TOPCAT	TOOL

OUR	NEW	VISUALISATION	on	PORTAL



What	is	the	portal	/	What	it	is	not

➢Portal	gives	a	visibility	on	the	content	of	all	the	
databases	

➢A	single	way	to	query	all	databases	
➢A	single	way	to	visualise	the	data		

◆ A	single	format	description	for	quantities	and	quantum	
numbers	

➢Cannot	perform	the	specific	services	that	some	
databases	might	provide	
◆ Portal	might	be	a	first	step	towards	finding	the	data
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What	can	we	currently	do	with	VAMDC?	
		

Virtual	Atomic	and	Molecular	Data	Centre		

➢ Query	all	registered	databases	via	the	Portal	(www.portal.eu)	or	other	
portals	
◆ Visualisation	of	Data	
◆ Download	of	Data	

➢ Standalone	Work	with	Software:				
◆ Query	databases	&	Mix	heterogeneous	databases	
à Example	of	SPECTCOL	software	

➢ Use	of	our	libraries	in	user	applications	in	order	to	access	the	VAMDC	
registered	databases	

➢ Include	new	databases	or	data	in	the	infrastructure
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Provide	GUI	to	users	to	
		solve	specific	user	problems

Non-LTE	Analysis	of	Spectra	requires		
Combined	spectroscopic	And	collision	Data

SPECTCOL	Tool:		Y.A.	Ba	(Obs	Paris,	LERMA)  
 

BASECOL

CDMS
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Spectro	and	Collisions	are	combined

and	saved	in		
customized		
outputs

73

Next	Version:	
Same	query	as	portal	

Find	all	DB	

Send	Data	to	TopCat	for	
visualisation



What	can	we	currently	do	with	VAMDC?	
		

Virtual	Atomic	and	Molecular	Data	Centre		

➢ Query	all	registered	databases	via	the	Portal	(www.portal.eu)	or	other	
portals	
◆ Visualisation	of	Data	
◆ Download	of	Data	

➢ Standalone	Work	with	Software:				
◆ Query	databases	&	Mix	heterogeneous	databases	
à Example	of	SPECTCOL	software	

➢ Use	of	our	libraries	in	user	applications	in	order	to	access	the	VAMDC	
registered	databases	

➢ Include	new	databases	or	data	in	the	infrastructure

ASOS12	-		VAMDC	-	04/07/2016 74

http://www.portal.eu


ASOS12	-		VAMDC	-	04/07/2016 75

Collaboration	VAMDC	(N.	Moreau)	
With	I.	Busko	(STScI)	
www.stsci.edu/institute/software_hardware/specview/

http://www.stsci.edu/institute/software_hardware/specview/
http://www.stsci.edu/institute/software_hardware/specview/
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SSAP	VO

Accessing	VAMDC	from	User’s	Tool 
										Specview	Software		
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Support	from	VAMDC:	N.	Moreau,	LERMA

http://bass2000.obspm.fr/
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The	 CASSIS	 (Centre	 d'Analyse	 Scientifique	 de	 Spectres	 Instrumentaux	 et	
Synthétiques)	 software	 has	 been	 developed	 by	 CESR/IRAP	 since	 2005.	 All	
information	about	it	can	be	found	on	a	dedicated	website:	http://cassis.irap.omp.eu.	
The	functionalities	are	represented	in	the	flow	chart	below:

CASSIS	Software
M.	Boiziot,	S.	Bottinelli,	E.	Caux,	J.M.	Glorian,	C.	Vastel,	IRAP,	Toulouse	
Y.	A.	Ba,	VAMDC	Support,	LERMA	

http://cassis.irap.omp.eu


What	can	we	currently	do	with	VAMDC?	
		

Virtual	Atomic	and	Molecular	Data	Centre		

➢ Query	all	registered	databases	via	the	Portal	(www.portal.eu)	or	other	
portals	
◆ Visualisation	of	Data	
◆ Download	of	Data	

➢ Standalone	Work	with	Software:				
◆ Query	databases	&Mix	heterogeneous	databases	
à Example	of	SPECTCOL	software	

➢ Use	of	our	libraries	in	user	applications	in	order	to	access	the	VAMDC	
registered	databases	

➢ Include	new	databases	or	data	in	the	infrastructure

ASOS12	-		VAMDC	-	04/07/2016 79

http://www.portal.eu


Include	your	data	in	VAMDC

➢Include	your	data	in	existing	Database	connected	to	
VAMDC	
◆ Contact	the	DB	manager	directly	
◆ Contact	VAMDC	Support:	support@vamdc.eu	

➢Create	a	new	DB	to	be	connected	to	VAMDC	
◆ Contact	a	node	in	order	to	include	your	DB	at	their	node	
◆ Contact	VAMDC	Support	:	support@vamdc.eu	

• To	include	at	an	existing	node	
• To	create	a	new	node
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mailto:support@vamdc.eu


Tutorials	For	Data	Producers
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Advantages	of	Inclusion	in	VAMDC	

➢Each	Data	is	precisely	described		and	referenced	
◆ Allows	to	check	consistancy	of	Databases	

➢Methodology	to	obtain	data	can	be	included	

➢Uniform	query	and	visualisation	
◆ Similar	Databases	can	be	compared		

➢Allows	visibility	of	small	databases,	groups’work	
➢Allowed	new	paragdim	for	existing	DB:	CDMS,	HITRAN
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Duties	for	VAMDC	connected	
Databases’	managers

➢Have	a	technical	manager	and	a	scientific	manager	
➢Check	technical	quality	with	respect	to	VAMDC	

◆ Be	compliant	with	VAMDC	

➢Check	scientific	quality	of	databases	output	through	
VAMDC	

➢Provide	information	about	your	database	and	your	
group		

➢For	those	who	are	not	members,	but	hold	resources:	be	
aware	of	VAMDC	regulations
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We	provide	on-line	and	face-to-face	support
◆ To	include	your	data	and	your	databases	
◆ To	implement	our	«	modules	»	in	your	software	
◆ To	use	our	software,	our	standards	

➢We	can	organize	tutorials	
➢We	can	support	visits	for	the	purpose	of	implementation	
➢We	have	communications	channels	that	are	available	to	all
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