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Antarctic Ozone Hole Sep 2006
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Noll et al., Science 273 (1996), Hubble photograph presented at AAS meeting in 
1995, courtesy NASA

Ozone on Ganymede
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Ozone

Oxygen Isotopes:
  16O	      99,756 %

	 17O	     0,039 %
	 18O	     0,205 % 

3-atomic allotrope of oxygen

O 

O 
O 

   r = 1.272 Å 
   Φ = 116.78° 

E0 =  1.05 eV, λdiss < 1180 nm 

Donnerstag, 20. September 12



δ - notation
Standard definition -
The fraction of a heavy isotope in a compound (atom ratio):

More specific -
Ratios of individual isotopomer ratios (clumped isotopes):

E
Ä
16O16O17O
ä
=

Äî
16O16O17O
ó¿î

16O3
óä

s�mpleÄî
16O16O17O
ó¿î

16O3
óä

std

� 1

17R =
17O
16O

, �17O =
17Rs�mple
17Rstd

� 1, (in % or �/��)

Standard (std) abundance from molecular oxygen 
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O-Isotopes in early solar system solids

Allende meteorite (fall 1969):

Triple oxygen isotope 
composition of refractory 
inclusions (CAI) 

Clayton et al., Science 182 (1973)

TF
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Isotope Fractionation of Stratospheric Ozone

Mauersberger,  GRL 8 (1981)

Pioneers of    
Space Exploration   
and Research

REPORT OF THE 
SCIENTIFIC BALLOONING 
PLANNING TEAM

NASA 
Stratospheric 
Balloons

National Aeronautics and Space Administration

Palestine Texas,  Sep 3, 1980

max. 18O
enrichment (@ 32 km):

(40 ± 15) %
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Enrichment 
measurementsANRV273-EA34-08 ARI 22 March 2006 18:1
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Figure 2
The isotopic fractionation
of ozone formation
(Thiemens & Heidenreich
1983). The original oxygen
isotopic composition is at
0,0 per mil. The residual
oxygen is denoted by
squares and the product
ozone by circles. The dotted
line is a mass fractionation
line passing through the
original oxygen isotopic
composition.

resolution of greenhouse gas sources, aerosol chemistry and transport, stratospheric
and mesospheric oxygen chemistry, paleoclimate and history of Earth’s oxidative ca-
pacity (paleoozone levels), and the resolution of past atmosphere-regolith interactions
on Mars.

THE PHYSICAL CHEMISTRY OF MASS-INDEPENDENT
ISOTOPE EFFECTS
The literature associated with the physical chemistry of mass-independent isotope
effects, particularly ozone, is too extensive to treat in full detail in this review. There
are a number of excellent recent reviews that provide dedicated and more expanded
details (Thiemens 1999, 2002, 2003; Thiemens et al. 2001, Brenninkmeijer et al.
2003, Chakraborty & Bhattacharya 2003c).

Thiemens & Heidenreich (1983) ascribed self-shielding as the mechanism respon-
sible for the observed fractionation in ozone formation. However, based on theoret-
ical considerations (Navon & Wasserburg 1985), self-shielding was abandoned as a
mechanism to explain the laboratory findings. It was kinetically shown that the rapid-
ity of oxygen atom exchange with the precursor O2 following dissociation removed
any isotope effect associated with the photochemical self-shielding. The rate of iso-
topic exchange exceeds that of ozone formation, thus the original isotopic anomaly
is removed by mass-dependent isotopic exchange before it may be sequestered in a

222 Thiemens

A
nn

u.
 R

ev
. E

ar
th

. P
la

ne
t. 

Sc
i. 

20
06

.3
4:

21
7-

26
2.

 D
ow

nl
oa

de
d 

fr
om

 a
rjo

ur
na

ls
.a

nn
ua

lre
vi

ew
s.o

rg
by

 M
ax

-P
la

nc
k-

G
es

el
ls

ch
af

t o
n 

07
/0

7/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Thiemens & Heidenreich Science (1983)
Figure from Thiemens Ann Rev Earth Planet Sci (2006)

[5] Still missing from stratospheric ozone isotope data are
cryosample measurements at high altitudes and at equatorial
latitudes. Recent balloon flights have closed this gap, and
results from Teresina, Brazil (5.1!S, 42.9!W) are presented
in this paper together with a summary of all measurements
obtained in ozone collector flights since 1998. Included are
also new data from Kiruna, Sweden (67.9!N, 21.1!E) and
high-altitude measurements from Aire-sur-l’Adour, France
(43.7!N, 0.3!W). Thus isotope data are now available for
the entire Northern Hemisphere. The role of temperature in
ozone isotope formation will be of particular interest in our
discussion as we try to quantify an additional isotope effect
in the stratosphere which has been proposed by a number of
researchers including Chakraborty and Bhattacharya
[2003], Haverd et al. [2005], Miller et al. [2005], Liang et
al. [2006], and others. They based their analysis on labora-
tory UV absorption studies and on atmospheric isotope
measurements concluding that enrichments rise faster in
the stratosphere than derived from temperatures alone. The
data from Krankowsky et al. [2000] and Mauersberger et al.
[2001] do not permit to quantitatively identify the existence
of an additional isotope effect, although Krankowsky et al.
[2003] and Mauersberger et al. [2005] have not ruled out
additional fractionation above about 32 km. Brenninkmeijer
et al. [2003], analyzing the same data, concluded that 1 to 2%
of the heavy ozone enrichment may be attributed to ozone
photodissociation. With new precise and accurate relations
between temperature and enrichments (see Figure 1), a
detailed analysis of stratospheric temperature data during
past balloon flights, and new high-altitude isotope data
available, we can now identify and quantify such an effect.

2. Experiment

[6] Mass spectrometry of collected ozone samples has
produced the most precise results in total enrichment data of

both 49O3 and 50O3, while remote sensing instruments
operated from the ground or from space, or as part of
balloon payloads have provided information on symmetric
(16O18O16O) and asymmetric (16O16O18O) molecules
although sometimes with considerably lower accuracy
[Irion et al., 1996; Meier and Notholt, 1996; Johnson et
al., 2000; Haverd et al., 2005]. The technique of collecting
ozone samples has been described previously, for example,
in some detail by Stehr et al. [1996]. Over the years the
atmospheric research group at the Max-Planck-Institut for
Nuclear Physics at Heidelberg, Germany has developed a
new generation of collectors, trapping carbon dioxide and
ozone samples in separate low temperature traps at 80 K and
63 K, respectively. Four sets of dual traps are part of a
balloon payload. Stratospheric air is forced through the first
trap in which CO2 will condense, and will continue through
a second trap where ozone is collected without condensing
any of the major atmospheric gases. After sufficient amount
of ozone is collected during float or during a slow descent
the inlet is closed and the traps are briefly connected to a
small pump to remove residual air before another pair of
traps is switched to the inlet. Of the four samples obtained
during a flight, two are usually collected during float and
the other two during the descent. Either atmospheric tem-
perature sensors were part of the payload or Vaisala ozone
sondes were launched during or immediately before or after
a balloon flight to provide temperature, total pressure, and
ozone partial pressures.
[7] Below is a brief discussion about the advantages and

limitations of such a system. The altitude range is defined
by the partial pressure of the gases to be collected and by
other gases in air such as O2. Saturated vapor pressures of
ozone [Hanson and Mauersberger, 1986] are such that
below about 20 km O2 collection may interfere and thus a
sample of O3 would be diluted, while above 35 km the
ozone pressure is starting to be too low for an almost

Figure 1. Temperature dependence of isotope fractionations derived from laboratory data. The fits to
the data take into account measured rate coefficients, their temperature dependence, and recent precise
and accurate measurements of enrichments. The shaded areas correspond to the 95% confidence limits.

D08301 KRANKOWSKY ET AL.: STRATOSPHERIC OZONE ISOTOPES
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Krankowsky et al. GRL 112 (2007)
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O-Isotopes in the environment

Δ17O = 35 ‰

strat. CO2
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Oxygen isotope 
anomalies in nature (MIF)

ANRV273-EA34-08 ARI 22 March 2006 18:1
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Figure 7
Oxygen isotopic compositions of atmospheric species that have been measured to date.

and C18O. Under nonsaturation conditions, the photodissociation of the minor iso-
topic species proceeds at a rate commensurate with their natural abundances, which
in a three-isotope oxygen plot defines a slope 1. There are now measurements of
C 17O in interstellar molecular clouds, although the errors associated with the ob-
servations are large compared with meteoritic isotope measurements (Bensch et al.
2001, Sheffer et al. 2002). Reviews by van Dishoeck & Blake (1998) and van Dishoeck
(2004) provide details of astronomical observations of interstellar regions and their
associated chemistry and chemical processing. Although the process of self-shielding
in interstellar molecular clouds is well-known, the link to meteoritic oxygen isotopic
compositions is remains to be firmly established.

Following the suggestion of the self-shielding process in 1983 as a means to
produce meteoritic oxygen isotopic compositions (Thiemens & Heidenreich 1983),
Navon & Wasserburg (1985) performed a careful kinetic analysis of the possibility of
the self-shielding process occurring in the early Solar System. The analysis demon-
strated that the rapidity of oxygen isotope exchange reactions is a major limit on
sequestering the isotopic anomaly that may be produced by the optical shielding ef-
fect. It was shown that under nebular conditions, the trapping of anomalous oxygen by
metal atoms or hydrogen is inefficient at pressures lower than 10!3 atm and a nebular

232 Thiemens
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adapted from Thiemens, Ann Rev Earth Planet Sci 34 (2006)
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Detection Techniques

C. Janssen & B. Tuzson, Appl. Phys. B 82 (2006)

Alignment Laser

Fabry-Perot Etalon

     IR 

detector
Laser

OAP

Chopper

Multi-pass cell

68 CHAPTER 5. ANALYTICAL SYSTEM

H2

HD

tr
ip

le
cu

ps

ion

source

dipole magnet

Figure 5.1 : Ion trajectories in the Deltax-XP isotope ratio mass spectrometer. �D is
measured using the outer cups, while oxygen analysis focuses on the inner triple cups.

with a free electron of the detector cup. As this charge has to be replaced from
ground, a current flows through the resistor which can be used to measure the
signal strength of the particle beam.

Though a number of di�erent mass spectrometer types exist (e.g. quadrupole,
time of flight), the work described in this thesis has been exclusively performed on
a dipole mass spectrometer with multiple detector cups, as schematically shown
in figure 5.1. The isotopic composition of H2O is determined after conversion
to O2 and H2. Incoming oxygen molecules (masses 32, 33 and 34) are measured
on the inner triple collector assembly, while hydrogen molecules (masses 2 and
3) are analyzed with the two outer cups at a lower magnetic field strength.

5.1.2 Sample Inlet

For the analysis of atmospheric trace gases, one usually has the choice between
o⌅ine and online methods, which both have some advantages and disadvantages
over each other.

In an o⌅ine method, the sample gas is usually concentrated and converted to
a measureable species (i.e. CH4 is converted to CO2 for 13C or to H2 for
deuterium analysis) in external sample containers (i.e. glass flasks). The sample
gas then can be transferred into the mass spectrometer, usually through a dual
inlet system as shown in figure 5.2. Here, the sample gas is admitted to the ion
source through a system of valves that alternatively switch between sample and
reference gas. To adjust the signal strength of both reference and sample gas to
the same level, both are admitted from pressure adjustable bellows.

O3: 
TDLAS @ 1000 cm-1

O2, CO2: 
IRMS & CeO2-Exchange

ThermoFinnigan, Delta PlusXL

O2 CO2

32 44

33 45

34 46

S. Assonov & C. Brenninkmeijer, RCM 15 (2001)
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Less Direct Measurement 
Techniques 

isotope ratio mass spectrometry of O2 after conversion of O3 ⇒ total/
isotopologue enrichment

conversion on reactive surfaces (Ag), measure residual O2 ⇒ 
increase importance of central atom 

reaction of NO2 + O3 → NO3 + O2 ⇒ enrichment in terminal atom 
(isotopomer specific)

Bhattacharya et al. JGR 113 (2008)  

Michalski and Bhattacharya et al. PNAS 14 (2009)  
Vicars et al. RCMS 26 (2012)  

- -
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Ozone generation 
methods
El. Discharge Photolysis

O3 + hv → O2 + O

O + O2 + M → O3 + M

O + O3 → 2 O2

Water Electrolysis

Anode: 3H2O → O3 + 6H+ + 6e-

O2 + e- → O + O-

O + O2 + M → O3 + M

O + O3 → 2 O2

many others Morton et al. JGR 95 (1990)
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Enrichment 
measurements

Mauersberger et al., GRL 20 (1993) 

thermodynamic (atom 
exchange) and kinetic 
fractionation effects

Kaye & Strobel, JGR 88 (1983) 

O = 16O, Q = 18O

Q+O2 ã OQ+O

[Q]

[O]
=

1

Keq(T)

[OQ]

[O2]
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Temperature Dependence

Janssen et al. CPL 367 (2003)
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Pressure dependence
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Heterogeneous ozone 
formation

δ

`

Janssen & Tuzson, JCPA  (2010)

- 2.1 %
- 3.8 %

T = 350 K

- 6.1 %
- 10.6 %

T = 90 K

O + O2 + wall → O3 + wall :             

Explain low p
- diffusion
- exchange
- small IE in 
wall reaction
- determine γ

γ = 4 10-3
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Heterogeneous ozone 
formation

Janssen & Tuzson, JCPA  (2010)

✗
wall quenching Eley-Rideal Langmuir

 Hinshelwood
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Rate coefficients

pumppump

mass spectrometer

molecular beam

UV lamp filter

reaction 

cell

to inlet manifold, 

pressure sensors, 

and pumps

to/from 

computer

gas 

sampling 

orifice

mixture of 
18O ,2

16O ,2
Ar and N

2

Anderson et al., JCP 107 (1997)
Janssen et al., CPL 367 (2003)

O + O2 → O3

Q + O2 → QO2

O + Q2 → OQ2

Q + Q2 → Q3

O=16O, Q=18O

1
1.06
1.46
1.03
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Rate coefficients

reaction 

en
er

gy O + OQQ + O2 OOQ*

OOQ

+ M

 

reaction coordinate

∆(ZPE)

Janssen et al., PCCP 3, 2001

en
er

gy
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Pressure & bath gas 
dependence of rates

Guenther et al., CPL 324 (2000)Guenther et al., CPL 306 (1999)

bath gas N2 @ 200 Torr p = 200 Torr, p(O2) = 40 Torr
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1.6

1.4

1.2

1.0

0.8

Ra
te
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oe

ffi
cie

nt
 ra

tio

350300250
Temperature of bath gas (K)

k(16O+18O18O) / k(16O+16O16O)
k(18O+16O16O) / k(18O+18O18O)

Temperature dependence 
of rates

Janssen et al., CPL 367 (2000)
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Modeling of O3 
photolysis

Miller et al. GRL 32 (2005)
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Photolysis 
measurements
Remark:
Cross section measurements exist only for 16O3 and 18O3
Photodecomposition measurements suffer from side reaction:

O3 + h�! O+O2

O+O3 ! 2O2

Light source α18 Reference
MW-Hg lamp

Nd-Yag @ 532 nm
Hg lamp
Hg lamp

630, 520 nm

1.019 Bhattacharya & Thiemens GRL 15 (1988)

1.017 Wen & Thiemens CPL 172 (1990)

1.016 Wen & Thiemens CPL 172 (1990)

1.017 Chakraborty & Bhattacharya JCP 118 (2003)

1.015 Chakraborty & Bhattacharya JCP 118 (2003)
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Thermal reactions
O3 + XO! O2 + XO2

O3 + X! O2 + XO

X = NO,NO2,Br,Cl,OH

are important reactions that determine the concentration 
and isotope balance of ozone. 

Have not been measured yet.
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Thermal decomposition

O + O2 + M → O3 + M,  k = 6.0 · 10-34 (300/T)2.5 cm6 molec.-2 s-1

O3 + M → O + O2 + M, k = 1.65 · 10-9 exp(-11435/T) cm3 molec.-1 s-1

Formation

Decomposition

strong isotope fractionation (> 10%, T > 50°C)
symmetry plays important role

2 measurement attempts : small isotope fractionation (< 2.2%, T ~ 100°C)
systematic errors (wall decomposition, side reaction O + O3 → 2O2)
studies are not symmetry resolved

τ(150 °C, p = 100 Torr) = 167 s

Donnerstag, 20. September 12



Model comparison
Model Reference  Parameters Features

Angular Scattering 
Model

Robert & Camy-Peyret, 
Ann. Geophys. (2001) 5 p, T = 300 K

Classical 
Trajectories

Schinke et al. 
Ann Rev Phys Chem. (2006) 2 highly accurate 

ab-initio PES

Modified RRKM Gao & Marcus, JCP (2002) 2 for each T,
ET & non RRKM factor p, T

Vibrational 
Excitation Model

Miklavc & Peyerimhoff, 
CPL (2002) 1 low p, T = 300 K,

no exchange 

QM scattering
VCC-IOS Charlo & Clary, JCP (2004) 0 low p, T,

fixed geometry

QM scattering 
approach Babikov et al., JCP (2003) 0 low p, J = 0
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Cryogenic samplers

Stehr et al. JAC 24 (1996)

Stratosphere
COLLECTION AND ANALYSIS OF ATMOSPHERIC OZONE SAMPLES 321 

'ACUUM 

UQUm 
N 2 

~EOLITE 

Figure 2. Schematics of the stratospheric ozone collector system. Ports for filling and pressure 
regulation of liquid nitrogen dewars and vacuum jacket pump-out are not shown. 

by continuous pumping. While most of  the air in the bulb is pumped away, some 
of it proceeds into the collection system, drawn through the system by a sorption 
pump at the end of the line. This air first passes through a cold trap held at 77 K 
by liquid nitrogen. The trap removes water vapor and CO2 from the air flow 
before it enters the ozone collection cell. Regulating the air flow into the cell to 
approximately 0.4 mbar liter per second maintains a pressure of about 6 mbar inside 
the cell. A flow meter measures the air flow rate downstream from the collection 
cell. A computer monitors pressures, cell temperature, air flow rate, and ozone 
concentration at one-minute intervals. Thus, when collection is finished, the total 
number of ozone molecules which have passed through the system can be calculated 
and compared to the number of ozone molecules that actually condensed. It takes 
typically four hours to collect an adequate sample of ozone for an isotopic analysis 
by a mass spectrometer. Sample sizes range from 1 x 10 -4 to 4 x 10 -4 cm 3 at STP. 

The temperature of the collection cell is briefly raised to 63 K to check for 
possible oxygen contamination of the ozone sample. Thereafter, by increasing the 

COLLECTION AND ANALYSIS OF ATMOSPHERIC OZONE SAMPLES 319 

1000 I I I I ~ 10l  | I I I I I 10-3 

03 

10 2 
100 -~.--aN2 104 10 .4 

J 
!~ 10 ~ 2  10 -3 10 -5 > © 

1 

, L T \  t,o  
61 62 63 64 65 66 53 54 55 56 57 

Temperature / K Temperature / K 

Figure 1. Variation of saturated vapor pressures of N2, 02, and ozone with temperature com- 
pared with the partial pressures of the three species (indicated by the shaded bars) in (a) the 
stratosphere at 30 km altitude and in (b) the troposphere, with the ambient pressure reduced 
from one atmosphere to 6 mbar. 

3. T h e  S t r a t o s p h e r i c  O z o n e  C o l l e c t o r  S y s t e m  

Equilibrium vapor pressures of atmospheric constituents are needed to design a 
sampler for stratospheric ozone collection. Shown in Figure la are vapor pressure 
curves of N2, 02, and O3 together with their partial atmospheric pressures at 
30 km. The graphs show that at a collection temperature near 63 K, the triple 
point temperature of liquid nitrogen, and an average ozone distribution in the 
stratosphere, over 95% of the ozone will condense in the trap, but N2 and 02 
will remain gaseous. To separate the much more abundant CO2 and H20 which 
otherwise would be collected with ozone, a cold trap (at 80 K) has been placed 
upstream of the ozone trap. 

A sketch of the system is shown in Figure 2. The airflow is controlled by a 
sequence of valves and a vane pump which can maintain a flow rate of about 15 
liters per minute. During collection valves V1 through V3 are open, and air is 
directed through the first trap S 1, where CO2 and water are collected, and then 
through V2 into the second, colder trap, where ozone condenses exclusively. When 
sufficient ozone is obtained, V 1 and V3 are closed and V4 is opened to remove 
the remaining air with a small zeolite pump. The zeolite is housed in a small still, 
$3, in the outer liquid nitrogen container. Finally, V4 is closed, so that $1 and $2 
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Tropospheric data
Outskirts of Heidelberg, Germany 49.4°N (n = 49)

Krankowsky et al, GRL 22 (1995)
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JOHNSTON AND THIEMENS: TROPOSPHERIC OZONE ISOTOPIC COMPOSITION 25,401 

Figure 4a. The mean O-, profile in Pasadena between 
September 19 and 25, 1995. The error bars show the standard 
deviation in the hourlv mean concentration- 

Oi as the plume ages in the presence of sunlight. Pasadena is 
located at the base of the mountains that define the northeast 
boundary of the basin and consequently often experiences 
some of the region's highest O3 concentrations. 

Seven Oi samples were collected in Pasadena, California, 
between September 19 and 25, 1995. The average diurnal O-; 
profile in Pasadena for the seven days on which Oi was 
collected is shown in Figure 4a. The form of the profile shows 
that the Og budget tn Pasadena is much different from that in La 
Joila or WSMR and represents an extreme example of an urban 
profile [Bohm e l  a!., 19911. The prominent day to night 
variation is iypirdl of urban areas subject to significant local 
photochcmical production and scavenging. During the seven 
day period represented in Figure 4a, the CO concentralio~is 
were approximately 2 ppm and NOx concentrations ranged 
between 30 and 130 ppb. At night and in the early morning, 
0'; concentrations are very low because of chemical and 
physical scavenging, with no concomitant production. The 
fnrmat~on of the nocturnal temperature inversion also limits 
the mixing down of 0, rich air from aloft. By midmorning the 
sunlight is strong enough to have broken down the 
temperature inversion and has initiated rapid Oi production. 
This process peaks in the midafternoon. With the decrease in 
radiation in the midafternoon, 0-; destruction by NO becomes 
faster than O3 formation, and O3 concentrations fail rapidly to 
zero. 

Table 3. Results of Pasadena Collections 

Ai807m (RELATIVETO AIR 0 ) 

Figure 4b. Three-isotope diagram of Pasadena Oi. The line 
through the data is a least squares fit: the uncertainly in the 
slope is k0,I (1 0). 

The isotopic data collected in Pasadena are shown in Table 3 
18 17 and Figure 4b. The range in 6 0 and 5 0 is 14%~ and 10%~. 

respectively, defining a line with a slope of -0.5420.1. Note 
that with one exception, the isotopic data occur in pairs. 
Collections 2 and 3 are isotnpically identical, as are 
collectioi~s 4 and 5 ,  and 6 and 7. Again, there is no apparent 
corrclation betwccn isotopic composition and other air quality 
or meteorological parameters. The meteorological conditions 
were very consistent throughout the 7 days of sampling. The 
slope of the correlation line and the range in the isotopic 
composition suggest that the isotopic variability is 
dominated by mass dependent Og decomposition proce.ss. 
Similar fractionation patterns have previously been observed 
during the 532 nm photolysis and heterogeneous 
decomposition of an Oi reservoir W e n  and Thiemens, 1990, 
1991). 

3.4. Comparison Between Sampling Locations 
Among the most interesting aspects of the isotopic 

composition of tropospher~c O3 are the observed differences 

Pasadena Day in s^o,* 8 "0,' [Oil. Collection 
Collection Sept., 1995 %O %O P P ~  Time min 

Mean Values 8635 66t6 84Â±2 

* The uncertainty listed is due to mass spectrometer counting statistics; additional uncertainties associated with sample storage and 
analysis is Â±3% in 6 ^ 0  and 5170. 

25,400 JOHNSTON AND THEMENS: TROPOSPHERIC OZONE ISOTOPIC COMPOSITION 

6% %v (RELATIVE TO AIR 0 I 

Figure 3b. Three-isotope diagram of White Sands Missile 
Range 03. Thc line through the data is a least squares fit: the 
uncertainty in the slope is k0.3 (1 a. 

and act as a barrier to direct mixing of pollutants to WSMR. El 
Paso, Texas (population 0.5 million), located -70 km south of 
the sampling site, is likely the largest direct source of Oi and 
it5 piecuisors at WSMR. Alamogordo, New Mexico 
(population 27,600). is located approximately 60 km to the 
northeast of the sampling site. Thus, while WSMR is 
geographically isolated, the air quality is likely impacted by 
the base itself, as well as the communities that surround it. 

Figure 3a shows the average diurnal On profile for the six 
days between March 23 and 30, 1995, on which Oi was 
collected at WSMR. Again, the error bars represent the 
standard deviation of the hourly mean, and provide an 
indication of the variability in the diurnal profile. The diurnal 
profile at WSMR is typical of a region that is dominated by 
transport of O3 and its precursors from a significant distance. 
While the average WSMR Oi concentration of -42 ppbv is 
somewhat higher than observed in La Jolla, there is 
significantly less diurnal variability in the WSMR O-; profile. 

The results of the isotopic measurements of O-; at WSMR 
18 IF shown in Table 2 and Figure 3b. The range in S 0 and 6 0 

is 11% and 13%0, respectively, defining a line with a slope of 
approximately l . lk0.3.  The relatively large uncertainties 
associated with this data are due to the tact thst the most 
effective techniques for analyzing small samples on the mass 
spectrometer had not yet been developed, resultiiig in l a g e r  
errors from the mass spectrometer analysis. There is no 
correlation between isotopic composition and O3 
concentration or meteorolo ical parameters. Like the La Jolla 

I ^  samples, the measured 8 0 variability is larger than can be 
explained by changes in the temperature and pressure 
conditions during Oi formation. Unlike the La Jolla samples, 
however, the slope of -1 through the WSMR data precludes the 
involvement o f  known decomposition processes as a 
mechanism for producing the isotopic range. The isotopic 
variability of O3 collected at WSMR cannot be explained by 
known O-; formation and decomposition processes. The few 
number of samples and large uncertainties, however, make this 
a particularly preliminary assesment. The difference of -7%0 

18 in the mean S 0 values between La Jolla and WSMR is 
consistent with the lower atmospheric pressure at the latter 
sampling site [Thiemens and Juckson, 1990; Morion el al., 
19901. Mean barometric pressure at WSMR between March 23 
and 30 was 874 mbar, while mean barometric pressure in La 
Jolla is approximately 1015 mbar. 

Table 2. Results From White Sands Missile Range (WSMR) Collections 

3.3. Pasadena,  Cal ifornia  (34.2' N, 118.2O W) 

Pasadena is part of the South Coast Air Basin (SoCAB), an 
urban area with approximately 14.5 million people and 10.6 
million automobiles. Each day, approximately 2.3 metric 
tons of nitrogen oxides and hydrocarbons are added to the air 
of greater Los Angeles [Lents and Kelly, 19931. The SoCAB is 
the only region in the country that has air quality problems 
classified hy the EPA as "extreme." In 1992 the federal 
ambient O3 standard was exceeded OH 143 days at locations 
within SoCAB [Lawson et al., 19951. 

As with the San Diego Air Basin, air quality and 
meteorology in the SoCAB is controlled by the 
semipermanent Pacific high-pressure system, the coastal 
marine environment, and  tie topography of the basin. The 
SoCAB is primarily a coastal plain surrounded by mountains. 
The mountains and the frequent temperature inversions cause 
pollutants to accumulate in a shallow layer near the surface, 
Most of the primary pollutants are emitted over the western 
side of the basin. The sea breeze advects the polluted air 
toward the eastern pan of the basin producing large amounts of 

WSMR Day m 8180,* ~ ' ~ 0 , '  1031, Collection 
Collection March, 1995 %c %O P P ~  Time mm 

Mean Values 90Â± 78k5 46k6 

* The uncertainty listed is due to mass spectrometer counting statistics; additional uncertainties associated with sample storage and 
analysis is Â±y/ in S^O and S17U. 

Tropospheric Data
Three locations US

Johnston and Thiemens, JGR 102 (1997)
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samples. Stehr et al. [I9961 report an average collcction 100 
efficiency of 60%. Thus, based on the isotopic composition 
of the collected Oi, in addition to comparisons with other 
measurements, we conclude that real variability in - 
atmospheric O3 is the source of the measured isotopic o* 90 
variability. - Q: 

The ambient Oi concentration was monitored continuously 2 - - " 
with an Advanced Pollution Instrumentation 400 series ; 
ultraviolet absorption O3 analyzer, with a precision of 0.5% 2 80 

of reading. Air quality measurements for the San Diego region < were obtained from the San Diego County Air Pollution 3 Control District (SDCAPCD), and for the Pasadena area from . *  70 
w; the South Coast Air Quality Management District. The air o 8 z quality data obtained from these agencies was collected at - 

stations located at least several kilometers from the Oi 1 
sampling sites 

3. Results and Discussion 

3.1. La Jolla, California (32.7' N, 117.2O W) 
La Jolla is pan of the San Diego metropolitan area, an urban 

region with a population of approximately 2.7 million 
people. The San Diego Air Basin (SDAB) frequently exceeds 
both the California and federal ambient Oi standards of 90 and 
120 ppbv. respectively. In 1994, the California Oi standard 
was exceeded on 79 days, and the federal standard on 9 days 
within the SDAB [SDCAPCD, 1995, pp. 41. Meteorology and 
air quality in San Diego are dominated by the semi permanent 
Pacific high-pressure system and the effects of a coastal 
~iiarine environment. La Julla is located on the coast, with 
westerly winds from off the Pacific predominating. 

Twenty-nine O3 collections were performed between 
January 31. 1995. and April 15, 1996. Figure 2a shows the 
average diurnal O3 concentration profile for the 29 days O3 
was collected. The error bars represent the standard deviation 
of the hourly mean, and provide an indication of the 
variability in the diurnal profile. The shape of the diurnal 
profile in Oi concentration can provide valuable information 
as to the formation, scavenging and transport of 03. The 
moderate degree of diurnal variation and an average 
concentration of 36 ppbv are typical of an urban fringe O3 
profile [Bohm er a;., 19911. 

T M E  f M S )  

Figure 2a. The mean Oi profile in La Jolla from 29 
collections between January 31, 1995 and April 15, 1996. 
The error bars show the standard deviation in the hourly mean 
concentration. 

6% %(RELATIVE TO AIR 0, ) 

Figure 2b. Three-isotope diagram of La Jolla 03- The line 
through the data is a least squares fit; the uncertainty in the 
slope is k0.1 (1 0). 

The results of the isotopic measurements are shown in Table 
1 and in Figure 2b. The line drawn through the data in Figure 
2b is a least squares fit, resulting in a line with a slo e 

i f  0.7W.1 (1 sigma standard deviation). On a graph with 8 0 
18 plotted against 5 0 ,  mass dependent fractionations typically 

produce a fractionation line with a slopc of - 0.5, while mass 
independent fractionations result in other slopes, typically 
between 0.5 and 1 [Thiemens, 19881. 

Since the form of the diurnal O3 concentration profile 
provides information regarding O-, formation, scavenging and 
transport, the profiles corresponding to Og collecEions were 
grouped according to the scheme developed by Bohm et a!. 
FI9911. This method of classification takes into account the 
shape of the curve as well as the 24 hour mean. There is no 
apparent correlation between the diurnal pattern and the 
isotopic composition of the 03. The isotopic composition 
also shows a lack of correlation with NO, concentration, wind 
direction, relative humidity, time of day, and year. It should 
be noted, however, that there could be correlations between 
the isotopic composition of Oi and one or more of these 
parameters which we cannot detect due to the long time 
required to collect a single sample. 

The isulopic composition shown in Figure 2b represents 
the steady state balance between Oi formation and 
decomposition. The fact that the data in Figure 2b do not 
define a line through the origin indicates that there are at least 
two fractionation processes responsible for determining the 
isotopic composition of 03:  one process which fractionates 
the O3 along the observed line and another process which 
displaced the observed fractionation line from the origin. As 
discussed in the introduction, O3 production generally results 
in a slope of -1 [Thiemens and Jackson, 19881, while O3 
photolysis generally results in a slope of -0.5 [Bhattacharya 
and Thaernens, 19881. Thus the isotopic composition of La 
Jolla Og seems to reflect the steady state balance between 
formation, which produces a slope of 1, and decomposition, 
which produces a slope of 1f2. 

La Jolla, 33°N (n = 29) WSMR, 32°N (n = 6) Pasadena, 34°N (n = 7)
coastal desert urban

δ17O/δ18O = 0.72 ± 0.10 δ17O/δ18O = 1.1 ± 0.3 δ17O/δ18O = 0.54 ± 0.10
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Summary 		
tropospheric data

Brenninkmeijer et al., CR 103 (2003)

location period n p (hPa) T (K) δ17O (%) δ18O (%)

Heidelberg 7/94-9/94 47 975 298 7.1 ± 0.3 9.1 ± 0.2

La Jolla 1/95-4/96 29 1015 292 6.9 ± 0.2 8.2 ± 0.2

WSMR 3/95 6 874 290 7.8 ± 0.3 9.0 ± 0.3

Pasadena 9/95 7 301 6.6 ± 0.2 8.6 ± 0.4
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Stratospheric ozone

Haverd et al. GRL 32 (2005)

Polar latitudes (67.9°N, 65°N):

Kiruna, SUE &
Fairbanks, Al (5.1°S):

Mid nortern (34°N), 

Fort Sumners, NM

in fractionation, rather than absolute fractionations. The
general increases in both d668O3 and d686O3 with altitude are
interpreted in the following discussion.
[8] Ozone formation,

O! O2 !M ! O3 "2#

is generally considered the major source of ozone isotopic
fractionation in the stratosphere [e.g., Brenninkmeijer et al.,
2003]. However laboratory experiments on ozone photo-
dissociation [e.g., Bhattacharya and Thiemens, 1988] and
recent analysis by Miller et al. [2005] suggest that ozone
photolysis should also cause significant isotopic fractiona-
tion. Here we infer the photolytic fractionations, (d686O3)phot
and (d668O3)phot from our observations of total fractiona-
tions d686O3 and d668O3, using a model comprising reactions
(2)–(8) with Q = 18O.

O3 ! hn ! O2 ! O "3#

O2 ! Q!M ! OOQ!M "4#

OOQ! hn ! O2 ! Q "5a#

! O! OQ "5b#

OQ! O!M ! OOQ!M "6a#

! OQO!M "6b#

OQO! hn ! O! OQ "7#

Q! O2 ! O! OQ "8a#

O! OQ ! Q! O2 "8b#

We assume that no other reactions significantly affect the
isotopic composition of ozone. In particular, we do not
include ozone removal processes other than photolysis; in
the 12–40 km altitude range, these will have a negligible

effect on ozone isotopic composition, since the sum of the
reaction rates of these processes is at least 2 orders of
magnitude less than the photolysis rate. Following Johnson
et al. [2000], we assume that O3,

668O3 and 686O3 are in
photochemical steady state and obtain the following
expressions for the modeled fractionations,

d686O3 $
2k6j3b
k2j7

% 1 "9#

d668O3 $
j3
j5

k4
k2Keq

! 1% b" #k6
k2

! "

% 1 "10#

where ki is the rate constant for the ith reaction, ji is the
photolysis rate for the ith reaction, k6 = k6a + k6b, b = k6a/
(k6a + k6b) and Keq = k8f/k8r. The pure photolytic
fractionations are obtained by setting k2/k4 = k2/(k6a +
k6b) = 1, k6a/k6b = 1 and k8f/k8r = 2 in equations (8) and (9)
and rearranging in terms of the total fractionations:

d686O3

# $

phot
$ j3

j7
% 1

$ k2
2k6b

d686O3 ! 1
# $

% 1 "11#

d668O3

# $

phot
$ j3
j5
% 1 $ k4

k2Keq
! 1% b" # k6a ! k6b" #

k2

! "%1

& d668O3 ! 1
# $

% 1 "12#

We substitute the observed fractionations into (11) and (12),
together with the equilibrium constant Keq = 1.94e32/T

[Kaye and Strobel, 1983] and the ozone-formation rate
parameters of Janssen et al. [2003]: k4/k2 = 0.93 + 1.03 '
10%3(T % 298); k6/k2 = 1.27 + 2.0 ' 10%5(T % 298) and
b = 0.427, evaluated at the local temperature. The local
temperature is expected to be the temperature of ozone
formation, since the photolytic lifetime of ozone is short

Figure 2. Absolute (not fractional) precisions (see text) as
a function of altitude for d686O3 (left) and d668O3 (right)
retrievals.

Figure 3. Vertical profiles of 50O3. Solid circles: mass-
spectrometric data [Mauersberger et al., 2001]. Other
symbols: this work.
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Stratospheric ozone

Krankowsky et al. JGR 112 (2007)

[2005] derive from their remote sensing data the magnitude
of the additional photolytical effect on the fractionation of
50O3 as an average over low and high latitudes and seasons.
Their quoted value of 4% at 35 km is comparable to our
equatorial value of 3.9% at 32.5 km.
[17] While for the lower and middle stratosphere a

substantial database is available, for the upper stratosphere
above 35 km precise isotope data are missing and would be
very desirable. The selective cryosample technique, unfor-
tunately, becomes marginal above that altitude as the ozone
partial pressure drops too low in relation to its saturated
vapor pressure at feasible collector temperatures. Similarly,
limitations also exist for the remote sensing techniques
when it comes to altitudes around 40 km and above. A
progress in instrumental techniques for those higher alti-
tudes would advance our knowledge of photochemical
processes that control the ozone production and loss pro-
cesses, would aid modeling of the ozone isotope effect, and
would provide information on the transfer of the ozone
isotope effect to other atmospheric constituents such as
CO2. The isotopes of ozone remain a fascinating research
object even after numerous investigations.

[18] Acknowledgments. The authors would like to thank support
personnel from the electronic and mechanical shops as well as personnel
involved in the balloon operations who made the experiments and the
campaigns a success. We are particularly grateful to Reinhard Hofacker for
his support during the equatorial campaigns.

References
Brenninkmeijer, C. A. M., C. Janssen, J. Kaiser, T. Röckmann, T. S. Rhee,
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Figure 3. Altitude profiles of enrichment of (left) 49O3 and (right) 50O3 measured at high latitudes
(Kiruna) and equatorial latitude (Teresina). Horizontal error bars are 2s errors while the vertical bars
indicate the height range over which ozone was collected. The lines represent the enrichment expected
from measured atmospheric temperature profiles and the known temperature dependence of isotope
fractionation in ozone formation (see Figure 1).
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Polar latitudes (67.9°N):

Kiruna, SUE &

Equatorial (5.1°S):

Terezina, BRA
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Modeling of O3 
photolysis

Miller et al. GRL 32 (2005)
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Isotope transfer into CO2

Lämmerzahl et al. GRL 29 (2002)

�17O/�18O = 1.7

O3 + h� ! O(1D) +O2

O0
Ä
1D
ä
+ CO2 ! O

Ä
3P,1 D
ä
+ COO0

Mechanism (Yung et al. JGR 102 (1991)),
complemented by 
Perri et al. JCPA 108 (2004)

other data show variable or different 
δ17O/δ18O
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Shaheen et al. ACP 7 (2007) 
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p = 200 hPa

133 hPa

381 hPa

435 hPa

Q(1D) + CO2 → O(1D) + COQ ?

Shaheen et al. ACP 7 (2007) 
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Isotope and Dynamic fffects in Excited Ozone

ITN FP7 - INTRAMIF (no 237890)

International Teching Network on Mass Independent isotope 
Fractionation

A RNAGENCE NATIONALE DE LA RECHERCHE

7Projets en cours ou à venir

INTRAMIF

 Intensité absolue de 16O3, 16O16O18O, 16O18O16O et 18O3

 Décomposition thermique de l’ozone : 16O3, 16O16O18O 
et 16O18O16O

 Etats sombres de l’O3 par double résonance

 Effets isotopiques dans la relaxation collisionnelle : 16O3, 
16O16O18O et 16O18O16O

 Effets isotopiques (EI) dans la photo-décomposition de 
l’ozone : 16O3, 16O16O18O

 SIMCO : accompagnement de campagne Mega-Paris

 Photométrie UV-VIS de l’O3 : demande MMAI (INSU-OA) 

 Mesure de précision de longueurs de parcours 
d’absorption

 Modélisation et mesure de C2H2 @ 50 - 600 cm-1
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Conclusion and Outlook
Anomaly has kinetic origin
Are there other molecules ?
Can we predict isotope 
anomalies ?
Studies on ozone 
decomposition are missing
Agreement between lab 
and atmosphere ?

Role of ozone 
decomposition processes
Isotope transfer: What do 
we miss in O(1D) + CO2 ?
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