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Challenge of Atmospheric Composition 
Measurements by Remote Sensing

may introduce a part of systematic errors in the line of
sight (LOS) determination and some random errors re-
sulting from the accuracy of the pointing. In Table 1, we
report the retrieval errors resulting from both random
and systematic errors on the retrieved CO total columns.
Next, we describe the procedures and assumptions used
in generating the uncertainty through the retrieval algo-
rithm PROFFIT.

National Centers for Environmental Prediction (NCEP)
temperature profiles were calculated for the date and
the location of the observations. They are assumed
to be nominal. New retrieval was performed by
adding 2 K to the temperature at each altitude of
the temperature profile (Rinsland et al. 1998). The
retrieval error is represented by the magnitude of
the difference between the nominal CO total col-
umn and the shifted one. For CO, the error resulting
from 2-K temperature uncertainty is about 1.8%.

Each solar spectrum is generated from coadded scans.
Most of the time, it is two coadded scans. The air
mass is calculated from the average recording time.
Errors are introduced by these approximations to
estimate the air mass and by the uncertainties in the
time reading and stamping of the individual files.
We have considered an uncertainty of 30-s corre-
sponding to an uncertainty of 0.004 rad in the LOS
direction for spectra with an SZA higher than 708
(Rinsland et al. 1999). Calculations showed an SZA
error effect less than 1%.

To evaluate the instrumental noise contribution, we
have generated 10 synthetic spectra with random
noise [the same magnitude as the real instrumental
noise (Rinsland et al. 1998)]. New retrievals were

performed using these spectra. No specific bias was
observed with respect to the nominal total column.
The maximal difference between random noise
spectra and the nominal one provided a retrieval
error of about 1.1%.

It is important to take into account all interfering
atmospheric lines; the H2O continuum; and the
overlapping wing absorption of strong lines such as
H2O, CO2, CH4, etc. PROFFIT has integrated these
considerations and allows the retrieval of several
atmospheric species at the same time. However, the
modeling of the solar lines (solar CO lines, e.g.) may
be inaccurate and may introduce errors (Rinsland
et al. 2000). We calculated a retrieval error less
than 1% for a solar lines intensity uncertainty of 5%
and a spectral scale uncertainty of.D~y/~y ; 1026.

For all atmospheric lines, we use spectroscopic pa-
rameters from the High Resolution Transmission
(HITRAN) database. The high quality of the CO
parameters in HITRAN 2008 provides a line intensity
uncertainty from 2% to 5% and an air-broadening
gair uncertainty from 1% to 2% (Rothman et al.
2009). Calculation provided a retrieval error from 3%
to 6.8%.

The true and a priori profiles have structures finer than
the measurement of vertical resolution determined
by the averaging kernels. The profile information
derived from the retrieval process is not sufficient to
choose the a priori profile independently. We use
Whole Atmosphere Community Climate Model
(WACCM) profiles for the latitude and longitude
centered at the QualAir platform for a priori profiles.
To observe the dependence of the a priori profile on
the retrieval (Rinsland et al. 2000), we retrieved
the CO total columns with a modified a priori
profile by adding 20% to the VMR at each altitude.
The influence of the a priori profile introduced an
error smaller than 1%.

FIG. 2. Some of the VMR averaging kernels obtained for CO
using both CO microwindows and for each altitude of the a priori
profile.

TABLE 1. CO retrieved total column uncertainties.

Random errors

Error source CO error (%)

Temperature 1.8
Instrument noise ,1
Solar zenith angle 1.1
Interfering solar lines ,1
Total random error 2.4
Systematic errors
Spectroscopic parameters 3–6.8
A priori profile ,1
Instrument line shape ,1
Total systematic error 3.1–6.9
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Challenge of Atmospheric Composition 
Measurements: LEFE-TCCON Paris  FTS-Paris

Dém
arr

ag
e d

u p
roj

et 
(fé

v. 
20

12
)

Ach
at 

InG
aA

s

Pote
nti

el 
du

 sit
e P

ari
s (

jui
n 2

01
2)

au
 TCCON m

eet
ing

Spé
cif

ica
tio

ns 
ins

tru
men

tal
es 

au
 TCCON m

eet
ing

 (ju
in 

20
13

)

20
12

20
13

20
14 20

15
État

 du
 sit

e P
ari

s 

au
 TCCON m

eet
ing

 (m
ai 

20
14

)

Com
man

de
 ce

llu
le 

HCl (o
ct.

 20
12

)

Cara
cté

ris
ati

on
 ce

llu
le 

HCl (m
ars

 20
1 3

)

Réglage instrumental

Visi
te 

et 
va

lid
ati

on
 

de
s e

xp
ert

s T
CCON 

(oc
t. 2

01
3)

Installation GFIT

Suivi instrumental & Observation atmosphérique

Analyse & Mise à disposition des données

Mem
bre

 TCCON 

"P
rov

isi
on

al 
sta

tus
"

required precision
right now: 1 ppm →  0.25 %

29 sites
high-resolution
GHG: CO2, CH4, 
N2O, HF, CO, H2O, 
HDO
LEFE-TCCON 
2012-2013: HCl gas 
cell + InGaS detector

future: 0.5 ppm  →  0.125 %



Spectrometry of Atmospheric O3

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

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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O3 as Metrological Challenge

Reactive molecule (E0 = 1 eV)  

Fragile, decomposes on surfaces

Ozone is a key atmospheric compound
climate & composition change

air quality

Large isotope anomaly, i.e. interesting tracer

Use in industry & technology

i.e. water purification & plasma etching

Health effects

1. Gas Phase Titration (GPT)

 O3 + NO → NO2 + O2

2. Absorption photometry (AP) at 253.65 nm (Hg)
spectroscopic, ozone, based on σUV

2 recommended reference standards (BIPM)

Problem : current methods don’t fit
GPT ~ AP + 2%

(0.9985 ± 0.0002). In other words, the sensitivity of SRP0 is
!0.2% lower than that of SRP35, with similar intercept
levels around "0.1 nmol mol"1. The mean intercepts
referenced to the SRP2 are "0.048 ± 0.051 nmol mol"1,
and "0.073 ± 0.062 nmol mol"1 for SRP35 and SRP0,
respectively. Figures 9c and 9d show time series of the
comparison of the SRP0 referenced to the SRP35. The
relative relationship between the SRP35 and the SRP0 has
not changed during transit from NIST to NIES, suggesting
that the relationships of the SRP35 to the SRP2 also have
not changed. It changes by 0.04% from 0.9981 to 0.9985,
but this difference is very small and is within their uncer-
tainties. These results among three SRPs demonstrate that
the response functions of SRP35 and SRP2 are equivalent
within their respective uncertainties. The SRP35 was also
intercompared with the SRP27, which was a reference SRP
during CCQM-P28, an international comparison program
organized by BIPM [Viallon et al., 2006]. The comparisons
were also in excellent agreement, indicating that the slope
and the intercept of SRP35 versus SRP27 were 1.000 ±
0.0008 and "0.13 ± 0.19, respectively. These results
demonstrated that the SRP35 was equivalent to both NIST
and BIPM standards within their uncertainties, and the

discrepancy identified between the NIES GPT and the NIST
SRP35 is not due to biases in the SRP35.

4. Discussions

[26] Several attempts by GPT have been made to eluci-
date consistency among standards for O3, NO, and NO2.
DeMore and Patapoff [1976] reported that UV photometry,
GPT, and IR photometry are in excellent agreement for the
assay of O3 in the range of 300 to 950 nmol mol"1 under
excess NO conditions. They applied the absorption cross-
section value of 1.157 # 10"17 cm2 molecule"1, different
from the conventional value currently used for the NIST
SRPs (1.1476 # 10"17 cm2 molecule"1). If the absorption
cross-section value used for the NIST SRPs is applied to
that reported by DeMore and Patapoff [1976], it leads to a
significant discrepancy but only by 0.82%. More recently,
Bertram et al. [2005] reported consistency of the O3, NO,
and NO2 standards in both excess NO + O3 and excess O3 +
NO conditions at ambient levels of O3 mole fractions.
Several other investigators reported significant biases be-
tween GPT and UV photometry. Higher O3 values assayed
by GPT than by UV photometry have often been observed
[Hodgeson, 1976; Rehme et al., 1981; Fried and Hodgeson,

Figure 8. Differences of the NIES GPT versus the NIST SRP35 as a function of (a) run number and of
(b) O3 mole fractions. In Figure 8a, symbols are color-coded by the SRP35 O3 mole fractions. Error bars
denote ±1 standard deviations. A dashed line and shaded areas indicate the overall mean (2.00%) and ±2
standard deviations (±0.48%), respectively. The ‘‘zero’’ data (run 1 in Table 4) are not included in this
calculation.

D16313 TANIMOTO ET AL.: OZONE REFERENCE STANDARDS

9 of 11
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Tanimoto et al., 
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Ozone Spectroscopic Data Quality
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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
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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

VIS

3 μm

5 μm

10 μm

14 μm

-4 %

0 ?

+ 7%

0 ? ?

4 % -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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Uncertainty range

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.
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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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Antarctic Ozone Hole
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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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Ozone Spectroscopic Data Quality

O3 Multispectral Study

H2CO

gaz

Molécules observées par télescope spatial

glace

Une température fossile dans le 
noyau des comètes ?

Sous l'effet du rayonnement solaire, les 
comètes composées de glaces et de poussière, 
libèrent dans l'espace une multitude de 
molécules hydrogénées (comme H2O, NH2 ou 
CH4) qui sont détectées par des télescopes 
spatiaux et au sol. En raison des propriétés 
quantiques de ces espèces (liées au spin des 
protons H), plusieurs familles de molécules 
(ortho ou para) peuvent être identifiées dans 
le spectre des comètes. Au laboratoire, nous 
simulons la mise en équilibre de ces deux 
familles particulières à très basses 
températures. Réalisées dans des conditions 
proches de celles rencontrées dans les 
comètes, ces mesures modèles permettront de 
répondre à la question suivante : 

Le déséquilibre des abondances relatives 
observées dans l'espace est-elle la signature 
de l'histoire thermique de la comète ? 

Comète Hale Bopp 

Molécule d9eau

Spin=0

Para Ortho

CSN

Spin=1

Dynamique moléculaire
à basse température

Spectroscopie VUV Spectroscopie VUV 

Bien que ce soit la plus simple des molécules, son 
spectre d'absorption n'est pas complètement interprété. 
D'autre part l'émission observée par les télescopes 
Hubble, Hopkins ou FUSE, montre que l'émission des 
atmosphères planétaires provient en partie d'états 
excités de H2 pour lesquels la fragmentation de la 
molécule est en compétition. Des données 
expérimentales ou théoriques précises sont donc 
nécessaires pour la modélisation des spectres observés.

La molécule d'hydrogène est la molécule la plus 
abondante de l'univers. 

Expérience « SPICES »
Dynamique molDynamique molééculaireculaire
ThThééoriqueorique

Nous avons entrepris l'établissement d'un 
atlas du spectre d'absorption de la 
molécule d'hydrogène à haute résolution, 
avec la mesure absolue des intensités des 
raies ainsi que des probabilités 
d'émission, de dissociation et d'ionisation 
état par état. 

Ce sont les seules mesures absolues 
d'intensité de raies rotationnelles de 
l'hydrogène moléculaire.

Spectres d'absorption, d'ionisation et de 
fluorescence moléculaire obtenus au 
centre synchrotron de BESSY II (Berlin). 

L'activité de l'équipe astrophysique du 
LPMAA englobe des développements 
d'expériences de laboratoire ainsi que 
des travaux théoriques contribuant à la 
caractérisation de processus 
moléculaires intervenants dans des 
milieux aussi divers que les régions de 
formation d'étoiles, les comètes ou 
encore les atmosphères planétaires.

Contact: jean-hugues.fillion@upmc.fr

Astrophysique Astrophysique 
de laboratoirede laboratoire

Milieu Interstellaire

NH2

H2O

CH4

Télescope ALMA.  

H2
He

La confrontation des analyses de spectres 
observés avec les résultats de modélisation de 
ces milieux conduit à affiner notre 
compréhension de l'évolution chimique des 
espèces moléculaires observées, à contraindre 
les modèles de formation et d'évolution des 
structures astrophysiques étudiées et enfin à
découvrir et identifier de nouvelles espèces 
chimiques et leur lien avec l'origine de la vie.

Les nouveaux instruments d'observation des 
milieux astrophysiques gazeux deviennent 
plus performants en terme de résolution 
spectrale et/ou angulaire (domaines mm, 
submm et FIR)

L'équipe contribue à la diffusion des données 
moléculaires et à leur utilisation à l'échelle 
internationale :

] base de données BASECOL 
http://basecol.obspm.fr
] Coordination du   projet europprojet europééen en 
infrastructure VAMDC infrastructure VAMDC 
http://www.vamdc.eu

L'équipe détermine les constantes de vitesse 
d'excitation (ou des élargissements de raies) 
des molécules par des atomes ou molécules les 
plus abondantes pour le milieu (H2/He pour le 
milieu interstellaire, les atmosphères de 
planètes géantes, H2O pour les comètes, ...). 
Ces données sont indispensables à
l'interprétation des spectres observés.

Contact: michele.glass@upmc.fr
Contact:
marie-lise.dubernet-tuckey@upmc.fr

Contact: xavier.michaut@upmc.fr

Jupiter

Équipe « Astrophysique »

LABORATOIRE DE PHYSIQUE MOLÉCULAIRE POUR 
L'ATMOSPHÈRE ET L'ASTROPHYSIQUE

UMR 7092 - Case 76 - 4 Place Jussieu - 75252 Paris Cedex 05
Directrice : Marie-Lise DUBERNET-TUCKEY (marie-lise.dubernet-tuckey@upmc.fr)

� Métrologie des positions, des intensités et des profils des raies moléculaires 
� Développements instrumentaux en spectrométrie
� Banques de données spectroscopiques pour l'atmosphère et l'astrophysique
� Anomalies isotopiques
� Sondage de l'atmosphère et physico-chimie atmosphérique
� Expériences sol-avion-ballon-satellite
� Physico-chimie des glaces et des grains pour l'astrophysique et la planétologie

Thématiques de recherche

Métrologie des paramètres
de raies 
La détermination exacte en laboratoire des paramètres de raies
(positions, intensités, coefficients d]élargissement et de 
déplacement par la pression^) est un élément extrêmement 
important dans l]amélioration des mesures atmosphériques 
effectuées à partir de différentes plateformes (satellites, ballons, 
au sol, ^). 

Équipe « Vibration-Rotation des Molécules »
Notre équipe poursuit des études de laboratoire en physique 
moléculaire qui ont des applications en planétologie et dans les 
sciences du climat et de l9environnement. Cette activité de 
recherche fondamentale comprend les composantes suivantes :

� mesures de laboratoire
� développements instrumentaux
� modélisation des spectres. 

L]étude des molécules d]intérêt atmosphérique et/ou planéto-
logique se fait principalement par des méthodes d]investigation 
variées en les excitant avec des énergies faibles.

Modélisation des spectres
Détermination des paramètres de raies avec la meilleure 
exactitude possible, à partir de spectres obtenus par 
transformation de Fourier. Différentes molécules sont 
étudiées: C2H2, CO2, N2O, H2O, NO2, NO.
Ce travail qui se fait en collaboration avec plusieurs 
laboratoires contribue aux bases de données (HITRAN, 
GEISA, ^)

Exemple de 

contribution à la 

base de données 

HITRAN pour 

l;acétylène

SpectromSpectromèètre tre 
de massede masse

ExpExpéérience pompe sonderience pompe sonde
rréésolue en tempssolue en tempsSpectromSpectromèètre diode lasertre diode laserPhotomPhotomèètre UVtre UV

SIMCOSIMCO

Ozone en phase liquide

après refroidissement à

l;azote liquide

Spectroscopie résolue en temps
Pour accéder aux états moléculaires intéressants pour les processus chimiques 
et dynamiques, nous disposons d]une expérience de type pompe-sonde
permettant d]étudier les états excités et souvent non observables par d]autres 
méthodes. Ce dispositif très spécifique a été utilisé avec le méthane pour 
l]atmosphère de Titan et servira pour les isotopes de l]ozone. 

Études isotopiques
Plusieurs études isotopiques sont en cours. Nous avons 
développé un instrument (SIMCO) dédié à la mesure en 
continu et in situ de la composition isotopique du CO2
atmosphérique pour des applications environnementales. 

Dans le cadre d]un financement par l]ANR (projet IDEO) 
et d]un réseau européen (INTRAMIF) nous étudions les 
effets isotopiques et dynamiques dans l'ozone pour des 
applications en chimie atmosphérique et dans les 
sciences du climat en combinant la spectrométrie de 
masse avec la spectroscopie d]absorption. 

Des mesures sont actuellement réalisées sur 
l]ozone dans l]UV et dans l]IR, où nous nous 
servons d]un spectromètre diode laser à
contrôle interférométrique performant.

Contact : jean-yves.mandin@upmc.fr Contact : christof.janssen@upmc.fr

Contact : corinne.boursier@upmc.frContact : mondelain@lpma.jussieu.fr

Équipe « Atmosphère »
ÉÉtude de la chimie atmosphtude de la chimie atmosphéérique [instruments sous ballon]rique [instruments sous ballon]

� Les processus de chimie dans la 
stratosphère responsables de la 
destruction de l'ozone
(problématique du "trou d'ozone")

� Les processus de chimie 
troposphérique responsables de la 
pollution dans les basses couches de 
l'atmosphère
(troposphère et couche limite)

� L'effet de serre en mesurant le 
concentration des gaz à effet de serre 
pour contribuer à l'étude du bilan 
radiatif global de la Terre
(réchauffement de la Terre)

Le LPMAA a développé deux spectromètres à transformée de Fourier (LPMA et IASI-
ballon) embarqués sous ballon stratosphérique (à une altitude de 30 à 40 km) pour 

étudier des problématiques physico-chimiques de l'atmosphère terrestre.

Contact : claude.camy-peyret@upmc.fr

ÉÉtude de la pollution urbaine [plateforme QualAir]tude de la pollution urbaine [plateforme QualAir]

� Fournir la distribution verticale des 
polluants atmosphériques à l'état de 
trace en Île-de-France [en absorption 
solaire]

� Mesurer la concentration des 
polluants à forte variabilité
diurne/nocturne [en absorption 
lunaire]

� Quantifier les émissions en surface 
des polluants [après la mise en place 
de l'absorption à long parcours entre 
les tours de Jussieu]

� Étudier la pollution locale et la 
qualité de l'air sur le site de Jussieu, 
au ccur de Paris

Le LPMAA est maître d'kuvre du spectromètre à transformée de Fourier au sein de la 
plateforme expérimentale QualAir dont l'objectif est d'améliorer et consolider nos 

connaissances des processus physico-chimiques responsables de la pollution urbaine
dans une grande métropole comme Paris.

Contact : yao-veng.te@upmc.fr

DDééveloppement et validation d'expveloppement et validation d'expéériences spatialesriences spatiales

� Développement d9expériences 
spatiales : proposition de nouvelles 
expériences, simulations numériques

� Validation d9expériences spatiales : 
calibration spectrale et radiomé-
trique, mesures de références avec 
nos expériences ballon

� Transfert radiatif et modèle inverse: 
développement de modèles instru-
mentaux, prise en compte d9effets 
fins

L]équipe Atmosphère a développé son propre modèle de transfert radiatif pour analyser 
les mesures spectrales embarquées sous ballon et sur satellite. Couplé à un modèle 

inverse, il est utilisé pour simuler les mesures de futurs sondeurs spatiaux et en déterminer 
les capacités. Le modèle est amélioré à partir de travaux de physique moléculaire.

Contact : sebastien.payan@upmc.fr

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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Ozone Spectroscopic Data Quality

O3 Multispectral Study : Cell

Yao Té, Pascal Jeseck, C. Rouillé, P. Marie-Jeanne and C. Janssen
L b i d Ph i M lé l i l’A hè l’A h i (*) UMR 7092 UPMC/CNRS/IPSL C 76 4 Pl J i 75252 P i C d 05 F ( @ f )

TOWARDS A MEGACITY TCCON / NDACC SITE IN THE CENTER OF PARIS

Laboratoire de Physique Moléculaire pour l’Atmosphère et l’Astrophysique(*), UMR 7092, UPMC/CNRS/IPSL, Case 76, 4 Place Jussieu, 75252 Paris Cedex 05, France (yao-veng.te@upmc.fr)
(*) A partir du 1er janvier 2014, le LPMAA et le LERMA fusionnent pour former le nouveau Laboratoire d’Études du Rayonnement et de la Matière en Astrophysique et Atmosphères (LERMA2, UMR 8112)

Instrumentation
In a growing world with more than 7 billion inhabitants and big emerging countries such as China, Brazil and
India, anthropogenic pollutants and greenhouse gases are increasing continuously. Their monitoring and control in
megacities have become a major challenge for scientists and public health authorities in environmental research
area. The LPMAA ground-based Fourier transform spectrometer (LPMAA FTS) located in downtown Paris at
Université Pierre et Marie Curie (UPMC), is a scientific research instrument dedicated to the survey of urban
atmospheric pollution, air quality and greenhouse gases The very high resolution (0.0024 cm-1) LPMAA FTS is a
Michelson interferometer from Bruker Optics (model IFS 125HR), associated with a sun-tracker installed on the
roof terrace of the UPMC QualAir platform. Performing passive remote sensing, LPMAA FTS operates in the

l fi ti t it l b f t h i tit t CO O CO CH N O H CO OCS

TCCON-Paris site
Project title: TCCON-Paris supported by LEFE IMAGO-CHAT program, 2012-0213 (2 years)
Project PI: TÉ Yao at the LPMAA lab
Contribution to: Total Carbon Column Observing Network (TCCON)
Project objectives: In order to integrate into the scientific research TCCON network, the LPMAA acquired
new hardware (InGaAs detector and HCl cell) funded by INSU/CNRS (this project). The LPMAA needs to satisfy
all required specifications and guarantee instrument performances, data precision, accuracy and traceability.

  Instrumental issues
G t ff t h b d t l th t h i l

Basilique du Sacré CœurArc de Triomphe Notre-Dame de Paris

~ 1 km~ 4.5 km

~ 5.5 km

solar configuration to monitor a large number of atmospheric constituents: CO, O3, CO2, CH4, N2O, H2CO, OCS…

Azimuth

S t k

Great effort has been made to solve the technical
issues and to reach compliance with TCCON
specifications.

Ö instrumental characterization

Ö improvement of optical alignment

Ö determination and optimization of the instrument
line shape (ILS) using the reference HCl cell

Ö retrieval accuracy on the cell HCl concentration
is better than 2.5‰[4]

The achieved results were presented at the
TCCON meetings[5, 6] and the instrumental specifications were validated by a TCCON network expert.

Ö take care of the excellent instrumental performances

Tour Eiffel QualAir platform [48.846°N, 2.356°E]

IR configuration

Elevation Sun-tracker

Solar 
beam

Spectrometer

Detector
s

Scanning mirror

Beamsplitter

Internal source Globar or tungsten lamp

Beamsplitter KBr : 450 - 4800 cm-1

CaF2 : 1850 - 14000 cm-1

Entrance window KBr : 450 - 25000 cm-1

CaF2 : 1850 - 14000 cm-1

MCT detector D* > 2.5x1010 cmHz1/2W-1

InSb detector D* > 1 5x1011 cmHz1/2W-1

Ö take care of the excellent instrumental performances

Ö build up a long time series of atmospheric data to validate the Paris site as
a full TCCON member
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  First TCCON European megacity site (TCCON-Paris)

Ö Rare and unique hot spot
measurements of CO2 in Europe

Ö First NDACC-IRWG and
TCCON site located in France
and managed by a French team

ÖA French contribution to
the international effort on the
development of ground-based
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Principle diagram of the LPMAA FTS with its sun-tracker 
(Figure from Té et al., RSI, 2010)

SpectrometerInSb detector D* > 1.5x1011 cmHz1/2W 1

InGaAs detector(†) NEP < 5x10-12 W/Hz1/2

HBr cell NDACC Ref. #10

HCl cell(†) TCCON Ref. #15

(†) Equipments supported by this LEFE project

The LPMAA FTS and all other equipments
were financed by UPMC (crédit Retour
Jussieu) and LPMAA (sources propres)
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Atmospheric and Environmental Applications

  CO2 long term studies at Paris

The LPMAA and the LSCE are
strongly associated in many projects
concerning CO2 at Paris coupling in-
situ and remote sensing techniques and
modeling: Multi-CO2 (IPSL support),
L CO P i i ( i l t)

CO2 long term studies at Paris[7]

~ 100 km

  Paris versus Orléans

The LPMAA FTS can provide new and complementary
measurements as compared to existing ground-based FTS network
stations located in unpolluted environments, such as the TCCON-
Orléans situated in the forest of Orléans (100 km south of Paris).

Ö Study of megacity impact on the global atmosphere composition

Ö Possible systematic differences between different instrumental
configurations and spectral ranges, have been and will be investigated

Ö Taking into account the difference between 3.8 and 1.6 µm
i i b O lé d P i f CO l l

40880000 40960000 41040000 41120000 41200000

380

Time in seconds (since January 1st 2010)

  Data analysis
The absorption lines of the species observed

in the solar spectra recorded by ground-based
spectrometers can be used to retrieve their
concentration in the atmosphere using retrieval
algorithm and appropriate spectral microwindows.

Two kinds of errors can affect our recorded
solar spectra and the retrieval process: random and
systematic errors. The precision of the CO retrieval
through PROFFIT is summarized in the table[2].

radiance at 
position M

incident 
radiance emission 

contribution

atmospheric 
transmission

concentration

PROFFIT[1] retrieval algorithm

[2]

[1] Hase et al., JQSRT, 2004
  Data quality

High quality and precise data can provide

Le CO2 Parisien (regional support) …

[7] Té et al., AGU, 2012
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Paris versus Orléans for CO2
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regions, comparison between Orléans and Paris of CO2 total column
yields to 1% higher value at Paris (anthropogenic activities ?)

[2] Table from Té et al., JAOT, 2012)

Error characterization[2]High quality and precise data can provide
important and interesting information concerning :

Ö study of stratospheric species (O3, NO2 …)

Ö study of tropospheric species (CO2, CO, OCS, 
CH4, N2O, H2CO …

Ö satellite instrument validation

Ö atmospheric modeling validation

Ö study of season variability and trends (CO2, 
CO, OCS, H2CO …)

  Teaching at UPMC
The LPMAA FTS is also used for teaching

and st dent training ( ndergrad ate and grad ate
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[8] Té et al., EGU, 2012

  The Atmosphere as a Spectroscopy Laboratory

Molecules have several absorption bands in different spectral
domains. Accuracy and precision of the spectroscopic parameters may
be different from one database to another or from one spectral interval
to another within the same database.

Ö 1% difference between 3.8 and 1.6 µm for CO2

Ö Multi-spectral analysis proposal on the spectroscopy of ozone
(UV-IR) …

Isotopes in the atmosphere have also specific absorption lines

(molecules.cm-2)
CO total columns from QualAir FTS 

and IASI-MetOp

Satellite Instrument and Atmospheric Modeling Validation[2. 3]

and student training (undergraduate and graduate
students laboratory and training)

Isotopes in the atmosphere have also specific absorption lines
that can also be observed in LPMAA FTS spectra allowing to retrieve
the isotopic ratio.
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  Collaborations

- LSCE, CNRM-GAME, 
LPC2E, LERMA2/theory, 
GSMA, LATMOS … 

- NDACC & TCCON, 
IAP/Belgium, IMK/KIT 
IUP/Bremen, 
IUP/Heidelberg, 
Izaña/Spain …
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[3] Figures from Té et al., ATMOS-ESA, 2012)
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All pyrex, BaF2, KBr, teflon
ozone decomposition :     

    ~ 2 or -4‰ / h (UV off/on)    
Pt100 sensors

crossed beam cell

2 parallel beams
short (50 mm):                
UV + 10 μm 
long (~200 mm):                
5 or 14 μm     
Pt100 sensors
connect to high purity O3 
production system

Bruker 125 HR of FTS Paris

 FTS-Paris



Ozone Spectroscopic Data Quality

O3 Multispectral Study : Double Cell  FTS-Paris

Yao Té, Pascal Jeseck, C. Rouillé, P. Marie-Jeanne and C. Janssen
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TOWARDS A MEGACITY TCCON / NDACC SITE IN THE CENTER OF PARIS

Laboratoire de Physique Moléculaire pour l’Atmosphère et l’Astrophysique(*), UMR 7092, UPMC/CNRS/IPSL, Case 76, 4 Place Jussieu, 75252 Paris Cedex 05, France (yao-veng.te@upmc.fr)
(*) A partir du 1er janvier 2014, le LPMAA et le LERMA fusionnent pour former le nouveau Laboratoire d’Études du Rayonnement et de la Matière en Astrophysique et Atmosphères (LERMA2, UMR 8112)

Instrumentation
In a growing world with more than 7 billion inhabitants and big emerging countries such as China, Brazil and
India, anthropogenic pollutants and greenhouse gases are increasing continuously. Their monitoring and control in
megacities have become a major challenge for scientists and public health authorities in environmental research
area. The LPMAA ground-based Fourier transform spectrometer (LPMAA FTS) located in downtown Paris at
Université Pierre et Marie Curie (UPMC), is a scientific research instrument dedicated to the survey of urban
atmospheric pollution, air quality and greenhouse gases The very high resolution (0.0024 cm-1) LPMAA FTS is a
Michelson interferometer from Bruker Optics (model IFS 125HR), associated with a sun-tracker installed on the
roof terrace of the UPMC QualAir platform. Performing passive remote sensing, LPMAA FTS operates in the

l fi ti t it l b f t h i tit t CO O CO CH N O H CO OCS

TCCON-Paris site
Project title: TCCON-Paris supported by LEFE IMAGO-CHAT program, 2012-0213 (2 years)
Project PI: TÉ Yao at the LPMAA lab
Contribution to: Total Carbon Column Observing Network (TCCON)
Project objectives: In order to integrate into the scientific research TCCON network, the LPMAA acquired
new hardware (InGaAs detector and HCl cell) funded by INSU/CNRS (this project). The LPMAA needs to satisfy
all required specifications and guarantee instrument performances, data precision, accuracy and traceability.

  Instrumental issues
G t ff t h b d t l th t h i l

Basilique du Sacré CœurArc de Triomphe Notre-Dame de Paris

~ 1 km~ 4.5 km

~ 5.5 km

solar configuration to monitor a large number of atmospheric constituents: CO, O3, CO2, CH4, N2O, H2CO, OCS…

Azimuth

S t k

Great effort has been made to solve the technical
issues and to reach compliance with TCCON
specifications.

Ö instrumental characterization

Ö improvement of optical alignment

Ö determination and optimization of the instrument
line shape (ILS) using the reference HCl cell

Ö retrieval accuracy on the cell HCl concentration
is better than 2.5‰[4]

The achieved results were presented at the
TCCON meetings[5, 6] and the instrumental specifications were validated by a TCCON network expert.

Ö take care of the excellent instrumental performances

Tour Eiffel QualAir platform [48.846°N, 2.356°E]

IR configuration

Elevation Sun-tracker

Solar 
beam

Spectrometer

Detector
s

Scanning mirror

Beamsplitter

Internal source Globar or tungsten lamp

Beamsplitter KBr : 450 - 4800 cm-1

CaF2 : 1850 - 14000 cm-1

Entrance window KBr : 450 - 25000 cm-1

CaF2 : 1850 - 14000 cm-1

MCT detector D* > 2.5x1010 cmHz1/2W-1

InSb detector D* > 1 5x1011 cmHz1/2W-1

Ö take care of the excellent instrumental performances

Ö build up a long time series of atmospheric data to validate the Paris site as
a full TCCON member
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  First TCCON European megacity site (TCCON-Paris)

Ö Rare and unique hot spot
measurements of CO2 in Europe

Ö First NDACC-IRWG and
TCCON site located in France
and managed by a French team

ÖA French contribution to
the international effort on the
development of ground-based
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Principle diagram of the LPMAA FTS with its sun-tracker 
(Figure from Té et al., RSI, 2010)

SpectrometerInSb detector D* > 1.5x1011 cmHz1/2W 1

InGaAs detector(†) NEP < 5x10-12 W/Hz1/2

HBr cell NDACC Ref. #10

HCl cell(†) TCCON Ref. #15

(†) Equipments supported by this LEFE project

The LPMAA FTS and all other equipments
were financed by UPMC (crédit Retour
Jussieu) and LPMAA (sources propres)
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Atmospheric and Environmental Applications

  CO2 long term studies at Paris

The LPMAA and the LSCE are
strongly associated in many projects
concerning CO2 at Paris coupling in-
situ and remote sensing techniques and
modeling: Multi-CO2 (IPSL support),
L CO P i i ( i l t)

CO2 long term studies at Paris[7]

~ 100 km

  Paris versus Orléans

The LPMAA FTS can provide new and complementary
measurements as compared to existing ground-based FTS network
stations located in unpolluted environments, such as the TCCON-
Orléans situated in the forest of Orléans (100 km south of Paris).

Ö Study of megacity impact on the global atmosphere composition

Ö Possible systematic differences between different instrumental
configurations and spectral ranges, have been and will be investigated

Ö Taking into account the difference between 3.8 and 1.6 µm
i i b O lé d P i f CO l l
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380
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  Data analysis
The absorption lines of the species observed

in the solar spectra recorded by ground-based
spectrometers can be used to retrieve their
concentration in the atmosphere using retrieval
algorithm and appropriate spectral microwindows.

Two kinds of errors can affect our recorded
solar spectra and the retrieval process: random and
systematic errors. The precision of the CO retrieval
through PROFFIT is summarized in the table[2].

radiance at 
position M

incident 
radiance emission 

contribution

atmospheric 
transmission

concentration

PROFFIT[1] retrieval algorithm

[2]

[1] Hase et al., JQSRT, 2004
  Data quality

High quality and precise data can provide

Le CO2 Parisien (regional support) …

[7] Té et al., AGU, 2012
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yields to 1% higher value at Paris (anthropogenic activities ?)

[2] Table from Té et al., JAOT, 2012)

Error characterization[2]High quality and precise data can provide
important and interesting information concerning :

Ö study of stratospheric species (O3, NO2 …)

Ö study of tropospheric species (CO2, CO, OCS, 
CH4, N2O, H2CO …

Ö satellite instrument validation

Ö atmospheric modeling validation

Ö study of season variability and trends (CO2, 
CO, OCS, H2CO …)

  Teaching at UPMC
The LPMAA FTS is also used for teaching

and st dent training ( ndergrad ate and grad ate
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~0.9%

[8] Té et al., EGU, 2012

  The Atmosphere as a Spectroscopy Laboratory

Molecules have several absorption bands in different spectral
domains. Accuracy and precision of the spectroscopic parameters may
be different from one database to another or from one spectral interval
to another within the same database.

Ö 1% difference between 3.8 and 1.6 µm for CO2

Ö Multi-spectral analysis proposal on the spectroscopy of ozone
(UV-IR) …

Isotopes in the atmosphere have also specific absorption lines

(molecules.cm-2)
CO total columns from QualAir FTS 

and IASI-MetOp

Satellite Instrument and Atmospheric Modeling Validation[2. 3]

and student training (undergraduate and graduate
students laboratory and training)

Isotopes in the atmosphere have also specific absorption lines
that can also be observed in LPMAA FTS spectra allowing to retrieve
the isotopic ratio.
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  Collaborations

- LSCE, CNRM-GAME, 
LPC2E, LERMA2/theory, 
GSMA, LATMOS … 

- NDACC & TCCON, 
IAP/Belgium, IMK/KIT 
IUP/Bremen, 
IUP/Heidelberg, 
Izaña/Spain …
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[3] Figures from Té et al., ATMOS-ESA, 2012)
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cell is being built in house with support 
from

F. Thibout (LKB) &
M. Escudier (INSP) 

2014 - 2015

first cell measurements 
in winter period



Quasi-simultaneous mesurements in different bands

in cell @ UV, 5 μm, 10 μm, and 14 μm

Comparison with theory (GSMA / Reims)

Atmospheric validation (compare with other TCCON 
partners, eg Karlsruhe, Izana and Orléans/Trainou

O3 Multispectral Study
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