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1 Introduction

“...betrachte ich die Entdeckung des ozonisirten Sauerstoffs fiir eine der merkwiirdigsten,
die je gemacht wurden'.”

Justus von Liebig, 1857
(Kahlbaum and Thon, 1900, p. 18)

“Recent attempts to consolidate assessments of the effect of human activities on
stratospheric ozone (O3) using one-dimensional models for 30°N have suggested that
perturbations of total O3 will remain small for at least the next decade. Results from such
models are often accepted by default as global estimates. The inadequacy of this approach
is here made evident by observations that the spring values of total O3 in Antarctica have
now fallen considerably.”

Joseph C. Farman, Brian G. Gardiner, and Jonathan D. Shanklin, 1985
(Farman et al., 1985a)

“Future scientific questions that might be linked to the fate of the ozone hole include
whether global warming will begin to affect ozone depletion, whether the Arctic
stratosphere will change to be more like the Antarctic in coming centuries; and how
possible changes in the atmospheric concentration of methane or nitrous oxide might affect
ozone-hole chemistry.”

Susan Solomon, 2004
(Solomon, 2004)

“...the generation of Jamie Paul and our future grandchildren, who will know so much
more and who will celebrate the disappearance of the ozone hole.”

Paul J. Crutzen, 1995
(Crutzen, 1995)

1. .. Iregard the discovery of ozonised oxygen as one of the most curious ever made



2 Introduction

1.1 Ozone in the Atmosphere

1.1.1 Early Observations of Atmospheric Ozone

Ozone was discovered by Christian Friedrich Schonbein in 1839. Schonbein himself be-
lieved that ozone plays an important role in the Earth system and suggested (in 1853) that
long-term ozone measurements in the atmosphere should be performed on an international
scale: “Geneigt zu glauben, das atm. Ozon spiele im Haushalte der Erde eine wichtige Rolle,
halte ich es fiir wiinschenswerth, dass moglichst zahlreiche, sowohl grosse Zeitrdaume als be-
deutende Linderstrecken umfassende, untereinander vergleichbare Beobachtungen iiber die
Verinderungen des Ozongehaltes der Atmosphiire angestellt werden. .. 2” (in a letter to Jus-
tus von Liebig, Kahlbaum and Thon, 1900, p. 10). Indeed numerous measurements were
made during the second half of the 19" century using a method that Schoénbein had devel-
oped (for a detailed discussion of the early measurements of atmospheric ozone see e.g.,
Crutzen, 1988; London and Liu, 1992; Sonnemann, 1992). This early interest in ozone was
motivated to a large extent by the fact that ozone, at that time, was considered an indicator
of clean, healthy air and that ozone-poor air was thought to promote sickness. Measurement
series of ozone were performed in spas with the intention of demonstrating how beneficial
to health a stay would be (Lender, 1872). This view persisted for many decades and was
held by leading scientists in the field; as late as 1946 Regener stated “Anwesenheit von Ozon
ist ein Indikator fiir gute Luft’”. Today, of course, it is known that high concentrations of
tropospheric ozone are detrimental to human health and similarly harmful to other living
systems.

Since the early 1950s it has been understood that high ozone concentrations in the tropo-
sphere (referred to as “photochemical smog”) are caused by pollution; ozone is chemically
formed as a result of photochemical reactions involving NOy and non-methane hydrocar-
bons from automobile exhausts and similar combustion processes (Haagen-Smit, 1952).

Another important aspect of ozone was also discovered in the 19™ century, namely its
importance as an absorber of light. In 1879 the French physicist Alfred Cornu recognised
that solar radiation with a wavelength below 300 nm does not penetrate to the Earth’s sur-
face. Only three years later, Hartley (1881) suggested that ozone is responsible for this
observation; the ozone absorption bands in this UV region are therefore today referred to
as Hartley bands. The discovery of the spectroscopic properties of ozone opened up the
possibility of making measurements of the total thickness of the atmospheric ozone (i.e.,
the total atmospheric column of ozone) including the ozone in the stratosphere. The first
detailed measurements of the total atmospheric column of ozone were made by Fabry and
Buisson (1921), who firmly established that ozone was responsible for the observed strong
cut-off in solar UV spectra at about 300 nm towards shorter wavelengths. Fabry and Buisson
(1921) speculated (correctly as we know today) that ozone was formed by solar UV radi-

2Inclined to believe that the atmospheric ozone plays an important role in the balance of the Earth, T consider
it desirable that a great many observations of the changes of the ozone content of the atmosphere are
conducted which are comparable amongst each other and cover both long time spans and considerable
distances.

3The presence of ozone is an indication of good air.
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ation. They also suggested that the ozone layer was situated at an altitude of about 50 km.
And first measurements of the height of the ozone layer indeed confirmed an altitude of the
ozone layer of 48-53 km (Cabannes and Dufay, 1925; Lambert et al., 1926).

In 1924, G. M. B. Dobson designed a spectrograph to measure the total ozone column that
was more suitable for routine outdoor use and that was cheaper to construct than the Fabry
and Buisson spectrograph. The aim was to develop an instrument that allowed regular mea-
surements to be made over extended time periods. This development was very successful;
today, the standard unit for the total atmospheric column of ozone bears Dobson’s name:
the Dobson unit* (DU). The first observations at Oxford in 1924-1925 showed a marked
annual variation of ozone. Likewise, the data exhibited a strong day-to-day variability that
was closely connected to meteorological conditions (Dobson and Harrison, 1926; Dobson,
1968). Between July 1926 and November 1927, seven instruments were constructed at Ox-
ford and distributed throughout Europe covering the latitude range from 68°N to 47°N and
one instrument was operated at 22°S in Chile (Dobson et al., 1929; Dobson, 1930). After
the 1926-1927 observation period, the instruments were sent to Spitzbergen (via an Ital-
ian airship expedition), California, Egypt, S. India, and New Zealand (see Dobson, 1968;
Farman, 1989; Bronnimann et al., 2003, for further details on the history of early total
ozone measurements). In the former USSR, the first measurements of total ozone were
made in 1933; later, in 1959, the M-83 ozonometer was developed which became the back-
bone of the USSR ozone station network (Gushchin, 1995). Even today, ground-based total
ozone measurements are essential for long-term monitoring of the ozone content of the
atmosphere (e.g., WMO, 1999, 2003, 2007). The longest records of continuous reliable
measurements are available from stations equipped with Dobson spectrophotometers (e.g.,
Jones and Shanklin, 1995; Staehelin et al., 1998), whose design has remained essentially
unchanged since 1930 (Dobson, 1968).

In the late twenties the ozone layer was still assumed to be located in the upper strato-
sphere. On the basis of their measurements, Gtz and Dobson (1928) reported that the
“...average height [of the ozone layer] seems to be between 30-40 km above sea-level”.
Bjerknes stated in 1929 that “. . . le fait qui parait aussi étre bien établi, que la couche d’ozone
se trouve 2 une altitude de 40-50 kilometres™ 3 (Bjerknes, 1929).

In ground-based measurements in Spitzbergen in 1929, Gotz (1931) discovered the so
called “Umkehreffekt” which allows a low-resolution vertical ozone profile to be deduced
(e.g., Paetzold and Regener, 1957; Diitsch and Staehelin, 1992). He reported an average
height of the ozone layer for the period 10 July to 28 August 1929 in Spitzbergen of 27.6
4 8km. At this time, Gotz put forward these new ideas rather tentatively “...es fragt sich
nun ob die geophysikalisch interessante tiefere Lage der Ozonschicht in der hohen Breite
Spitzbergens, vor allem aber auch ihre Schwankung bis herunter zur minimalen Hohe des
26. August [11km] als geniigend gesichert angesehen werden diirfen” ©. However, two

“4Typical values for the total column ozone rage between 200-400 DU. See also Appendix A for a discussion
on units of ozone abundance.

3. .the fact also seems to be well established that the ozone layer is located at an altitude of 40-50 kilometres.

6...the question is now whether the geophysically interesting lower altitude of the ozone layer in the high
latitude of Spitzbergen, in particular also its variation down to the minimum height on 26 August [11 km],
can be considered as being sufficiently well established.
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years later (Gotz et al., 1933) the Spitzbergen measurements were confirmed by mid-latitude
measurements and Gotz et al. stated with much more confidence that “the average height
[of the ozone in the atmosphere] at Arosa now appears to be about 20 km, which is much
below the former estimates”.
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Figure 1.1: The first balloon-borne measurement of the vertical distribution of ozone in the atmo-
sphere from Stuttgart (48.8°N) on 31 July 1934 (Regener and Regener, 1934). Here the original
measurements of Regener and Regener are shown which are reported as column ozone above the
balloon. Note that the absolute values reported by Regener and Regener (1934) were deduced from
relative measurements assuming a value of 240 DU at 10 km. The altitude was deduced as a log-
pressure height from the pressure recorded on the balloon payload.

Soon after, the first balloon-borne measurements of the solar UV spectrum in the strato-
sphere (Regener and Regener, 1934) and the ozone profiles deduced from these measure-
ments independently confirmed the first Umkehr observations’. The payload for this bal-
loon experiment weighted only 2.7 kg and was launched to an altitude of about 31 km using
two standard meteorological balloons. Figure 1.1 shows the original values (ozone column
above the balloon) for the ozone profile on 31 July 1934 from Stuttgart published by Re-
gener and Regener (1934). In Figure 1.2, the vertical profile of the ozone mixing ratio®
deduced from these early measurements is compared with a corresponding ozone climatol-
ogy deduced from measurements of the Halogen Occultation Experiment (HALOE) on the
Upper Atmosphere Research Satellite (UARS) in the years 1991-2002 (Russell et al., 1993;

"The first attempt to measure the vertical profile of the atmospheric ozone concentration was made by James
Glaisher and Henry Tracey Coxwell; on 5 September 1862 they conducted a balloon ascent from Wolver-
hampton in the UK and measured ozone using Schonbein’s method. Although the balloon reached an
altitude of 11km, the last ozone measurement was only performed at an altitude of 4.8 km because they
lost consciousness at greater altitudes. This balloon flight was described by Lender (1873) and later in the
New York Times, 27 June.

8See Appendix A for a discussion on units of trace gas abundance.
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Figure 1.2: The balloon-borne measurement of the ozone profile from Figure 1.1 converted to molar
mixing ratio. For comparison, as a grey scale, a modern ozone climatology is shown for July at
47.5°N equivalent latitude (plus/minus on standard deviation of a climatology based on HALOE
measurements, Groof and Russell, 2005). The column ozone above 10km from the climatology
is 293 DU and the Regener and Regener measurements have been scaled accordingly for a proper
comparison.

Groof} and Russell, 2005) demonstrating a rather good agreement of the early measurements
with a current climatology.

In 1937, Erich Regener was forced to resign from his chair at the University of Stuttgart
by the Nazi regime. Nonetheless, he continued his scientific work; first, on 1 January 1938,
he founded a private research institute, his “Forschungsstelle fiir Physik der Stratosphire”,
which later than year was integrated into the “Kaiser-Wilhelm-Gesellschaft zur Forderung
der Wissenschaften” (renamed “Max-Planck-Gesellschaft” in 1947). He developed the first
scientific payload for a rocket to reach high altitudes; the A4 rocket carrying an assembly
of instruments (Ordway III et al., 2007). This payload, referred to as the “Regener-Tonne”
(Regener barrel) never flew but scientific payloads were launched on A4 rockets from New
Mexico as early as 1946 (Ordway III et al., 2007).

1.1.2 The Chemistry of Stratospheric Ozone

When Dobson and Harrison first published their measurements of total ozone in 1926, the
formation mechanism of stratospheric ozone was still unclear. They stated that is was un-
certain “Whether the ozone is formed in the extreme upper atmosphere by ultraviolet radi-
ation from the sun, or by electrical discharges in aurore...”. Today it is established that
stratospheric ozone is produced by the photolysis of molecular oxygen (O,) at ultraviolet
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wavelengths below 242 nm,
R1: O,+hv — 20,

where hv denotes an ultraviolet photon.
The atomic oxygen (O) produced in reaction R1 reacts rapidly with molecular oxygen to

form ozone (O3)
R2: 0+0,+M — O3+M,

where M denotes a collision partner (N, or O,) that is not affected by the reaction. Ozone
is photolysed rapidly
R3: O;+hv — O+0,.

Through reactions R2 and R3, O3 and O establish a rapid photochemical equilibrium. The
sum of O3 and O is therefore often considered and referred to as “odd oxygen”, or as the
“odd oxygen” family. This concept is useful because the sum of the family members is
produced and destroyed much more slowly than the individual members. Throughout the
stratosphere (up to about 50 km altitude) O3 constitutes the vast majority of odd oxygen.
Through the reaction

R4: 0+03 — 20,

an O atom and an Oz molecule are lost. Because O and O3 are in rapid photochemical
equilibrium, the loss of one oxygen atom effectively implies the loss of an ozone molecule,
so that R4 destroys two molecules of odd oxygen.

This set of reactions was originally proposed by Chapman (1930) as the first photochemi-
cal theory for the formation of ozone; these four reactions are therefore known as the Chap-
man reactions.

However, destruction by reaction R4 alone cannot explain the observed ozone abundances
in the stratosphere. Today it is established that in the mid-latitudes and in the tropics the
ozone production through reaction R1 is largely balanced by the destruction in catalytic
cycles of the form

RS: X04+0 — X+4+0,
R6: X+03 — X040,
Cl: Net: O4+03 — 20,

where the net reaction is identical to reaction R4. It is important that the catalyst X is
not used up in the reaction cycle. The most important cycles of this type in the strato-
sphere involve reactive nitrogen (X = NO), originally proposed by Crutzen (1970), and
hydrogen (X = H, OH) radicals, originally proposed by Bates and Nicolet (1950) with a
mesospheric focus and by Hampson (1964) with a stratospheric focus. Moreover, the pos-
sibility of chlorine-catalysed ozone loss (via cycle C1 with X = Cl) was first introduced by
Stolarski and Cicerone (1974). A more detailed discussion of the history of the discovery
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of the various catalytic ozone loss cycles can be found elsewhere (Crutzen, 1996; Miiller,
2009)

Interestingly, the possible importance of heterogeneous reactions in the stratosphere (al-
beit no heterogeneous reactions involving chlorine species) was already discussed in the
mid-seventies by Cadle et al. (1975). Based on laboratory experiments, heterogeneous reac-
tions were, however, for a long time thought to be unimportant. This situation only changed
in 1986 when Solomon et al. suggested that heterogeneous chemistry could greatly enhance
the ability of chlorine to destroy ozone in polar regions (see Section 1.3.3 below). The
paper by Solomon et al. prompted numerous laboratory studies. Today, a large number of
heterogeneous reactions are known which are important for stratospheric chemistry (e.g.,
Peter, 1997; Solomon, 1999). And recently Lefevre et al. (2008) showed that heterogeneous
chemistry on ice clouds also plays an important role on Mars in controlling the stability and
composition of the atmosphere.
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Figure 1.3: The vertical distribution of the relative importance of the individual contributions to
ozone loss by the HOy, ClOy, and NOy cycles as well as the Chapman loss cycle (R4). The calcula-
tions are based on HALOE (V19) satellite measurements and are for overhead sun (23°S, January)
and for total inorganic chlorine (Cl,) in the stratosphere corresponding to 1994 conditions. Reaction
rate constants are based on DeMore et al. (1997). Courtesy of Jens-Uwe Groof3 based on Groo8 et al.
(1999) and IPCC/TEAP (2005).

Because of the large increase of O with altitude, the rates of these cycles increase strongly
between 25 and 40 km; the same is true for the rate of ozone production through reaction R1
(e.g., Crutzen et al., 1995; Groo8 et al., 1999). Further, the relative importance of the cycles
for ozone loss varies considerably with altitude. Between 25-40 km the NOy cycle is the
dominant ozone loss process, whereas above 45 km HOy-catalysed ozone loss dominates
(see Figure 1.3). The loss through the CIOy cycle (which also depends on the stratospheric
chlorine loading) peaks at 40 km. The reason that the HO, cycle is the strongest ozone loss
cycle below about 25 km (Figure 1.3) is the existence of a HOx-catalysed cycle which only
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involves O3 and does not require O

R7: OH+03 — HO;+0,
R8: HO,+03 — OH+20,
C2: Net: O3+03 — 30,

Because the concentration of O deceases strongly below about 25 km altitude, ozone loss
below this altitude is dominated by cycle C2.
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Figure 1.4: An estimate of the contribution of the various ozone loss cycles to the ozone loss rate,
together with the rate of ozone production via reaction R1 P(O3), at 45°N for equinox conditions (end
of March) as a function of temperature (bottom panels). The estimates were obtained from short (20-
day) runs of a chemical box model, starting from climatological values of ozone; the ozone mixing
ratios at the end of the run are shown in the top panels. Left-hand panels show conditions for 40 km
altitude (2.5hPa), where the climatological temperature is about 250 K; right-hand panels show
conditions for 20 km (55 hPa), where the climatological temperature is about 215 K. Reaction rate
constants were taken from Sander et al. (2003). The production and loss rates are for the simulated
ozone value. Note that at 40km ozone is in steady state (i.e., production equals the sum of all
loss terms) and thus ozone is under photochemical control. At 20km ozone production does not
equal loss, implying that transport also has a strong influence on ozone concentrations. At 20km
the simulated ozone value after 20 days remains close to its initial climatological value of 1.70 ppm.
(After IPCC/TEAP, 2005, courtesy of Jens-Uwe Groof3).

Two different chemical regimes can be identified for stratospheric ozone: the upper strato-
sphere and the lower stratosphere. In the upper stratosphere, the ozone distribution arises
from a balance between production from the photolysis of molecular oxygen (R1) and de-
struction via the catalytic cycles involving hydrogen, nitrogen and halogen radical species
discussed above (see Section 1.1.2). In the upper stratosphere, a reduction in temperature
slows the destruction rate of ozone (see Figure 1.4). The rate of both ozone destruction
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cycles and of ozone production via reaction R1 is substantially faster in the upper strato-
sphere than in the lower stratosphere; therefore, chemical equilibrium is reached rapidly in
the upper stratosphere, which is not the case in the lower stratosphere (see Figure 1.4).

In the lower stratosphere, in addition, reactions on aerosol and cloud particles become im-
portant. The distribution of the radicals (and the partitioning of the nitrogen, hydrogen and
halogen species between radicals and so-called reservoir species that do not destroy ozone)
are affected by heterogeneous chemistry. In the mid-latitudes, reactions on aerosol surfaces
convert active nitrogen to the less active HNOj3 reservoir, making mid-latitude ozone less
vulnerable to active nitrogen (X = NO in cycle 1), but increasing the efficiency of chlorine-
catalysed (X = Cl in cycle 1) ozone loss (Rodriguez et al., 1991; Fahey et al., 1993). Het-
erogeneous reaction at low temperatures are of particular importance in the chemical mech-
anisms causing polar ozone loss (Solomon et al., 1986, see Section 1.3.3 below).

1.1.3 The Distribution of Ozone in the Atmosphere

The distribution of ozone in the stratosphere is governed by three processes: photochem-
ical production, photochemical destruction by catalytic cycles, and transport. Transport
processes are typically divided into large-scale advection and mixing processes on smaller
scales.

The large-scale circulation of the stratosphere, with rising motion at low latitudes fol-
lowed by poleward motion and descent at high latitudes, systematically transports ozone
poleward and downward (Figure 1.5). This circulation in the stratosphere is referred to
as the ‘Brewer-Dobson circulation’ because such a circulation was originally suggested by
Brewer (1949) based on water vapour measurements in the stratosphere and by Dobson
et al. (1946) based on column ozone measurements. Because of the short photochemical
lifetime of ozone in the upper stratosphere (see Section 1.1.2 above), this transport has little
effect on the ozone distribution there (Figure 1.5). However, in the lower stratosphere, the
photochemical lifetime of ozone is long (several months or longer, Sankey and Shepherd,
2003) so that transport processes dominate the distribution of ozone.

Maximum ozone mixing ratios occur in the tropics between ~30-40 km (Figure 1.6). In
this altitude region, ozone is very short-lived and is essentially in photochemical equilib-
rium; that is, rapid photochemical loss is balanced by rapid destruction (e.g., Crutzen et al.,
1995; Groo8 et al., 1999). Under these conditions, transport timescales are slow compared
to chemical timescales. Therfore, the altitude region 30-40 km in the tropics cannot serve
as a source region for the extratropical stratosphere. The region where the ozone mixing
ratios that are exported to the extratropics are determined, is the transition region between
the area of chemical control and the area where ozone is controlled by transport (Garcia and
Solomon, 1985).

Transport of ozone from the high latitudes poleward is important in the extra-tropical
lower stratosphere, where ozone can accumulate on the time scale of a season. Variations
in the ozone concentration in this region, between the tropopause and ~20-25 km altitude,
control changes in total column ozone abundance (Figure 1.5). Below about ~25 km, ozone
mixing ratios in the extratropics are greater than in the high latitudes and column ozone is
higher (Figure 1.6).
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Figure 1.5: The meridional cross section of ozone density (in DU per km, see Appendix A) during
northern hemisphere winter (January to March) based on the ozone climatology of Fortuin and Kelder
(1998). The dashed line denotes the approximate location of the tropopause, and TTL stands for
tropical tropopause layer. The black arrows indicate the Brewer-Dobson circulation in northern
hemisphere winter, and the wiggly red arrow represents planetary waves that propagate from the
troposphere into the stratosphere. (Figure reproduced from Box 1.2 in [IPCC/TEAP, 2005).

Because the transport by the Brewer-Dobson circulation is strongest during winter and
spring, ozone builds up in the extra-tropical lower stratosphere during that period (e.g., Tuck
et al., 1992). It then decays photochemically during the summer when transport is weaker
and strong NOy-driven ozone loss occurs at the poles (e.g. Farman et al., 1985b; Fahey and
Ravishankara, 1999). The development of total ozone over the year as a function of lati-
tude (Figure 1.7) reflects the seasonality of the Brewer-Dobson circulation. Planetary wave
activity is stronger in the northern hemisphere than in the southern hemisphere, because
of the asymmetric distribution of the topography and land-sea thermal contrasts that force
planetary waves. A stronger planetary wave activity causes the Brewer-Dobson circulation
to be stronger during the northern hemisphere winter than during the southern hemisphere
winter. As a consequence, the extra-tropical build-up of ozone during winter and spring
is greater in the northern hemisphere than in the southern hemisphere winter. Therefore,
climatological spring total ozone columns are greater in the northern than in the southern
hemisphere (Figure 1.7).

Recently, interest has arisen in investigating not only seasonal cycles and other periodic
signals in total ozone time series, but also long-range correlations employing detrended
fluctuation analysis (DFA, Janosi and Miiller, 2005). Deducing correlation properties from
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Figure 1.6: The vertical profile of ozone mixing ratio against altitude for polar (equivalent latitude
72.5°N) and tropical (equivalent latitude 2.5°N) conditions in March. The ozone data are from the
climatology of Groof3 and Russell (2005).
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Figure 1.7: A climatology of total column ozone as a function of latitude and month. Data were
taken from version 2.7 of the NIWA combined ozone database (courtesy of Greg Bodeker, Bodeker
Scientific) which provides daily total column ozone fields from 1979 to 2007. (From Bodeker et al.
(2005) and Miiller et al. (2008); plot courtesy of Jens-Uwe Groof3).
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ozone time series has important implications for ozone trend analysis (Vyushin et al., 2007;
Kiss et al., 2007).

1.2 Anthropogenic Influence on the Ozone Layer

The first concern about an anthropogenic influence on the ozone layer was formulated in
the late fifties due to the possible impact of nuclear weapons tests on the ozone layer. Later,
in the early seventies, attention was focused on the effect a planned fleet of hundreds of
supersonic aircraft might have on the stratospheric ozone layer (Johnston, 1971; Crutzen,
1971). Research programmes directed at assessing the impact of supersonic transport on
stratospheric ozone greatly improved knowledge about stratospheric processes and paved
the way for research on the question of the impact of anthropogenic halogen emissions on
stratospheric ozone, the main focus of this section (see e.g. Tuck, 1978; Dotto and Schiff,
1978; Miiller, 2009, for further discussion of the early research on anthropogenic influence
on the ozone layer).

Human activities result in the emission of a variety of halogen source gases that contain
chlorine and bromine atoms. Important examples of anthropogenic halogen source gases
are chlorofluorocarbons (CFCs), once used in almost all refrigeration and air-conditioning
systems, and halons, used as fire-extinguishing agents. Although production of practically
all such substances has ceased because of the provisions of the Montreal Protocol and its
amendments and adjustments, emissions continue because halogen source gases are still
present in existing equipment, chemical stockpiles, foams etc.; halogen source gases not yet
released to the atmosphere are referred to as ‘banks’.

The most important chlorine source gas, where a substantial fraction of the emissions is
due to natural production, is methyl chloride. Methyl chloride is present in the troposphere
in globally averaged concentrations of about 550 ppt (Koppmann et al., 1993; WMO, 2007,
Figure 1.8). At the end of the 21% century, when the abundance of anthropogenic chlorine
source gases (e.g. CFCs) will have been greatly reduced as a consequence of the Montreal
protocol, methylchloride is expected to account for a large fraction of the remaining strato-
spheric chlorine.

The emission of halogen source gases to the atmosphere ultimately leads to stratospheric
ozone depletion. The first step is the photochemical breakdown of the source gases. Be-
cause of the great chemical stability of most source gases, this breakdown only occurs at
appreciable rates in the upper stratosphere, where there is high-energy solar radiation. The
chlorine atoms released in this way from the source gases are mostly converted to so-called
‘reservoir species’, the most important being HCl and CIONO,. Together, these reservoir
species are referred to as ‘total inorganic chlorine’. The chemical symbol used for total
inorganic chlorine is Cl,. Reservoir species themselves do not cause ozone depletion, for
ozone depletion to occur the chlorine has to be liberated from the reservoirs and converted
into an ‘active’ form. This occurs through gas-phase processes in the upper stratosphere and
through heterogeneous chemistry in the polar lower stratosphere in winter (Solomon, 1999,
see also below).

An important measure of the potential for ozone depletion in the stratosphere due to the
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Past and Expected Future Abundances of Atmospheric Halogen Source Gases
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Figure 1.8: Halogen source gas changes. The rise in effective stratospheric chlorine values in the
20" century has slowed and reversed in the past decade (top left panel). Effective stratospheric
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 chlo-
rine 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 (Newman et al., 2007). 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 provisions of the Montreal Protocol. The changes
in the atmospheric abundance of individual gases at the Earth’s surface shown in the panels were
obtained using a combination of direct atmospheric measurements, estimates of historical abun-
dance, and future projections of abundance. The past increases of CFCs, along with those of carbon
tetrachloride and methyl chloroform, have slowed significantly and most have reversed in the past
decade. Amounts of HCFCs, which are used as CFC substitutes, will continue to increase in the
coming decades. The abundances of some halon compounds will also continue to grow in the future
while halons still present in existing equipment (so called “banks”) are released to the atmosphere.
Smaller relative decreases are expected for methyl bromide in response to production and use restric-
tions because it has substantial natural sources. Methyl chloride has large natural sources and is not
regulated under the Montreal Protocol. (Figure from WMO, 2007).
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presence of halogen-containing (ozone-depleting) source gases in the stratosphere is the
so-called “effective stratospheric chlorine” (Daniel et al., 1996; WMO, 2007). Effective
stratospheric chlorine values are calculated by summing over adjusted amounts of all chlo-
rine and bromine gases. The adjustments are designed to account for the different rates of
decomposition of the gases and the greater per-atom effectiveness of bromine in depleting
ozone compared to chlorine (see Section 1.1.2).

In the latter half of the 20 century up until the 1990s, effective stratospheric chlorine
values increased steadily and rapidly (see Figure 1.8). Values are derived from individual
halogen source gas abundances obtained from measurements, historical estimates of abun-
dances, and projections of future abundances. As a result of the regulations of the Montreal
Protocol, the long-term increase in effective stratospheric chlorine slowed, reached a peak,
and began to decrease in the 1990s. With a delay of a few years, the stratospheric abundance
of halogen source gases is expected to follow the changes observed in the troposphere. Al-
though measurements in the stratosphere are much sparser, declining growth rates of CFC-
12 in the stratosphere have been reported (Engel et al., 1998). The start of a reduction in
effective stratospheric chlorine values means that, as a result of the Montreal Protocol, the
potential for stratospheric ozone depletion has begun to decrease.

The possibility of chlorine-catalysed ozone loss was first related to the accumulation of
anthropogenic CFCs in the atmosphere by Molina and Rowland (1974). Early model studies
(Crutzen, 1974) predicted that enhanced levels of chlorine in the stratosphere would lead to
a depletion of upper stratospheric ozone via cycle C1 with X = Cl. This notion was subse-
quently confirmed by a variety of model studies (WMO, 1986). The first policy measures
were taken on the basis of these early warnings. The United States phased out the use of
CFCs as a propellant in spray cans as of 1 January 1979. This action was soon followed
by similar bans in Canada, Sweden, and Norway. However, it took until 1987 for the first
international agreement to be signed, the “Montreal Protocol on substances that deplete the
ozone layer”.

The predictions of these early studies were remarkably far-sighted. It is stated that CFCs
accumulate in the lower atmosphere, with photolysis in the middle and upper stratosphere
being the major sink. It was already understood in 1974 that this constitutes a long-term
problem, on the timescale of many decades. Most importantly, it was predicted that en-
hanced levels of stratospheric chlorine would lead to a decline of ozone in the upper strato-
sphere by a catalytic ozone loss cycle (cycle C1, with X = Cl).

Today, more than thirty years after the first scientific studies were published linking the
danger of future stratospheric ozone loss with the accumulation of anthropogenic CFCs
in the atmosphere (Molina and Rowland, 1974; Crutzen, 1974), ozone decline has been
unequivocally detected in the altitude region between 30 and 50 km by a variety of ground-
based and space-borne instruments (WMO, 1995; Harris et al., 1998; WMO, 2007). The
observed altitude variation of loss of upper stratospheric ozone — peak percentage losses
around 40 km — was correctly predicted by the first model studies (Crutzen, 1974, see also
Figure 1.9, panel a). Overall, the understanding of upper stratospheric chemistry, as ex-
pressed in current models, is consistent with observations (WMO, 2007).

As early as in the late seventies, it was predicted that an important factor influencing upper
stratospheric ozone is temperature so that increasing CO; in the stratosphere should have
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Figure 1.9: Upper stratospheric ozone trend and ozone loss rates caused by chlorine-catalysed reac-
tion cycles for mid-latitudes of the northern hemisphere. Panel (a) shows the percentage reduction
in ozone concentrations predicted to occur by Crutzen (1974) due to the build-up of CFCs. The
calculation assumed a growth of ClI, to a level of 5.3 ppb in the uppermost stratosphere. Panel (b)
shows the observed reduction of upper stratospheric ozone for the latitude range 30° to 50°N, be-
tween 1980 and 1996, derived from SAGE, SBUV and Umkehr measurements (Harris et al., 1998;
WMO, 1999). The shaded areas indicate the range of uncertainty. Panel (c) shows the change in
the total odd oxygen loss rate for 35°N, September (solid line), calculated using the photochemical
model described by Osterman et al. (1997), allowing for a change in Cl, from 2.0 ppb (appropriate
for 1980) to 3.6 ppb (appropriate for 1996). The model result represented by the dashed line allows
for the observed decrease in temperature between 1980 and 1996 WMO (Chapter 5 in 1999) in addi-
tion to the increase in Cl,. Changes in the total ozone loss rate are expressed in units of % per decade
to be directly comparable to the observed change in ozone. Panel (d) shows the the fraction of the
total odd oxygen loss rate due to the catalytic cycle limited by Cl1O + O (cycle C1 with X = Cl) for
35°N, September, 1996 (Cl, = 3.6 ppb in the uppermost stratosphere) based on the model described
by Osterman et al. (1997). (Figure from WMO, 1999).

an impact on ozone (Groves et al., 1978; Groves and Tuck, 1979; Haigh and Pyle, 1979).
Because the rates of the gas-phase ozone destruction cycles decrease with lower temperature
(Figure 1.4), a cooling of the stratosphere leads to an increase of ozone concentrations above
about 25 km (IPCC/TEAP, 2005). Increases in CO; in the atmosphere are expected to cool
the stratosphere and a cooling of the stratosphere, at a rate of 0.5-1.5 K/decade from 1979-
2005, is indeed observed (Randel et al., 2009).

The relation of the observed decline of upper stratospheric ozone and the increase of the
stratospheric chlorine loading is shown schematically in Figure 1.9. A significant reduction
in the concentration of ozone was observed during the 1980s and 1990s, with the largest
losses reaching 7.4 4 1 %/decade at 40 km altitude (Harris et al., 1998, Figure 1.9, panel
b). A similar pattern of the decline in upper stratospheric ozone due to the build-up of
athropogenic chlorine was predicted by the first modelling studies (Figure 1.9, panel a).
These calculations were based on a projected increase of Cl, to a level of 5.3 ppb, a value
never reached in the contemporary stratosphere (Figure 1.8).
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Model calculations using a simple photochemical model (based on kinetic parameters
from DeMore et al., 1997; Lipson et al., 1997) show that a substantial fraction of the loss of
ozone in today’s upper stratosphere occurs by the C1O + O cycle (C1), peaking at a value of
~ 30% of the overall ozone loss rate at an altitude of 40 km (Figures 1.9, panel d, and 1.5).
In this model, allowing upper stratospheric Cl, (at 55 km) to increase from a value of 2 ppb
in 1980 to 3.6 ppb in 1996, and leaving everything else unchanged, leads to a calculated
increase in the overall ozone loss rate very similar in shape and magnitude to the observed
decline in ozone (Figure 1.9, panel c, solid line). Prescribing, in addition, a reduction in
upper stratospheric temperature as observed during the past two decades (WMO, 2007,
Randel et al., 2009) results in a slightly lower estimate for the increase in the overall ozone
loss rate (Figure 1.9, panel c, dashed line) mainly because of the temperature dependence of
the rate limiting reactions for ozone removal (Figure 1.4). The decline of upper stratospheric
ozone, observed for 1980-1996, has slowed substantially over the last decade and there is
evidence that this decline can be attributed to the decline of halogen source gases in the
atmosphere (Newchurch et al., 2003; Steinbrecht et al., 2006; WMO, 2007).

1.3 Polar Stratospheric Ozone Loss
1.3.1 The Antarctic Ozone Hole
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Figure 1.10: October mean total column ozone from Dobson spectrophotometer measurements at
Halley, Antarctica (75.35°S, 26.34°W). Updated until the year 2009 from Jones and Shanklin (1995);
the data originally published by Farman et al. (1985a) are shown in red. (Data courtesy of J. Shanklin,
British Antarctic Survey).

In 1985, Farman, Gardiner, and Shanklin reported that in the Antarctic spring strongly
reduced total ozone values occurred at the British Antarctic Survey station at Halley (Farman
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et al., 1985a; Jones and Shanklin, 1995). The data from the original publication are shown
in Figure 1.10. This phenomenon, soon referred to as the Antarctic “ozone hole”, is one of
the most striking examples of the direct impact of human activities on the atmosphere. The
discovery by Farman et al., which was based on a time series of measurements by classical
Dobson instruments started by Dobson himself in 1956 (Dobson, 1968), was soon confirmed
by satellite measurements which showed that the ozone depletion extended over roughly the
entire Antarctic continent (Stolarski et al., 1986). Independent methods for measuring total
column ozone provided further support for the depletion of springtime ozone in Antarctica
(e.g., Solomon, 1999).

The term ‘ozone hole’ for the phenomenon of low total ozone values in Antarctic spring
was first used by Stolarski et al. (1986): “The deep minimum, or hole...”. But of course,
the Antarctic ozone hole is not a true hole. Some column ozone always remains; e.g., the
October mean at Halley never dropped below 100 DU (Figure 1.10). Interestingly, Chapman
(1934) had already asked the question “Can a hole be made in the ozone layer?”. What
he suggested was the artificial removal of most of the ozone in a column of air to allow
astronomers to make better observations is the ultraviolet (see also Wells, 1997). Likewise
Regener (1946) used the term “ein Loch in der Ozonschicht” (“a hole in the ozone layer”)
and pointed out that such a hole would be welcomed by astronomers.
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Figure 1.11: Vertical profiles of ozone partial pressure measured on 18 July and 15 October 1985
from Georg Forster Station (70.77°S, 11.85°E). The total ozone column on 15 October 1985 was
214DU. (Data courtesy of Hartwig Gernandt, Alfred Wegener Institute).

The first measurement of a vertical ozone profile under ozone hole conditions was re-
ported by Chubachi (1984). Measurements describing the development of the vertical struc-
ture of ozone in the Antarctic spring rapidly followed. A time series of 66 sondes flown
between May and December 1985 from the Georg Forster Station (71°S) of the former Ger-
man Democratic Republic was reported by Gernandt et al. (1987); Gernandt (1987), Iwasaka
and Kondoh (1987) described the 1981-1984 ozone sonde measurements from Syowa Sta-
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Figure 1.12: Time series of minimum of daily average column ozone poleward of 63° equivalent
latitude for March in the Arctic (top panel) and October in the Antarctic (bottom panel). Winters
in which the vortex broke up before March (1987, 1999, 2001, 2006, and 2009) are not shown for
the Arctic time series. Data were taken from version 2.7 of the NIWA combined ozone database
(courtesy of Greg Bodeker, Bodeker Scientific). (Figure adapted and updated from Miiller et al.,
2008).

tion (69°S) in detail, and Hofmann et al. (1987) described measurements during the period
freom 25 August to 6 November 1986 from McMurdo Station (78°S). When ozone mea-
surements in mid-winter and spring are compared (Figure 1.11), the signature of the ozone
hole becomes obvious through substantially lower ozone partial pressures in October in the
altitude range (~ 200-30 hPa) where the ozone maximum occurs during mid-winter. More
recently, satellite measurements (e.g., Hoppel et al., 2003; Tilmes et al., 2006c) have pro-
vided additional, detailed information on the vertical ozone distribution and on chemical
ozone loss in the ozone hole. Nonetheless, ozone sonde observations remain important
as they provide unique information. Measurements of extremely low ozone mixing ratios
(below 0.01 ppm) are not possible with satellite instruments but such observations could
potentially provide insights into future ozone layer recovery (Solomon et al., 2005, 2007a).

1.3.2 Arctic Ozone Loss

In many respects, the Arctic wintertime stratosphere resembles its Antarctic counterpart; it
exhibits a cold polar vortex separating the air enclosed in it from mid-latitude air. Strong
diabatic descent throughout the winter transports air from the upper stratosphere and partly
from the mesosphere to the lower stratosphere (e.g., Tuck, 1989). However, the Arctic polar
vortex 1S warmer, smaller and more variable than the Antarctic vortex. The reason for this
difference is a stronger planetary wave activity in the northern hemisphere that is caused by
the different (less zonally symmetric) distribution of land masses in the northern hemisphere
(e.g., Shepherd, 2003, see also Sectionl.1.3).
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The stronger dynamical variability in the Arctic compared to the Antarctic leads to a
stronger interannual variability in both chemical loss of ozone and in dynamical supply of
ozone-rich air to high latitudes. Therefore, compared to the Antarctic, Arctic ozone abun-
dances in the winter and spring are more variable (Figure 1.12). Nonetheless, in particularly
cold winters and in winters with an enhanced burden of volcanic aerosol substantial chem-
ical loss of ozone has been observed in the Arctic (e.g., Tilmes et al., 2004; Goutail et al.,
2005; Rex et al., 2006; Tilmes et al., 2008b; WMO, 2007) and has led to Arctic column
ozone losses of up to 30%. In dynamically active and therefore warm winters, however, the
estimated chemical ozone loss has been very small.
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Figure 1.13: Vertical profiles of ozone mixing ratios (red symbols) measured by HALOE inside
the polar vortex in March 1996. Potential temperature is used as the altitude scale; approximate
geometric height is shown on the right axis. All HALOE observations clearly inside the vortex
in March 1996 are shown. Also shown is the proxy ozone mixing ratio O3 expected if chemical
processing had not occurred (green symbols) derived from the simultaneous methane measurement
by HALOE. For comparison, the range of ozone mixing ratios measured in Antarctica in 1985 at the
Georg Forster Station (70.77°S, 11.85°E) by ozone sondes (Gernandt, 1987) is shown for September
(i.e. for the corresponding season). (Adapted from Miiller et al., 1997).

Figure 1.13 shows the vertical profile of ozone mixing ratios (red symbols) measured by
the the HALOE satellite experiment in the Arctic vortex in winter 1995/1996 (Miiller et al.,
1997). These ozone mixing ratios are compared with a proxy for the ozone mixing ratio that
would be expected for the Arctic spring in the absence of chemical change (green symbols).
This proxy is derived from ozone-tracer relations using chemically long-lived species mea-
sured concurrently with ozone (e.g. Miiller et al., 1996; Tilmes et al., 2004; Miiller et al.,
2005). The difference between the measured ozone profile and the proxy ozone profile is
a measure for the accumulated chemical loss over winter and early spring 1996/1996. In
this very cold Arctic winter, the local ozone loss in the lower stratosphere exceeds 50% and
the column loss exceeds 80 DU (Tilmes et al., 2004). Moreover, in Figure 1.13, the ozone
profiles measured in austral spring 1985, at the Georg Forster Station (71°S) are shown
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(Gernandt et al., 1987; Gernandt, 1987, see also Figure 1.11). The Antarctic profiles mea-
sured in 1985 are fairly close to the ozone profiles measured about ten years later in the
Arctic.

Nonetheless, a comparison between Arctic and Antarctic ozone loss shows that the two
polar regions display a fundamentally different character. Chemical ozone loss of the extent
shown in Figure 1.13 is large by Arctic standards. Extreme anomalies associated with the
springtime Antarctic ozone hole as observed in many records (frequent removal of more than
90% of the ozone at 70hPa (~18km) and sometimes more than 99%) and ozone mixing
ratios of less than 0.1 ppm are not observed in any of the available long-term Arctic records
(Solomon et al., 2007a). Therefore, the extreme depletion of ozone that characterises the
Antarctic ozone hole is a unique feature on Earth.

1.3.3 Chemical Mechanisms of Polar Ozone Destruction

Farman et al. (1985a) had already tried to link their observations of Antarctic ozone loss
with the increase of anthropogenic CFCs in the atmosphere. Alternative explanations were
put forward (Tung et al., 1986; Mahlman et al., 1986; Callis and Natarajan, 1986), but these
were eventually discarded in favour of a linkage with CFCs, albeit via a completely different
chemical mechanism than that Farman et al. had proposed (Solomon, 1999). First signs of
a strong perturbation of the Antarctic chlorine chemistry were already perceived during the
National Ozone Expedition (NOZE) in 1986 through ground-based observations of strongly
reduced column values of HCI (Farmer et al., 1987), strongly enhanced column values of
OCIO (Solomon et al., 1987), and high concentrations of C1O below 20 km (de Zafra et al.,
1987). In 1987, as part of the Airborne Antarctic Ozone Experiment (AAOE, Tuck et al.,
1989), aircraft measurements in the stratosphere provided even clearer evidence that the
cause of the Antarctic ozone hole is indeed a strongly perturbed chlorine chemistry. These
first measurements were subsequently confirmed by a great number of further measurements
in the Antarctic from a variety of field campaigns and remote sensing instruments. Likewise,
a perturbed chlorine chemistry was found in measurements in the Arctic stratosphere. In
both polar regions in winter, strongly enhanced ClO mixing ratios (e.g., Anderson et al.,
1991; Waters et al., 1993; Woyke et al., 1999; Vogel et al., 2003; von Hobe et al., 2006),
enhanced OCIO, (e.g., Schiller et al., 1990; Brandtjen et al., 1994; Kreher et al., 1996;
Wagner et al., 2001), and strongly depleted HC1 and CIONO», (e.g., Webster et al., 1993;
Oelhaf et al., 1994; Miiller et al., 1996; Tilmes et al., 2004; Santee et al., 2008) were detected
from balloon, aircraft, and remote sensing experiments.

One year after the discovery of the ozone hole, Solomon et al. (1986) proposed that the re-
action of HCI and CIONO; on the surfaces of polar stratospheric clouds (PSCs) constituted
the key initiation step leading to the perturbed polar chlorine chemistry and the subsequent
greatly accelerated ozone loss. Later in the same year, Toon et al. (1986) and Crutzen and
Arnold (1986) suggested that PSCs were crystalline particles consisting of nitric acid tri-
hydrate (NAT) rather than ice as was previously thought. NAT particles form in the polar
region when temperatures drop below ~195 K and thus at significantly higher temperatures
than ice particles. Toon et al. (1986) further proposed (correctly as we know today) that
sedimentation of PSC particles may remove active nitrogen species from the polar strato-
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sphere and that this process contributes to bringing about a perturbed chlorine chemistry in
the polar stratosphere.

The suggestion that NAT particles prevailed in the winter polar stratosphere was shown to
be correct much later through balloon-borne mass spectrometer measurements in the Arc-
tic (Voigt et al., 2000). The characteristic radii of type I PSCs were originally assumed to
be 0.5-3.0 um (e.g., Hofmann et al., 1989; WMO, 1990). However, from January to March
2000 large NAT particles with radii of 20—40 um (often referred to as “NAT rocks”) were de-
tected by in situ measurements on high-flying aircraft (Fahey et al., 2001). This observation
demonstrated that NAT particles can reach sedimentation velocities large enough to allow
HNOj3 to be removed from the polar stratosphere thereby causing a “denitrification” of the
polar stratosphere. There are also liquid PSC particles, super-cooled ternary solutions (STS)
consisting of liquid HoO/HNO3/H,SO; aerosol particles and, when temperatures drop sev-
eral degrees Kelvin below the frost point, ice crystals may form (e.g., Carslaw et al., 1997,
Peter, 1997; Solomon, 1999).

Both in the Arctic and Antarctic, temperatures reach minimum values in the lower strato-
sphere in winter. However, average minimum temperatures in the Antarctic are much lower
(by about 10 K) than in the Arctic (e.g. WMO, 2007). Therefore, the PSC period is much
longer (5 to 6 months) in the Antarctic than in the Arctic, where in warm winters practi-
cally no PSC formation occurs (e.g. Manney et al., 2005). Average minimum values over
Antarctica are as low as ~185 K in July and August, so that ice PSCs frequently form. In the
Arctic, in contrast, ice PSC formation (and PSC formation in general) is often only possible
when large amplitude temperature excursions occur caused by mountain waves (e.g. Peter
et al., 1992; Carslaw et al., 1998; Fueglistaler et al., 2003).

Table 1.1: Key Heterogeneous Reactions
HCI+CIONO, — HNOs +Cl,

N,Os +H;0 — 2 x HNO3
CIONO,; +H,O — HNO3+HOCI
HCl1+HOCI — H,O0+Cl,

BrONO; + H,O — HNO3;+ HOBr
HCl1+BrONO, —  HNOj;+ BrCl
HCl1+HOBr — H,O + BrCl

Solomon et al. (1986) first proposed that HCl and CIONO, would react rapidly on the
surfaces of PSCs

RO: HC1+4CIONO, — Cl,+HNOs3,

thereby greatly perturbing gas phase chlorine partitioning in a manner that could strongly
accelerate ozone loss in the Antarctic lower stratosphere. Later Prather (1992) and Crutzen
et al. (1992) argued that the heterogeneous reaction

R10: HCl+HOCI — H,0+Cl,
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is an important reaction channel for the activation of HCI and thus for a complete activation
of the stratospheric chlorine reservoir.

Today, a variety of heterogeneous reactions of importance to stratospheric chemistry are
known (e.g., Sander et al., 2006), the most important are listed in Table 1.1. Originally, it
was thought that stratospheric heterogeneous reactions in the polar regions occur only on
solid surfaces (e.g., Peter, 1997). Heterogeneous reactions on the ubiquitous stratospheric
sulphate aerosol, which is non-crystalline, were known to be important for mid-latitude
chemistry (e.g., Rodriguez et al., 1988; Hofmann and Solomon, 1989; Brasseur et al., 1990),
but were not thought to be of great relevance for polar chlorine activation.

Due to laboratory measurements of heterogeneous reaction rates of chlorine compounds
on stratospheric sulphate aerosol (Tolbert et al., 1988; Hanson and Ravishankara, 1991) and
follow-up theoretical studies (Wolff and Mulvaney, 1991; Cox et al., 1994) it emerged that
reactions on stratospheric sulphate aerosol, especially when the aerosol is enhanced after
strong volcanic eruptions, are very effective for heterogeneous chlorine activation. Today,
information from laboratory studies on the reaction probabilities of stratospheric species is
available for a variety of solid and liquid aerosol particles. These reaction probabilities are
frequently strongly temperature dependent (being relevant only at low temperatures), with
the important exception of the reaction of N,Os with H,O (Table 1.1), which is important
at all temperatures occurring in the stratosphere.

Hanson et al. (1994) developed a framework for applying rates of heterogeneous chem-
ical reactions measured in the laboratory to stratospheric conditions and, for the first time,
included HCl reactions in sulphuric acid in a photochemical model. Their findings indicated
that chlorine activation may occur on background sulphuric acid aerosol at high latitudes.
Recently, Katja Drdla revisited this issue in a presentation at the AGU fall meeting in San
Francisco in 2005. Based on new laboratory measurements (Shi et al., 2001), she put for-
ward the concept that PSCs are not necessary for polar chlorine activation, but that rather
liquid binary H,SO4/H,O sulphate aerosol particles dominate chlorine activation; this is an
issue of current scientific research (see also Tilmes et al., 2007, 2008a; Feck et al., 2008).
The importance of heterogeneous decomposition of CFCs on the surfaces of PSC particles
by dissociative electron attachment as a “pathway to the ozone hole” was suggested by Lu
and Sanche (2001a,b). This issue is discussed below in Section 2.2. Based on the evi-
dence provided there, heterogeneous reactions of CFCs on PSCs cannot be of substantial
importance to polar ozone chemistry.

The implementation of heterogeneous reactions in photochemical models of stratospheric
chemistry is difficult. First, a heterogeneous reaction is a complex process involving adsorp-
tion of the reactants on the particle surface, diffusion into the particle and a complicated
reaction scheme often involving ionic processes. Second, heterogeneous reactions are trig-
gered when temperatures fall below a certain threshold and model results are rather sensitive
to (uncertain) assumptions about these thresholds (e.g., Krdmer et al., 2003; Santee et al.,
2008).

The Cl; formed in the heterogeneous reactions R9 and R10 photolyses rapidly in sunlit air
and forms ClO. Further, reactions R9, R10, and related heterogeneous reactions (Table 1.1)
suppress the concentration of NO, by forming HNO3. If NO, concentrations were not
suppressed, the released C1O would readily reform the CIONO, reservoir (e.g., Miiller et al.,
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1994; Douglass et al., 1995). Thus, rapid chlorine-catalysed ozone loss requires both the
heterogeneous release of chlorine from the HCI and CIONO; reservoirs (‘activation’) and
the suppression of NO; in the gas phase so that chlorine can remain in an active form. The
production of Cl; in this process implies that sunlight is required to release CI and start the
catalytic cycles.

In the polar regions, the conventional ozone loss cycles (C1) are not effective because of
the lack of atomic oxygen (O). At the poles, two different catalytic cycles are responsible
for the major fraction of chemical ozone loss; the efficiency of both cycles depends on
the concentration of CIO. The most important cycle was proposed by Molina and Molina
(1987):

RI11: ClO+ClO+M — CL,0,+M
R12: Cl,O,+hv — Cl+CIlOO (A <400nm)
R13: CIOO+M — Cl4+0,+M
R14: 2x(Cl1+03 — ClO+0y)
C3: Net: 203 — 30,

where hv denotes a photon and M a collision partner (N, or Oy). The second cycle also
depends on BrO concentrations and thus on the stratospheric bromine loading (Tung et al.,
1986; McElroy et al., 1986):

R15: ClIO+BrO — CI+Br+0,
R14: Cl+03 — CIO+0,
R16: Br+0; — BrO+0,

C4. Net: 203 — 30,

The net result of both cycle 3 and cycle 4 is the destruction of two ozone molecules.
Like cycle C1, cycles C3 and C4 are catalytic: chlorine (Cl) and bromine (Br) are not lost
in the reaction cycle. In the stratosphere, chlorine is much more abundant than bromine
(160 times). Nonetheless, cycle C4 is important as bromine atoms are about 60 times more
efficient than chlorine atoms in chemically destroying ozone (Chipperfield and Pyle, 1998;
WMO, 2007).

Sunlight is necessary to maintain a large C1O abundance through the photolysis of Cl,O5.
However, in contrast to the rather shortwave radiation required to produce atomic oxygen,
the species that is essential for cycle C1, the photolysis of Cl,O, proceeds at rather long
wavelengths and thus under the conditions of low sun found at the poles in spring®. Cycles

9 A recent laboratory study (Pope et al., 2007) questions whether Cl,0, is efficiently photolysed under these
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C3 and C4 account for the majority of the ozone loss observed in late winter/early spring in
the polar stratosphere. Under cold polar vortex condition, with high ClO abundances, the
rate of ozone destruction can reach substantial values, up to 2-3% per day (e.g., McKenna
et al., 1990; Salawitch et al., 1990; Rex et al., 1997; Becker et al., 1998, 2000). Outside
the polar regions both cycles are of minor importance; C3 is negligible because it is only
effective at the low polar temperatures in winter and spring, and C4 is of minor significance
because of the much lower CIO concentrations. In summary, large ozone loss rates can only
occur when air is both sufficiently cold as well as sunlit, i.e. conditions which largely prevail
in spring when ozone depletion is indeed observed.

1.4 The Future of the Stratospheric Ozone Layer
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Figure 1.14: Prediction of global ozone recovery. Observed values of mid-latitude total ozone have
decreased beginning in the early 1980s. As halogen source gas concentrations decrease in the 21%
century, ozone values are expected to recover by increasing towards pre-1980 values. Results from
atmospheric computer models that account for changes in halogen gases and other atmospheric pa-
rameters show that full recovery is expected in mid-latitudes by 2050, or perhaps earlier. The range
of model projections is due to the use of several different models of the future atmosphere. (Figure
adapted from WMO, 2007).

Substantial recovery of the ozone layer is expected near the middle of the 21 century. Re-
covery will occur as halogen source gases that cause ozone depletion decrease in the coming
decades under the provisions of the Montreal Protocol and its adjustments and amendments
(Figure 1.8). However, the atmosphere will not return to pre-1980 conditions; the influence

conditions; this is a matter of current scientific debate (e.g., von Hobe et al., 2007; von Hobe, 2007; von
Hobe et al., 2009).
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of climate change and changes in other atmospheric parameters could accelerate or delay
ozone recovery (IPCC/TEAP, 2005; WMO, 2007).

Numerical models are used to assess past changes in the global ozone distribution and
to project future changes (e.g., Eyring et al., 2006, 2007). Quantities are commonly em-
ployed as measures of chemical ozone depletion that rely solely on total column ozone data
(e.g., Huck et al., 2007; Miiller et al., 2008). For global ozone loss, mostly total ozone av-
eraged between 60°N and 60°S latitude is considered. This measure shows ongoing ozone
depletion that began in the 1980s (see Figure 1.14). The model projections indicate that for
60°N-60°S total ozone, the first two stages of ozone recovery (a slowing of the decline and
a turnaround WMO, 2007) will be reached before 2020. Full recovery, with ozone reaching
or exceeding pre-1980 values, is expected to occur by the middle of the 21% century.

Models predict that over the Antarctic column ozone will increase in spring of around
5 to 10% between 2000 and 2020 (WMO, 2007). The general characteristics of the ozone
recovery are similar among the various models (Figure 1.15), namely, the peak depletion
occurs around 2000 within a broad minimum, followed by a slow increase in ozone values.
Note that in the Antarctic ozone loss is saturated, which means all the ozone in the lower
stratosphere is chemically destroyed (e.g., Tilmes et al., 2006a). Under such conditions,
ozone loss is expected to remain constant for some time even when stratospheric halogen
levels decline. Moreover, the decline in halogen levels will occur later over the Antarctic
than at lower latitudes because air in the Antarctic stratosphere is older than air found at
lower latitudes (Newman et al., 2007). As a result, reductions in halogen loading to pre-
1980 values will occur 10-15 years later in the Antarctic stratosphere than in the mid-latitude
stratosphere.

For the Arctic, most models currently predict that springtime column ozone in 2020 will
be 0 to 10% above 2000 levels and that ozone turnaround in the Arctic will occur before
2020 (WMO, 2007). For Arctic conditions, there is a large interannual variability in the
model projections that does not allow a year to be identified when the ozone turnaround due
to a decreasing halogen burden will occur. Model predictions show Arctic ozone increasing
to pre-1980 values before 2050. Further, in these predictions, Arctic ozone increases to 1980
values before Antarctic ozone does. However, the strong natural year-to-year variability in
the Arctic makes it difficult to obtain accurate model simulations for this region, in particular
for polar temperatures and transport barriers (Sankey and Shepherd, 2003; Tilmes et al.,
2007).
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Figure 1.15: The Antarctic September to October average daily ozone mass deficit for each year
(top panel) and the maximum Antarctic ozone hole area between September and October (bottom
panel) calculated by a variety of chemical climate models (WMO, 2007). Model results are com-
pared with observations calculated using the National Institute of Water and Atmospheric Research
(NIWA) combined total column ozone database (Bodeker et al., 2005). Solid and dashed curves
show smoothed data derived by applying a 1:2:1 filter iteratively 30 times. Grey circles show the
projection from Newman et al. (2006). The light grey shading between 2060 and 2070 shows the pe-
riod when effective stratospheric chlorine is expected to return to 1980 values. (Figure from WMO,
2007).
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1.5 Aims of this Study

Ozone—tracer relations have been used to determine chemical ozone loss in the polar vortices
in a large number of studies (e.g., Miiller et al., 1996; Richard et al., 2001; Rex et al., 2002;
Salawitch et al., 2002; Ulanovskii et al., 2004; Tilmes et al., 2004, 2006¢; Lemmen et al.,
2006a; Miiller et al., 2007) following the pioneering work by Proffitt et al. (1989, 1990,
1992).

However, Plumb et al. (2000) argued that reliable estimates of chemical ozone loss cannot
be deduced from ozone-tracer relationships in the polar vortex because the impact of mixing
on these relationships cannot be eliminated. Similarly, Muscari et al. (2007), on the basis
of an analysis of ground-based measurements of O3z and N>O by millimetre-wave spec-
troscopy, report evidence that mixing within the Arctic vortex in winter 2001/2002 likely
mimicked local ozone loss. These arguments were recently summarised by Plumb (2007)
as follows:

In principle, anomalies in these plots [tracer-tracer relations] identify anoma-
lous behavior in at least one of the two tracers, and observation of such anoma-
lies has been used to quantify ozone loss [e.g., Proffitt et al., 1990; Miiller et al.,
1996] and denitrification [Fahey et al., 1990] in the polar vortices. However,
since it has become clear that distinct relationships develop within the vortices
because of mixing through the winter, shielded at least in part from the midlati-
tude relationships by the transport barrier at the vortex edge, it is difficult if not
impossible to separate chemical or microphysical processes from the effects of
transport.

The aim of this study is to demonstrate the validity of the two main hypotheses that the
ozone-tracer correlation method for deducing ozone loss hinges on, first, that a compact
ozone-tracer relation is established in the ‘early’ polar vortex and, second, that any change
of the ozone-tracer relation in a sufficiently isolated polar vortex over the course of winter
is caused predominantly by chemical ozone loss. The discussion of mixing processes will
encompass mixing of polar vortex air with mid-latitude air across the vortex edge (Tuck,
1989; Plumb et al., 2000), of mixing within the vortex caused by differential diabatic descent
(Ray et al., 2002; Miiller et al., 2005), and of mixing of stratospheric air with air masses
intruding from the mesosphere (Engel et al., 2006).

The representation of ozone-tracer relations in models is considered in Section 3.3.1; in
particular it is demonstrated which model assumptions in the conceptual model of Plumb
et al. (2000) limit the applicability of the model results to the stratospheric polar vortex.
Further, cases will be discussed where measurements of ozone-tracer relations are misinter-
preted in such a way that mixing in the established polar vortex was assumed to produce
substantial changes in ozone tracer relations (Michelsen et al., 1998, see Section 3.3.1) or
could “mimic” chemical ozone loss (Muscari et al., 2007, see Section 3.3.3).

A comparison of ozone loss estimated on the basis of ozone-tracer correlations with ozone
loss deduced by other methods is discussed in detail elsewhere (Harris et al., 2002b; Tilmes
et al., 2004; WMO, 2007). Likewise, a comprehensive discussion of chemical polar ozone
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loss based on ozone-tracer relations for the time period 1991-2005 is reported by Tilmes
et al. (2004, 2006a). Here, ozone loss estimates are reported for Arctic winter 2002/2003
combining data from two satellite experiments (Section 3.5).

This study was originally submitted as a ‘“Habilitationsschrift” to the Bergische Univer-
sitdt Wuppertal in June 2008. This book constitutes a revised version of the submitted thesis.
The thesis was based on five papers, either published in or submitted to peer-reviewed jour-
nals. All of these papers have appeared in the meantime and are listed below. The last
paper in the list below grew out of the historical material presented in the introduction of
this book, but additionally contains a great deal of material not shown here.

e R. Miiller: Impact of cosmic rays on stratospheric chlorine chemistry and ozone
depletion, Phys. Rev. Lett., 91, 058502, 2003.

e R. Miiller, S. Tilmes, P. Konopka, J.-U. Groof, and H.-J. Jost: Impact of mixing and
chemical change on ozone-tracer relations in the polar vortex, Atmos. Chem. Phys.,
5, 3139-3151, 2005.

e R. Miiller, S. Tilmes, J.-U. Groof3, A. Engel, H. Oelhaf, G. Wetzel, N. Huret, M. Pirre,
V. Catoire, G. Toon, and H. Nakajima: Impact of mesospheric intrusions on ozone—
tracer relations in the stratospheric polar vortex, J. Geophys. Res., 112, D23307, doi:
10.1029/2006JD008315., 2007.

o R. Miiller and S. Tilmes: Comment on “Middle atmospheric O3, CO, N,O, HNOs3,
and temperature profiles during the warm Arctic winter 2001-2002.” by Giovanni
Muscari et al., J. Geophys. Res., 113, D18303, doi: 10.1029/2007JD009709, 2008.

e R. Miiller: Comment on: “Resonant dissociative electron transfer of the presolvated
electron to CCly in liquid: Direct observation and lifetime of the CCI;~ transition
state” [JCP 128, 041102 (2008)], J. Chem. Phys., 129, 027101, 2008.

o R. Miiller: A brief history of stratospheric ozone research, Meteorol. Z., 18, 3-24,
doi: 10.1127/0941-2948/2009/353, 2009.



2 Tracer-Tracer Relations in the
Stratosphere

2.1 Tracer-Tracer Relations as a Tool in Atmospheric
Research

Since summer 1958, over a period of several years, the Canberra aircraft of the Meteoro-
logical Research Flight of the United Kingdom collected data on temperature, wind, ozone,
and water vapour up to an altitude of 15 km. Based on these data, the first plot of a tracer-
tracer relation was produced !. Roach (1962) published a scatter diagram of ozone and
water vapour measurements (Figure 2.1) that he had produced to structure a set of obser-
vations which otherwise appeared disordered: “If, however, all individual observations of g
[the water vapour mixing ratio] made during the period are plotted against the simultaneous
observations of ozone concentration [...], the observations made above the tropopause are
seen to fall into two definite groups...” (Roach, 1962). Later, Allam et al. (1981) analysed
the ozone-water vapour relations simulated by a numerical model. Ehhalt et al. (1983) sug-
gested a related methodology to reduce the relative variance in stratospheric observations of
long-lived trace gases. They found that when the local mean standard deviation of vertical
tracer profiles was normalised by the local vertical gradient (a measure that they refer to as
‘equivalent displacement height’), this relative variance was greatly reduced.

After these earlier observations, Kelly et al. (1989), considering the methane-nitrous ox-
ide correlation derived from high-altitude aircraft measurements, argued that two lower
stratospheric tracers have a compact relationship and that this is because they are both re-
mote from their sources and sinks and are subject to common mixing processes.

Today, these concepts play an important role in research on the tropopause functioning
as a transport barrier, both in the tropics and in the extratropics. Hoor et al. (2002) used
correlations between CO and ozone (i.e., a tropospheric and a stratospheric tracer) to iden-
tify a mixing layer in the lowermost stratosphere and to investigate its seasonal variability.
Pan et al. (2006) showed that the mixing between stratospheric and tropospheric air masses
deduced from observed CO-ozone relations can be reproduced by transport models. Con-
sidering O3-H;O and O3-CHy4 relations from aircraft measurements, Richard et al. (2006)
investigated the recirculation between the lower stratosphere and the upper tropical tropo-
sphere. Satellite data were also employed for such studies. Park et al. (2008) used chem-
ical constituents obtained from the Atmospheric Chemistry Experiment Fourier Transform

'More than forty years later (Tuck et al., 2003) combined the Roach data with more recent high-altitude
aircraft (ER-2) measurements to demonstrate the role of the subtropical jet as a mixing and exchange
zone.
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Figure 2.1: The first published tracer-tracer relation (from Roach, 1962). The figure shows measure-
ments taken by the Canberra aircraft of the Meteorological Research Flight of the United Kingdom
between 9 January and 14 February 1962 between 52°N and 68°N near the Greenwich meridian.
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Spectrometer (ACE-FTS) instrument during summer to provide evidence of chemical isola-
tion in the Asian monsoon anticyclone. Further, they deduced the relative chemical lifetimes
of species in the anticyclone with common sources (Ehhalt et al., 1998) from the slope of
tracer-tracer relations.

Proffitt et al. (1989) extended the idea of studying relations of two passive (i.e., chemically
long-lived for the timescales in question) tracers by considering the relation between a long-
lived tracer (nitrous oxide) and a tracer that is subject to chemical change (ozone). In this
way they were able to diagnose chemical ozone loss. Soon after, Proffitt et al. (1990, 1993)
applied this concept to chemical ozone loss in the Arctic region and Fahey et al. (1990)
expanded it to include the analysis of denitrification (removal of total active nitrogen NOy)
of the polar stratosphere by sedimenting PSC particles. Later correlations of long-lived
tracers with aerosol number, surface and volume (Borrmann et al., 1993) and hydrochloric
acid (HCI) mixing ratios (Miiller et al., 1996) were considered to compare aerosol mixing
ratios before and after the eruption of Mt Pinatubo and to analyse heterogeneous chlorine
activation.

Today, tracer-tracer correlations have been used for many years to quantify chemical
ozone loss both in the Arctic and the Antarctic 2. Measurements from aircraft (Richard
et al., 2001; Ross et al., 2004; Ulanovskii et al., 2004), from different satellite experiments
(Miiller et al., 1996; Tilmes et al., 2003b, 2004, 2006c), balloons (Miiller et al., 2001; Salaw-
itch et al., 2002; Vogel et al., 2003; Robinson et al., 2005), and from the space shuttle
(Michelsen et al., 1998) were used for such analyses.

Recently, Lemmen et al. (2006b) showed that ozone—tracer relations may also be used to
deduce the chemical ozone loss as simulated in chemistry climate models (CCMs) where
mixing across the vortex edge is very likely stronger than in the real atmosphere. Using this
technique, Lemmen et al. (2006a) demonstrated that chemical ozone loss in the Antarc-
tic vortex is underestimated in the ECHAM4.DLR(L39)/CHEM model (Dameris et al.,
2005). Tilmes et al. (2007) analysed results of the Whole Atmosphere Community Cli-
mate Model (WACCM3) (Garcia et al., 2007) using ozone—tracer relations and found that
chemical ozone loss can be reproduced in the core of the Antarctic vortex, but that it is
underestimated in the outer vortex and, even more severely, in the Arctic vortex.

A related, but somewhat different, method to the one described above for using ozone-
tracer correlations was put forward by Proffitt et al. (2003). This method involves seasonally
averaged ozone and N,O data partitioned in equal bins of altitude or potential temperature,
resulting in separated families of 0zone-N;O curves. In this way, variability in ozone due to
recent latitudinal transport is reduced compared to a direct analysis of the ozone measure-
ments. Using measurements from the ILAS and ILAS-II experiments aboard the ADEOS
and ADEOS-II satellites (Nakajima et al., 2006), Khosrawi et al. (2004b, 2006) extended the
analysis up to altitudes of 1000 K and to the southern hemisphere. Such data sets constitute
tools that may be applied for testing atmospheric photochemical models.

2In several recent publications (e.g., Tilmes et al., 2004; Miiller et al., 2005; Lemmen et al., 2006b), the
abbreviation “TRAC’ has been introduced for the tracer-tracer correlation technique to deduce chemical
polar ozone loss. Because this abbreviation has not become widely accepted in the scientific literature it is
not used here.
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2.1.1 Climatology of Ozone—Tracer Relations in the Middle
Atmosphere
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Figure 2.2: The methane-ozone relation at 2.5°N (top panel) and 52.5°N (bottom panel) from a
climatology based on HALOE measurements (Groof3 and Russell, 2005). Solid lines show data for
March, dotted lines for June, dashed lines for September, and dash-dotted lines for December. (From
Miiller et al., 2007).

The general pattern of ozone—tracer relations above the tropopause is governed by the
photochemical sources and sinks of the two species. Ozone mixing ratios are low right above
the tropopause, increase with altitude in the stratosphere to reach a maximum above which,
due to the HOx-driven ozone loss cycles increasing in efficiency, mixing ratios decline again
(see Section 1.1.2 and Figures 1.3 and 1.5). Long-lived stratospheric tracers with a purely
tropospheric source (e.g., CHy, N>O, or CFCs) monotonically decline with altitude above
the troposphere. (Stratospheric tracers with no tropospheric source that are produced in the
stratosphere, e.g. HF, show the opposite behaviour).

Therefore, ozone and long-lived tracers with a tropospheric source are correlated in meso-
spheric air whereas they are anti-correlated in the lower stratosphere. In the tropics and the
mid-latitudes, a ‘mountain-shaped’ ozone—methane relation thus develops (Figure 2.2). In
the tropics, the maximum ozone mixing ratios are greater than at mid-latitudes (Figure 1.6)
and the maximum ozone corresponds to higher mixing ratios of methane. This is so because
in the tropics substantial ozone production via the photolysis of molecular oxygen begins



2.1 Tracer-Tracer Relations as a Tool in Atmospheric Research 33

at altitudes (~ 30hPa) where the stratospheric air is rather young so that methane mixing
ratios are still large and thus close to tropospheric mixing ratios. In the mid-latitudes, the
stratospheric air is older and thus methane mixing ratios are lower than in the tropics at the
altitudes where the maximum ozone occurs (Figure 2.2).
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Figure 2.3: Similar to Figure 2.2, but for the polar regions in winter and spring. Top panel shows the
methane—ozone relation at 72.5°N and the bottom panel at —72.5°N. In the top panel, the solid line
shows data for January, the dotted line for February, dashed line for March, and dash-dotted line for
April. In the bottom panel, the solid line shows data for June, the dotted line for July, dashed lines
for August, and dash-dotted line for September. (From Miiller et al., 2007).

In the polar regions, the ozone—tracer relations are more complex. In late November or
early December, a distinct ‘early vortex’ ozone-tracer relation develops in the Arctic vortex
(e.g., Miiller et al., 1996; Tilmes et al., 2003b, 2004). The ‘early vortex’ ozone-tracer rela-
tion develops when the transport barrier at the vortex edge becomes strong enough to inhibit
in-mixing of mid-latitude air masses. Mixing within the vortex compactifies the relations.
The resulting relations are similar to the climatological January relation (Figure 2.3, top
panel), but differ from winter to winter (Figure 2.4).

In late winter and early spring, the vortex breaks down starting from the top (e.g., Harvey
et al., 2002; Manney et al., 2005), which means that in the vortex in the upper stratosphere
and lower mesosphere both ozone and methane increase as air rich in ozone and methane
is mixed in from lower latitudes. A mixing zone develops at the interface between the
mesospheric air with a positive ozone-methane correlation and the stratospheric vortex air
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Figure 2.4: Early winter reference relations for ten years from 1991/1992 to 2002/2003 (coloured
lines). HF is used here as the chemically long-lived tracer. HF mixing ratios are corrected for the
growth rate of HF derived from the HALOE CHy-HF relationship for each year. Note that because
HF increases with altitude in the stratosphere in contrast to CHy, the ozone—HF relation looks like a
‘mirror image’ of the ozone-CHy relation. (Adapted from Tilmes et al., 2004, Figure 5).

(which shows relatively low ozone mixing ratios) with a negative ozone—methane correla-
tion. In this way, a ‘thumb-shaped’ ozone—tracer relation (Figure 2.3) develops (see also
Plumb et al., 2000, their plate 1).

In the Arctic, the vortex in the upper stratosphere is perturbed owing to the occurrence of
midwinter wave events (Waugh and Randel, 1999; Steinhorst et al., 2005). Therefore, this
‘thumb-shaped’ ozone—tracer relation prevails in the Arctic between February and April
and becomes more and more pronounced (Figure 2.3, top panel). By June (not shown), the
vortex and thus the signature of ozone-poor vortex air has disappeared and a ‘mountain-
shaped’ ozone—tracer relation is re-established.

In the Antarctic, in contrast, the vortex has a longer life span than in the Arctic and
the vortex breaks down more than a month later than its Arctic counterpart (Waugh and
Randel, 1999). This difference in the dynamics of the Arctic and Antarctic polar vortex is the
reason for the observed differences in the ozone—methane relations. The Antarctic ozone—
methane relation in the vortex through winter and early spring (from June to September) is
fairly stable (Figure 2.3, bottom panel). Only continously decreasing ozone mixing ratios
(due to chemical ozone loss) within the polar vortex are obvious. The effect of the polar
vortex breakdown from the top, resulting in the ‘thumb-shaped’ ozone—tracer relation (not
shown) occurs later in the season, in November/December (corresponding to May/June in
the northern hemisphere). For the Antarctic, the ‘mountain-shaped’ ozone—tracer relation is
only re-established by January (not shown).
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When interpreting Figures 2.2 and 2.3, it must be taken into account that ozone and
methane can no longer be considered tracers in the mesosphere (e.g., at 70 km the lifetime
of methane and N,O is about one month, and the lifetime of ozone is about an hour). There-
fore, the tracer relations in Figures 2.2 and 2.3 at mesospheric altitudes are only valid in a
climatological sense, and specific measurements will not show compact relations.
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2.2 Impact of Cosmic-Ray-Induced Heterogeneous
Chemistry on Polar Ozone

2.2.1 Relation between Chlorofluorocarbons and Nitrous Oxide:
Implications for Chlorofluorocarbon Degradation in the
Stratosphere

The importance of heterogeneous reactions for stratospheric chemistry was first discussed
by Cadle et al. (1975). Solomon et al. (1986) first suggested the relevance of heteroge-
neous activation of HCl and CIONO; for the formation of the ozone hole. Today it is well
established that these reactions play an important role in the chemistry of polar ozone de-
pletion (Section 1.3.3). Further, it has been established that cosmic-ray-induced ionisation
causes the production of radicals (NO and OH) and that these radicals play a role in the
stratospheric polar ozone chemistry (Crutzen and Arnold, 1986; Miiller and Crutzen, 1993).
However, in a series of papers, Lu and Madey (1999), Lu and Sanche (2001a,b, 2002a,b),
and Lu (2009, 2010) go beyond these accepted mechanisms and suggest that the action of
cosmic rays on polar stratospheric clouds (PSCs) causes rapid destruction of CFC and that
this process “may play a significant role in causing the ozone hole”. They suggest that the
chemical basis of this process is dissociative electron attachment (DEA) to CFCs on the
surface of PSC particles, due to cosmic ray radiation that causes CFC-11 and CFC-12 to be
rapidly destroyed in the winter polar stratosphere at altitudes below 20 km. Indeed, DEA to
CFCs has been investigated in several laboratory studies (e.g., Kiendler et al., 1996; Lu and
Madey, 1999; Nakayama et al., 2004).

The view that DEA-induced CFC destruction on the surfaces of PSC is an important pro-
cess for stratospheric polar ozone loss has been criticised on the basis of the argument that
no significant correlation exits between polar column ozone levels and cosmic ray intensity
(Patra and Santhanam, 2002; Miiller, 2003) and that both observed CFC distributions and
observed CFC/N,O correlations in the polar stratosphere are inconsistent with a destruc-
tion of CFCs on PSC surfaces by DEA (Patra and Santhanam, 2002; Harris et al., 2002a;
Miiller, 2003; Miiller and Groof3, 2009). Further, (Harris et al., 2002a) pointed out that
DEA-induced degradation of CFCs would reduce the atmospheric lifetime of CFCs so that
it is not obvious what the impact of this process is on estimates of the recovery of the ozone
hole.

Nonetheless, until very recently (Lu, 2009, 2010), the Lu and Sanche mechanism has been
put forward as of “high relevance to the formation of the ozone hole in earth’s atmosphere”
(Lu et al., 2004), it is stated that it “plays a crucial role in [...] ozone-depleting reactions
in the stratosphere” (Wang et al., 2008), or that there is “strong evidence of the physical
mechanism that the CR-driven electron-induced reaction of halogenated molecules plays the
dominant role in causing the ozone hole” (Lu, 2009). Ryu et al. (2006) argue more carefully
that it ““still remains a subject of debate as to its actual role in polar ozone depletion”. Below,
earlier arguments (Patra and Santhanam, 2002; Harris et al., 2002a; Miiller, 2003) regarding
the question of a relation between PSC occurrence, cosmic ray flux, CFC degradation, and
stratospheric polar ozone depletion are revisited. It is argued that, while some further study
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of these questions might be warranted, the Lu and Sanche (2001a,b) mechanism should by
no means be considered a new pathway to the ozone hole.

Lu and Sanche (2001a) conjecture that the depletion of CFCs in the stratosphere is related
to the combined effect of cosmic ray radiation and the presence of PSCs, but not to solar
radiation. This would imply that CFCs are solely depleted by the action of cosmic rays
within PSCs, that is solely and extremely rapidly with a lifetime in the order of hours within
the polar regions in winter. Such a view contrasts with observations of both substantially
reduced CFC mixing ratios (compared to tropospheric mixing ratios) in the tropical upper
stratosphere (where PSCs do not occur) and low, but non-zero, mixing ratios of CFCs in the
polar vortex in air masses that have experienced PSC processing over at least a few days
(Schmidt et al., 1994; Riese et al., 1999; Miiller et al., 2001; Hoffmann et al., 2008).

The observed stratospheric CFC patterns (Roche et al., 1998; Riese et al., 1999; Lu and
Sanche, 2002a; Khosrawi et al., 2004a; Hoffmann et al., 2008) are, however, in accordance
with the conventional picture of being due to the combined effect of large-scale transport
and degradation of CFC by photolysis (Harris et al., 2002a; Patra and Santhanam, 2002).
The large-scale circulation in the stratosphere, the so-called Brewer-Dobson circulation (see
Section 1.1.3), is characterised by slow upward motion in the tropics, poleward and down-
ward motion in mid-latitudes and by descent in the high latitudes (e.g., Holton et al., 1995).

Long-lived trace gases with a tropospheric source (such as CFCs) are destroyed photo-
chemically in the stratosphere during upward transport in the tropics, so that mixing ratios
decrease with altitude. In case of the CFCs, the destruction occurs by photolysis. Further,
air masses at greater altitudes, characterised by low tracer mixing ratios, are transported
poleward, followed by downward transport due to diabatic descent into the winter polar re-
gion. This interplay berween the impact of transport and of chemistry on long-lived trace
gases such as N,O, CHy, and CFCs has been being investigated for decades (e.g., Holton,
1981; Tung, 1982; Solomon and Garcia, 1984). Thus, by far the largest fraction of the CFCs
in the air within the polar winter stratosphere has already been chemically converted so that
if any additional CFC processing were to occur, it would have only a moderate impact on
the lifetimes of CFCs. Disagreement between observed mixing ratios of CFC-12 and simu-
lations with two-dimensional photochemical models (Lu and Sanche, 2002a) should not be
taken as an indication of missing chemical processes, but are rather caused by the limita-
tions of the representation of transport in two-dimensional models (WMO, 1999). Indeed,
Eyring et al. (2006) demonstrate that problems representing the stratospheric transport ac-
curately persist in modern three-dimensional models; problems that cause uncertainties in
the simulated distributions of long-lived tracers and Cl,.

Stratospheric tracers for which quasi-horizontal mixing along isentropes is fast compared
to their local chemical lifetimes show compact relations in scatter diagrams of the mixing
ratios of two such trace gases plotted against each other (Plumb and Ko, 1992). Deviation
from such compact relations are used for the identification of physiochemical change in
the presence of trace gas variations due to transport (e.g., Miiller et al., 1997; Tilmes et al.,
2004; Miiller et al., 2005, see also Section 2.1). Figure 2.5 shows an example of the compact
relation of CFC-11 and CFC-12 inside the polar vortex plotted against the chemically long-
lived (and thus quasi-inert over the time scales in question) tracer of stratospheric motion
N,O. Both relations are rather compact irrespective of when and where the contributing
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Figure 2.5: Scatter diagrams of the observed mixing ratios of N,O and CFC-11 (CFCl3) and N,O
and CFC-12 (CF,Cl,), top and bottom panels, respectively, in winter 1991-1992. Shown are mea-
surements inside (solid symbols) and outside (open symbols) the polar vortex. Measurements were
made in December (circles), January (triangles), February (diamonds), and March (squares). (See
Schmidt et al., 1994; Miiller et al., 2001, for detailed information on the measurements). Figure
adapted from Miiller (2003).

measurements were taken. Such a pattern is incompatible with the view that the lifetime of
both CFC-11 and CFC-12 is in the order of hours in the presence of PSCs. DEA-induced
heterogeneous loss of CFCs should have led to extremely low concentrations of CFC-11
and CFC-12 inside the Arctic vortex during January 1992, a period that was characterised
by temperatures low enough to promote strong PSC activity (Farman et al., 1994).

2.2.2 Model Calculations of the Potential Impact of
Cosmic-Ray-Initiated Heterogeneous Reactions on
Stratospheric Chemistry

The DEA-induced destruction of CFC-11, CFC-12, and HCI on PSC has been implemented
in a numerical model of stratospheric chemistry (McKenna et al., 2002a); it is assumed that
CFC-11, CFC-12, and HCI are decomposed on the surfaces of PSC particles with lifetimes
taken from Lu and Sanche (2001a,b) (Table 2.1). These lifetimes were calculated on the
basis of the assumption that CFC-11, CFC-12, and HCI are adsorbed on the surface of the
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Figure 2.6: Results of model simulations of an air mass representative of the Arctic polar vortex in
1991-1992. Three cases are shown: dashed line, a simulation including DEA-induced heterogeneous
destruction of CFC-11, CFC-12, and HCI (case a), dotted line, a simulation with DEA-induced
destruction only of CFC-11 and CFC-12 (case b), and, solid line, a simulation without any DEA-
induced heterogeneous chemistry (case c). The top panel shows the total simulated PSC surface
area density (in um?/cm?), and the panels below the volume mixing ratios of key chemical species
(where the active chlorine CIOy is defined as ClO + 2 x Cl;0; and total inorganic chlorine Cl, as
HCI + CIONO; + HOCI + ClO,). Figure taken from Miiller (2003).
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Table 2.1: Lifetimes of CFC-11, CFC-12, and HCI due to DEA on PSC Surfaces

Species Opga (cm2) R (s1) 7(s) t(h)
CFC-11 1.1-100B¢ 36-107%¢ 28-10> 0.8
CFC-12 13-1072 43.107°¢ 23.10* 6.5
HC1 40-1075% 13.107° 77100 21

The lifetimes of CFC-11, CFC-12, and HCI assumed in the model calculations for DEA on
PSC surfaces

4 Taken from Lu and Sanche (2001a)

b Taken from Lu and Sanche (2001b)

PSC. Without adsorption, DEA-induced destruction on PSCs cannot occur (Harris et al.,
2002a). On the other hand, because there are no reaction channels competing with DEA-
induced loss of CFC, the results of the model calculations are not sensitive to the precise
value of the assumed loss rates. The air mass considered is representative of the polar vortex
in the Arctic in winter 1991-1992 (Becker et al., 1998). The calculation is initialised for 15
December 1991; initial mixing ratios are taken from Becker et al. (1998), except for CFC-11
(4 ppt) and CFC-12 (80 ppt), corresponding to NoO = 80 ppb (Figure 2.5). The calculation
is carried through until 15 March 1992; the vortex air descends from ~21km to ~17km
over that time period (Becker et al., 1998). Three cases were considered (Figure 2.6): a)
a calculation including DEA-induced heterogeneous destruction of CFC-11, CFC-12, and
HCI, b) a simulation with DEA-induced destruction of only CFC-11 and CFC-12, and c),
the standard case, a simulation without any DEA-induced heterogeneous chemistry.

Compared to the standard case c), considering DEA-induced destruction of only CFC-11
and CFC-12 (case b) results in somewhat greater mixing ratios of active chlorine (CIO +
2 x Cl;0,), due to the activation of the chlorine contained in CFC-11 and CFC-12, and,
consequently, a somewhat greater degree of ozone destruction (by ~8%). However, the air
in the polar vortex has been in the stratosphere long enough (typically several years) for
the major fraction of CFC-11 and CFC-12 to be chemically converted to other compounds
(mainly HCI and CIONQO,) at the time when PSCs form. Therefore, at that time the chlo-
rine contained in CFC-11 and CFC-12 constitutes only a minor fraction of the atmospheric
chlorine so that any additional processing can have only a minor effect on the levels of total
inorganic chlorine (Cly) and thus on the levels of active chlorine (ClOy).

A somewhat greater impact on the model results is given by the assumption of DEA-
induced HCI destruction that leads to a practically complete activation of the HCI reservoir
in case a) compared to b) (Figure 2.6). While this does not impact Cly, it results in initially
greater active chlorine mixing ratios. However, the extremely low HC] mixing ratios allow
a more rapid increase of CIONO,, i.e., a more rapid deactivation of chlorine starting after
the last simulated PSC activity around mid-January that eventually leads to slightly lower
ozone loss in case a) compared to b).

The major result of the model simulations is that the temporal development of the key
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chemical species, and in particular the ozone loss, does not drastically alter depending on
whether loss of CFC-11, CFC-12, and HCI on PSCs due to DEA is included in the model or
not. The only exceptions are the concentrations of CFC-11 (not shown) and CFC-12 (Fig-
ure 2.6) that take on mixing ratios of practically zero within hours after the first PSC event
if destruction due to DEA is included in the model. Otherwise, CFC-11 and CFC-12 are
practically chemically inert in the polar winter stratosphere (Figure 2.6). In the case of HCI,
DEA-induced destruction on PSC competes with the likewise very rapid heterogeneous re-
action of HCI with CIONO; and HOCI on PSC surfaces (Peter, 1997). Consequently, the
simulated HCI concentrations with and without DEA-induced HCI degradation do not dif-
fer substantially; only in the former case do HCI concentrations reach extremely low levels
within hours after the first occurrence of PSC, a process that is otherwise halted by the titra-
tion of the heterogeneous reaction partners (CIONO; and HOCI) of HCI (Figure 2.6). The
loss rate of ozone is little affected by assumptions about the occurrence of DEA-induced
reactions on PSCs; about 5% more ozone is chemically destroyed in the model when DEA-
induced loss of CFC-11, CFC-12, and HCl is taken into account. The rather small changes
predicted for the mixing ratios of key species due to DEA-induced reactions are unlikely to
be detectable by satellite measurements. However, high precision in situ measurements of
CFC-11, CFC-12, and HCl in an air mass shortly after the first occurrence of PSC might
allow the effect of DEA-induced reactions to be identified in the atmosphere.

2.2.3 Correlation between Polar Ozone Levels and Cosmic Ray
Intensity

In support of their proposed mechanism, Lu and Sanche (2001a) further argue that the an-
nual average ozone for latitudes 0°-65°S over the period 1979-1992 exhibits a variation in
inverse phase with cosmic ray activity. Indeed, it is well established that long-term total
ozone variations in the tropics and mid-latitudes possess a component that is in phase with
the 11-year solar cycle (and thus in inverse phase with cosmic ray activity) (Chandra and
McPeters, 1994) and that upper stratospheric ozone concentrations vary with an amplitude
of a few percent over a solar cycle (Chandra and McPeters, 1994; Miller et al., 1997). How-
ever, the Lu and Sanche (2001a) mechanism requires the presence of PSCs that only occur
in the polar regions in the lower stratosphere and only during winter (Solomon, 1999; Peter,
1997).

Therefore, Miiller (2003) compared cosmic ray intensity with the average total ozone
value for the northern and southern hemisphere polar regions in March and October, re-
spectively (Newman et al., 1997) and found that there is no apparent correlation between
cosmic ray intensity and polar ozone. Similarly Patra and Santhanam (2002), considering
total ozone time series from the two longest-serving stations in the northern (Arosa; 46.8°N,
9.68°E) and the southern (Halley; 75.35°S, 26.34°W) hemisphere, argued that the correla-
tion between cosmic ray intensity and ozone depletion claimed by Lu and Sanche (2001a)
has not been clearly established.

However, the arguments by Patra and Santhanam (2002) and Miiller (2003) that no sig-
nificant correlations exits between polar ozone and cosmic ray intensity have been based
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Figure 2.7: The variation over the time period 1979-2005 of cosmic ray intensity (solid line, top
panel), solar intensity (dashed line, top panel), and minimum of daily average column ozone in the
polar region (bottom panel). Column ozone is given in Dobson units (DU). The pressure-corrected
neutron count (counts per minute) at Climax, Colorado, USA, is shown as a measure of cosmic ray
intensity and the 10.7 cm (2800 MHz) solar flux adjusted to 1 A.U. in units of 102! Wm~2Hz ! as
a measure of solar intensity. The minimum values of daily average column ozone poleward of 60°
equivalent latitude for March in the Arctic and October in the Antarctic were taken from Miiller et al.
(2008). Winters in which the vortex broke up before March (1987, 1999, and 2001) are not shown
for the Arctic ozone time series. (Taken from Miiller, 2008).

so far on rather simple measures of polar chemical ozone loss. Recently, it has been pro-
posed that the minimum of daily average total ozone poleward of a given equivalent latitude
would be a more useful measure of polar ozone loss (Miiller et al., 2008). Figure 2.7 shows
a comparison of cosmic ray intensity with this measure of polar ozone loss over the time
period 1979-2005. This comparison corroborates the findings of earlier studies (Patra and
Santhanam, 2002; Miiller, 2003) indicating that there is no significant correlation between
cosmic ray intensity and polar ozone.

But even the minimum of daily average total ozone over the pole is only an approximate
measure of chemical ozone loss (Miiller et al., 2008). As will be discussed in detail in
Chapter 3 below, when sufficient information is available, it is always preferable to employ
sophisticated measures of chemical polar ozone loss that allow the signal of chemical ozone
change to be isolated from ozone changes caused by transport. Such measures of chemi-
cal ozone loss show a very close correlation with the potential for heterogeneous chlorine
activation on PSCs (Rex et al., 2004; Tilmes et al., 2006a, 2008b,a). Chemical ozone loss
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Figure 2.8: Scatter plot of chemical ozone loss in the core of the Arctic vortex in the lower strato-
sphere for the time period 1992 to 2005 (no data are available for 2001 and 2004) deduced from
ozone-tracer relations (Tilmes et al., 2004; von Hobe et al., 2006; Tilmes et al., 2008b) plotted against
cosmic ray activity. As in Figure 2.7, the neutron count (counts per minute) at Climax is taken as a
measure of cosmic ray intensity. (Taken from Miiller, 2008).

estimates are available for the time period 1992 to 2005 from satellite measurements of
ozone-tracer relations (Tilmes et al., 2004; von Hobe et al., 2006; Tilmes et al., 2008b,
see also Section 3.5 below). In Figure 2.8, these chemical ozone loss estimates are plot-
ted against cosmic ray activity. Clearly there is no significant correlation, the correlation
coefficient is 0.21.

2.2.4 Conclusions on the Impact of Cosmic-Ray-Induced
Chemistry on Stratospheric Chemistry

The ozone loss mechanism proposed originally by Lu and Sanche (2001a,b) cannot be of
relevance outside the polar regions in winter where PSCs do not occur (e.g., Peter, 1997,
Solomon, 1999; WMO, 2007). In the polar regions, there is neither a significant corre-
lation between cosmic ray activity and column ozone levels (Figure 2.7, see also Miiller
and Groof}, 2009) nor between cosmic ray activity and chemical ozone loss estimates (Fig-
ure 2.8). Further, both the observed spatial distributions of CFC-11 and CFC-12 in the
stratosphere and the development of CFC-11/N;O and CFC-12/N;0 tracer relations in po-
lar winter are inconsistent with the notion that these compounds are exclusively, and very
rapidly, destroyed by DEA on PSC particles (Figure 2.5, see also Miiller and Groof3, 2009).
Moreover, model simulations indicate that stratospheric polar ozone chemistry — most no-
tably chemical ozone destruction — is not substantially altered if DEA-induced processes on
PSCs are taken into account (Figure 2.6). However, DEA-induced destruction of HCI on
PSCs could have some influence on stratospheric chlorine chemistry. At the present time,
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it seems to be an open question whether or not the latter process occurs in the atmosphere.
Therefore, the role of the Lu and Sanche (2001a,b) mechanism as a key mechanism for the
formation of the ozone hole should be presented as an issue debated in the scientific liter-
ature rather than as an established scientific fact. In any case, the potential impact of DEA
processes on polar ozone recovery is expected to be small because of their limited influence
on both CFC lifetimes and on chemical ozone loss.



3 Quantifying Polar Ozone Loss
from Ozone-Tracer Relations

3.1 Principles of the Tracer-Tracer Correlation
Technique

Based on model calculations and theoretical considerations, Plumb and Ko (1992) argued
that throughout the stratosphere compact relationships are expected between tracers for
which quasi-horizontal mixing along isentropes is fast compared to their local chemical
lifetimes. The relationship, furthermore, should be linear if the local chemical lifetimes of
the two tracers in question is long against the timescale of vertical advection (Plumb and
Ko, 1992). Compact and over the course of the winter constant relationships of long-lived
tracers are also expected for the special case of the air mass inside a polar vortex that is, to a
large extent, isolated from its surroundings. Plumb and Ko (1992) expressed this fact as: ...
we expect these relationships for long-lived species to remain valid inside the polar vortex,
[...]. Since the vortex is in place only for a few months during winter, the correlations will
be maintained through the winter, though the mixing ratio isopleths may become severely
distorted at the vortex edge...”. Such behaviour, for example, is found in HALOE obser-
vations in the Arctic vortex in 1995/1996 where the relation of the long-lived compounds
HF and CH4 was conserved over the course of the winter (Miiller et al., 1999). Another
example is the conservation of the relation between CFC-11 and CFC-12 and N,O during
winter 1991/1992 shown in Figure 2.5. It is important to note that distinct curves develop in
the polar vortex, the mid-latitude “surf zones”, and in the tropics (e.g., Proffitt et al., 1992,
1993; Miiller et al., 1996; Plumb, 2007).

If one of the tracers for which the tracer-tracer relation in the polar vortex is consid-
ered is subject to chemical change on the timescale of weeks or even faster, this chemi-
cal change will lead to a breakdown of the conservation of the tracer-tracer relation. The
tracer-tracer correlation technique makes use of this effect by considering relations between
chemically long-lived (passive) tracers and tracers which could be subject to chemical or
physical change; such changes are identified as changes in the tracer relations.

The tracer-tracer correlation technique has been applied almost exclusively to polar vortex
studies so far, typically for seasonal studies like those of polar ozone loss, chlorine activation
or denitrification in polar winter, where CHy, N,O, or HF were used as long-lived tracers.
Physicochemically active species considered are ozone, CIONO,, HCI, or NOy (e.g., Fahey
et al., 1990; Proffitt et al., 1990; Salawitch et al., 2002; Tilmes et al., 2004; Miiller et al.,
2007; Tilmes et al., 2008b).

First, we will focus on ozone-tracer relations for deducing chemical ozone loss in the
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Figure 3.1: Schematic view of the of the development of ozone-tracer relations over the course
of the winter inside the polar vortex. In all panels, the thick solid line indicates the reference rela-
tions for ‘early vortex’ conditions and the thick dashed line an average mid-latitude relation. The
dotted line in the top panel indicates the ozone-tracer relation in the incipient vortex before a strong
transport barrier is established at the vortex edge. The panel below shows the reference relation for
an established vortex and one further panel below the ozone tracer relation for beginning chemical
ozone loss. The bottom panel shows the conditions for established ozone loss, the dash-dotted line
indicates a possible mixing line between vortex and out-of-vortex air. (Figure taken from Miiller
et al., 2005).

Arctic and Antarctic polar vortex. The polar vortex starts forming in late autumn (November
in the northern hemisphere and May in the southern hemisphere). In this incipient vortex
(Figure 3.1, top panel) the vortex air mass is characterised by low ozone mixing ratios; the
remainders of polar ozone destruction due to NO,-driven chemical cycles in summer (e.g.,
Farman et al., 1985b; Crutzen and Briihl, 2001) and autumn (Kawa et al., 2002; Tilmes et al.,
2006b). Although the vortex air mass is separated to a certain extent from ozone-rich, mid-
latitude air, the vortex is not yet completely isolated. Thus, through mixing, ozone values in
the vortex increase during this period (Tilmes et al., 2003b, 2006b).
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When the vortex is well established, the transport barrier at the vortex edge effectively
separates the vortex air from mid-latitude air. Mixing within the vortex air mass produces a
compact ozone-tracer relation in the vortex (Figure 3.1). At this point in time, a reference
relation for the ozone-tracer relation, referred to as the “early winter reference function”,
should be derived. Ideally, the relation is determined at a time before chlorine is activated by
heterogeneous reactions on PSCs and before ozone has changed chemically. This reference
relation is empirically determined as a polynomial fit through the available ozone-tracer data
in the early vortex that describes ozone as a function of the measured tracer (e.g., Miiller
et al., 1996; Tilmes et al., 2004); this is the first step in deriving chemical loss.

In cold Arctic winters, a beginning chemical ozone loss first becomes noticeable at greater
altitudes (~500 K), as a deviation of the ozone-tracer relation from the reference, typically in
late January/early February in the Arctic (Tilmes et al., 2003b; Miiller et al., 2005). Towards
late winter, with solar illumination strongly increasing, the ozone loss accelerates. Thus, in
early spring, the signal of accumulated ozone loss is very pronounced in the ozone-tracer
relation (Figure 3.1, bottom panel).
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Figure 3.2: Vertical profile in the vortex core of measured ozone for the period 11-14 March 2000
(red symbols), proxy ozone O3 calculated from an early winter reference function (green symbols),
and of chemical ozone loss (black symbols). Chemical ozone loss is calculated as the difference
between proxy ozone (53 and measured ozone. (Figure adapted from Miiller et al., 2002; Tilmes,
2004).

To quantify chemical ozone loss from ozone-tracer relations, a proxy for the ozone mix-
ing ratio under chemically unperturbed conditions (O3, green symbols in Figure 3.2) is
computed by combining the tracer measurements in March with the reference relationship.
Thus, O3 describes the ozone mixing ratio that would be expected in the vortex in early
spring in the absence of chemical change (e.g., Miiller et al., 1996; Tilmes et al., 2004).

The vertical profile of this proxy is compared with the measured vertical distribution



48 Quantifying Polar Ozone Loss from Ozone-Tracer Relations

of ozone mixing ratios (red symbols in Figure 3.2) in the vortex in spring, the difference
between the proxy ozone and the measured ozone is the chemical ozone loss (black symbols
in Figure 3.2). Integrating in the vertical over the ozone loss profile yields the chemical loss
in column ozone (see Appendix B for details).
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3.2 Reference Ozone-Tracer Relations in the ‘Early’
Polar Vortex

3.2.1 Reference Relations Constructed from Mixing Lines
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Figure 3.3: Reference relations for the ozone-methane relation in the early vortex in winter
1992/1993 from HALOE (Russell et al., 1993) and ATMOS (Michelsen et al., 1998). The black
line shows the reference relation deduced from HALOE measurements in November 1992 in the
early vortex, the dotted lines give the range of uncertainty (Tilmes et al., 2004). The yellow line
shows the ‘mixing line’ reference estimated by Michelsen et al. (1998) based on ATMOS measure-
ments, and the solid blue line shows the out-of-vortex, high latitude (63°N-69°N), reference based
on ATMOS measurements from 8-16 April 1993 (Michelsen et al., 1998). The ATMOS relations
were converted from a N,O-O3 relation to a CH4-O3 relation using the reported ATMOS CH4-N,O
relation (Michelsen et al., 1998). Further shown are HALOE measurements inside the vortex in late
March (purple diamonds), early April (orange diamonds), and late April 1993 (red diamonds). The
blue diamonds indicate HALOE measurements in April 1993 in high latitudes outside the vortex.
(Figure adapted from Miiller et al., 2005).

Michelsen et al. (1998) analysed observations of ozone and N,O made by the space
shuttle experiment ATMOS (Atmospheric Trace Molecule Spectroscopy) in the Arctic in
March/April 1993. By considering the O3-N,O relationship they found that, on the same
N,O level, much lower (~50-60%) ozone mixing ratios are observed inside compared to
outside the polar vortex. Michelsen et al. (1998) interpret this difference between the out-
of-vortex reference (blue line in Figure 3.3) and the measurements inside the vortex as a
signature of chemical ozone loss, but emphasise that chemical effects are unlikely to ac-
count for the entire difference. They also construct an alternative reference (the yellow line
in their Plate 4a, see also Figure 3.3) for the O3-N,O relation by deducing mixing through
considering the N»O-CHy tracer space. This line is constructed as a mixing line for a single
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mixing event (e.g., Plumb, 2007). However, it is unlikely that mixing of air between the two
end-points of the mixing line separated by ~25km in altitude for an out-of-vortex profile
(Michelsen et al., 1998, Plate 3) actually occurred in reality. Thus, this line should only be
seen as an approximation to a reference relation that would develop by continuous mixing.

Comparing this reference with the March/April 1993 vortex observations from ATMOS,
Michelsen et al. (1998) deduced only half of the ozone deficit that they deduced from an out-
of-vortex reference. This finding is sometimes erroneously generalised to cases (e.g., Miiller
et al., 1996; Salawitch et al., 2002; Tilmes et al., 2004; Miiller et al., 2007) where ozone-
tracer relationships in the late vortex are compared with an early vortex reference (that is,
a reference derived from observations made inside the vortex at a time before chemical
ozone loss occurs) to deduce chemical ozone loss. Out-of-vortex ozone-tracer relations are
characterised by greater ozone mixing ratios for a given tracer value than vortex relations
(Proffitt et al., 1993; Miiller et al., 2001; Tilmes et al., 2004). Therefore, it is incorrect to
interpret the findings of Michelsen et al. (1998) to mean that “mixing could produce about
half the changes in the O3-N,O relation” as it is stated, for example, by Plumb et al. (2000).

In Figure 3.3, we compare the out-of-vortex measurements from ATMOS in April 1993
(blue line), the Michelsen et al. (1998) ‘mixing reference’ (the yellow line in their Plate4a
shown here again as a yellow line) and the early vortex reference derived from HALOE
early vortex measurements in 1992 (Tilmes et al., 2004, black line). Obviously, the latter
reference and the best reference (yellow line) suggested by Michelsen et al. (1998) are in
reasonable agreement. Certainly, they are closer to each other than any of them to the out-
of-vortex ATMOS measurements. Therefore, ozone loss estimates deduced from these two
references will be rather similar. Using the early vortex reference from Tilmes et al. (2004)
yields an ozone loss of 117 4+ 17 DU for April 1993 in the altitude range 380-550 K (cor-
responding to 1.4 ppm < CHy4 < 0.5 ppm) whereas employing the ‘mixing line reference’
from Michelsen et al. (1998) yields an ozone loss of 98 DU: that is, only 16% less ozone
loss than that obtained from the Tilmes et al. (2004) reference. Nonetheless, long-range (in
tracer space) mixing lines can only yield an approximation to the atmospheric conditions.
Therefore, if used as reference relations for ozone loss estimates, mixing line references
will be associated with a greater uncertainty than an early vortex reference deduced from
measurements.

Note that the HALOE measurements between late March and late April 1993 in the polar
vortex (Figure 3.3) show a compact relation, clearly distinct from any of the reference rela-
tions. These HALOE measurements are rather similar to the ATMOS vortex observations
in April 1993 (Plumb et al., 2000). The out-of-vortex HALOE observations at 71°N (blue
diamonds in Figure 3.3) in April 1993 are comparable to the ATMOS out-of-vortex data.

3.2.2 Representation of Ozone-Tracer Reference Relations in
Models

While classical two-dimensional models have been used in the past to study tracer-tracer
relations (Plumb and Ko, 1992; Proffitt et al., 1992), today three-dimensional models are
available for the simulation of transport and chemistry in the stratosphere. A particular
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advantage of three-dimensional models is that transport barriers in the stratosphere can be
better represented than in two-dimensional models. The most important stratospheric trans-
port barriers, the polar vortex edge and the subtropical barrier, are essential for the formation
of different compact tracer-tracer relations in the stratosphere (e.g., Michelsen et al., 1998;
Plumb, 2002; Proffitt et al., 2003).

Nevertheless, even state-of-the-art three-dimensional models will misrepresent transport,
and thus tracer-tracer relations, in some way. Depending on the numerical advection scheme
employed, transport errors are introduced through numerical diffusion and dispersion (e.g.,
Rood, 1987; Miiller, 1992). Dispersion errors that arise particularly strongly in centred
difference and in spectral schemes may lead to spurious scatter in simulations of nonlinear
tracer-tracer relationships (Thuburn and MclIntyre, 1997).

Three-dimensional Eulerian models

Sankey and Shepherd (2003) presented a thorough investigation of tracer relations in the
stratosphere using the Canadian Middle Atmosphere Model version 7 (CMAM); they ap-
plied a number of observed tracer-tracer relations to validate the model results. The model
utilises a (T32) spectral transport scheme with 50 layers in the vertical and a ~ 3km ver-
tical resolution in the middle atmosphere. The vertical diffusion coefficient K, is set to
1 m2s~—!. In the model simulations, distinct tracer-tracer relations develop in the tropics, the
mid-latitude surf zone, and in the Antarctic winter vortex in accordance with observations
(e.g., Michelsen et al., 1998; Ray et al., 2002; Proffitt et al., 2003) and with the theoretical
arguments of Plumb (2002, 2007).

However, the model is incapable of producing a strong polar vortex in the Arctic; “there
is virtually no barrier at all in the CMAM Arctic vortex” (Sankey and Shepherd, 2003). A
transport barrier at the Arctic vortex edge (together with rapid mixing within the vortex)
is the reason why compact tracer-tracer relations develop inside the polar vortex that are
distinct from the tracer-tracer relations outside the vortex (e.g., Plumb, 2002, 2007). The
segregation between compact tracer-tracer relationships inside and outside the vortex has
been observed on many occasions (e.g., Proffitt et al., 1993; Michelsen et al., 1998; Miiller
et al., 1999; Ray et al., 2002; Tilmes et al., 2003b, 2006c¢).

The existence of such a segregation and of a transport barrier at the edge of the Arctic
vortex is the central assumption for applying ozone-tracer relations for deducing chemical
ozone loss inside the vortex (e.g., Miiller et al., 1996; Tilmes, 2004; Miiller et al., 2005).
Thus, the fact that based on CMAM data using this methodology it would be impossible
to deduce chemical ozone loss in the Arctic vortex (Sankey and Shepherd, 2003) is due to
the lack of a transport barrier at the edge of the Arctic vortex in CMAM. Indeed, in the
CMAM Antarctic vortex, for which a transport barrier is simulated, a compact ozone-tracer
relation develops in the model. In CMAM it takes months for the compact correlation to
develop; a truly compact correlation is established in August. A recent analysis of ILAS II
measurements in Antarctic winter 2003 indicates that a compact relation had developed by
the end of June (Tilmes et al., 2006b,c). Moreover, the fact that the simulated ozone-tracer
relation in the Antarctic vortex in CMAM does not resemble measurements by HALOE,
ATMOS, and ILAS II (Miiller et al., 1996; Michelsen et al., 1998; Tilmes et al., 2006c¢) is
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Figure 3.4: The ozone-methane relation in the northern hemisphere in January 1992. Shown are
HALOE observations for the altitude range 10-100hPa for the period 10 to 14 January 1992. The
observations were made at equivalent latitudes of 25°—40°N (purple symbols), 40°-50°N (green
symbols), 50°-60°N (blue symbols), 60°-65°N (red symbols). The black diamonds are observations
inside the polar vortex according to the potential vorticity criterion of Tilmes (2004). The grey
shaded area shows the range of CMAM model results for the vortex in a simulated January (Sankey
and Shepherd, 2003). (The vortex is defined for the model results as potential vorticity greater than
400 PVU at 10 hPa) (Figure adapted from Miiller et al., 2005).

most likely caused by an underestimate of halogen-catalysed ozone depletion in the CMAM
Antarctic vortex.

Sankey and Shepherd (2003) raised the question of whether, given limited observations
at a particular latitude, one could be under the false impression that a compact ozone-tracer
relation exists, when in reality this is not the case. To illustrate their point, they consider
(their Figure 19) CMAM data for the O3-CHy relation inside the polar vortex for 1 January.
(The vortex being defined as a column of air with potential vorticity greater than 400 PVU
at 10 hPa, D. Sankey, pers. comm.). The CMAM model vortex is then sampled at the actual
locations of HALOE measurements in January 1992. Due to the HALOE measurement
geometry, these measurement locations intercept the CMAM vortex only very rarely. The
CMAM 03-CHy values at the HALOE measurement locations form a compact relation for
CH4 lower than ~ 1.3 ppm; for CH4 greater than ~ 1.3 ppm, the CMAM O3 values at the
HALOE measurement locations show some scatter, albeit less scatter than all the CMAM
vortex model points (Sankey and Shepherd, 2003). That is, if the real atmosphere were as
simulated by CMAM, and had HALOE observed that model atmosphere during January
1992 the apparent correlation would have been the result of insufficient sampling. This
thought experiment indicates the possible existence of a problem (Sankey and Shepherd,
2003).
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To address the question whether such a problem might exist for conditions in the early
polar vortex in the Arctic, we consider the actual HALOE measurements in mid January
1992 (Figure 3.4) colour-coded according to equivalent latitude. Based on the selection
criteria of Tilmes et al. (2004), three HALOE measurements (black symbols in Figure 3.4)
are located in the polar vortex in January 1992. These profiles show a rather compact O3-
CHj relation, clearly more compact than the CMAM relation at the location of the HALOE
measurements. An exception is the measurements at top altitudes that show characteris-
tics of outside vortex air. The O3-CHy relation for outside vortex, mid-latitude air shows
considerable scatter, but always greater ozone values than the vortex air.

Further, measurements of the ILAS instrument (Sasano et al., 1999), which provides a
very good coverage of the polar area in winter 1996-97, demonstrate that a compact ozone-
tracer relation develops in the Arctic vortex which is clearly separated from the out-of-vortex
relation (Tilmes et al., 2003b). The ILAS Arctic vortex measurements show no indication of
a variability of the ozone-tracer relation resembling that in the CMAM model vortex. Also,
HALOE measurements of the early spring vortex in years when HALOE provides a good
coverage of the polar area (e.g., early April 1992, 1995, 1996) show compact relations of
both HCl and ozone with long-lived tracers (Miiller et al., 1996; Tilmes et al., 2004).

In summary, the lack of a compact O3-CHy relationship in the CMAM is caused by a
model deficiency in the CMAM version 7, namely a too leaky (and too warm) vortex. This
deficiency has been rectified in the the most recent CMAM version 8 by reducing the critical
inverse Froude number used to define wave breaking in the orographic gravity wave drag
parameterisation (Hegglin and Shepherd, 2007). This problem of the model simulating
the transport barrier at the Arctic vortex edge could lead to the conclusion that compact
correlations in the vortex may be erroneous due to insufficient sampling of the vortex air-
mass when in reality no compact relation exits (Sankey and Shepherd, 2003). However,
there is no evidence from measurements in the polar regions that such a problem occurs in
reality.

Three-dimensional Lagrangian models

In the Chemical Lagrangian Model of the Stratosphere (CLaMS, McKenna et al., 2002b,a)
advection and mixing are represented in a way that is very different from the transport
schemes employed in Eulerian models. The mixing intensity in CLaMS can be controlled
and is anisotropic in space and time (McKenna et al., 2002b; Konopka et al., 2004, 2005b,
2007b). Owing to these features, transport barriers can be represented particularly well in
CLaMS.

For Arctic winter 2002/2003, a CLaMS calculation was performed describing the devel-
opment over the course of the winter of passive ozone (Ogass) and CHy, both treated as
pure transport quantities. The probability distribution function (PDF) for O5"* and CH4 on
11 January 2003 shows that a clear separation between mid-latitude and vortex air masses
develops in the model (Figure 3.5); shown are all CLaMS model points poleward of an
equivalent latitude of 40°N between the 350 K and 700 K isentropes.

These CLaMS results suggest that in early January a transport barrier has formed in the
model at the edge of the polar vortex leading to a separation between inside and outside
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Figure 3.5: The relation of passive ozone (Ogass) and CH4 on 11 January 2003 from model simula-

tions of the Chemical Lagrangian Model of the Stratosphere (CLaMS). Shown are all CLaMS model
points poleward of an equivalent latitude of 40°N between the 350 K and 700 K isentropes. The
colour scale shows the probability distribution function (PDF) of O™ and CHy; reference relations
for vortex air and mid-latitude air are shown as thick grey lines. For comparison, an early vortex
reference relation (Tilmes et al., 2003a) deduced from MKIV measurements on 16 December 2002
is also shown (black dashed-dotted line). Also shown are approximate isolines of selected potential
temperature levels. PDFs and potential temperature isolines were calculated for Ogass and CH4 bin
sizes of 0.05 ppm and 0.25 ppm, respectively. (Figure adapted from Miiller et al., 2005).

tracer relations. Further, by that time, mixing within the vortex has homogenised the vortex
air mass resulting in a compact ozone-tracer relation in the vortex.
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3.3 Impact of Mixing on Ozone-Tracer Relations in
the Polar Vortex

3.3.1 Impact of Cross Vortex Edge Mixing on Ozone-Tracer
Relations in the Vortex

Mixing across the vortex edge is usually non-local in tracer-tracer space and thus has the
potential to alter tracer-tracer relations. The ozone-tracer relation shows greater ozone mix-
ing ratios outside the vortex than inside (e.g., Proffitt et al., 1993; Miiller et al., 2001; Rex
et al., 2002; Jost et al., 2002; Tilmes et al., 2004; Plumb, 2007), and mixing lines connect-
ing inside and outside vortex air masses are thus expected to lie between the inside and the
outside vortex ozone-tracer relation (Miiller et al., 2001, 2005)

Observations of mixing across the vortex edge
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Figure 3.6: The O3/N;O relation from measurements during winter 1999/2000. The black symbols
show measurements by the MKIV instrument (Toon et al., 1999) on 3 December 1999. The coloured
symbols show measurements from the NASA-ER?2 aircraft on 23 January 2000 (green), 7 March
2000 (blue), and 11 March 2000 (red). Ozone measurements were made with a UV-photometer
(Proffitt and McLaughlin, 1983), the N,O measurements by an in situ gas chromatograph (Elkins
et al., 1996) (small black symbols) or from the ALIAS (Webster et al., 1994, 23. 1.) and Argus
(Loewenstein et al., 2002, 3. and 11. 3.) instruments (Figure taken from Miiller et al., 2005).

Based on high altitude aircraft measurements in the Arctic in early 2000, Rex et al. (2002)
and Jost et al. (2002) demonstrated that mixing across the vortex edge leads to an increase in
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the mixing ratio of ozone for a given value of N,O. Moreover, Rex et al. (2002) and Ray et al.
(2002) emphasise that although in this winter mixing lines were observed, entrainment of
extra-vortex air did not significantly alter the composition of the vortex air between January
and March 2000. Figure 3.6 shows an example of measurements of such mixing lines
between vortex air, depleted in ozone, and outside-vortex air. The vortex air is characterised
on 23 January 2000 by ozone mixing ratios up to about 2.5 ppm (green symbols), on 7 March
2000 by ozone mixing ratios up to about 1.7 ppm (blue symbols), and on 11 March 2000 by
ozone mixing ratios of about 1.2 ppm. Clearly noticeable are the mixing lines towards air
with greater ozone and greater N, O mixing ratios, that is air of mid-latitude characteristics.
Clearly, there is no evidence of measurements being located on the concave, ‘low ozone’
side of the reference curve.

Under conditions arising when the transport barrier at the edge of the vortex is weak, mix-
ing is expected to noticeably influence the ozone-tracer relation inside the vortex. According
to the arguments above, ozone would be expected to increase for a given tracer mixing ratio.
This effect was indeed observed by the ILAS instrument in winter 1996-1997 (Tilmes et al.,
2003b). In this winter, the vortex was perturbed by a stratospheric warming in early win-
ter and therefore the vortex edge was permeable until late December. ILAS provided good
coverage of the Arctic polar region in winter 1996-1997 covering a latitude range between
55°-77°N and measuring about fourteen profiles per day. These measurements show (see
Figure 7 in Tilmes et al., 2003b) that inside the vortex ozone increased at a given N, O level
in December (when the vortex was still relatively weak) and that a compact O3/N,O relation
was established by early January (when a strong vortex had formed).

Mixing across the vortex edge is likewise important for establishing the ozone tracer re-
lation in the very early, incipient vortex. The air in high latitudes in autumn, from which the
polar vortex forms, is characterised by low ozone mixing ratios, a remainder of summertime
ozone loss. Because the transport barrier of the incipient vortex, while being established,
is still somewhat permeable, ozone-rich, mid-latitude air is mixed into the vortex. In this
way, the ozone-tracer relation in the vortex recovers from summertime ozone loss. This
process was first noted by Proffitt et al. (1992) and analysed in detail based on ILAS II
measurements in the high latitudes of both hemispheres by Tilmes et al. (2006b).

Cross vortex edge mixing in conceptual models

Plumb et al. (2000) presented a conceptual model a simple advective diffusive model in
cylindrical geometry to describe the impact of mixing on tracer-tracer relations. In their
model, they simulate the effect of mixing on the relationship of two artificial tracers }; and
X2 that are designed to resemble N>O and NO,. The relation of x; and ) is the same on
both sides of a transport barrier that represents the vortex edge in the model. The typical
time scale T for the model is the lifetime of the vortex, say four months or ~ 107 s, and
the typical horizontal length scale L is from the pole to the subtropical transport barrier,
say ~ 7-10°m. The dimensionless diffusivity in the vortex edge region is chosen to be
K = 0.05 by Plumb et al. (2000). If this dimensionless diffusivity is converted to a dimen-
sioned diffusivity D, where D = (K - L?)/T, one obtains D ~ 3-10° m?> s~!. This value may
be compared with effective atmospheric diffusivities deduced from aircraft measurements
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Derr=5-103m? s~ ! (Waugh et al., 1997) or diffusivities (D = 1.1-10°> m? s~!) employed in
the chemical transport model CLaMS for reproducing observed filamentary tracer structures
at the polar vortex edge (Konopka et al., 2003). That means the cross vortex edge diffusivity
is likely to be substantially greater in the Plumb et al. (2000) conceptual model than in the
stratosphere. Therefore, conclusions based on the results of this conceptual model cannot
be directly transferred to stratospheric conditions.

A further caveat for the application of conclusions from this conceptual model to the
behaviour of ozone-tracer relations in the stratospheric polar vortex is that Plumb et al.
(2000) assume the same tracer-tracer relation inside and outside the vortex; an assumption
that is not valid for the ozone-tracer relation in the polar region (e.g., Proffitt et al., 1992;
Miiller et al., 1996; Plumb, 2007, see also discussion below).

Cross vortex mixing in Lagrangian chemical transport models

Konopka et al. (2004, 2005a,b) have shown that in the Lagrangian model CLaMS rather
little exchange occurs across the polar vortex edge as long as a stable vortex exists. If
exchange occurs, air masses will mix approximately along isentropic surfaces leading to an
increase of ozone mixing ratios with respect to the vortex reference relation (Figure 3.5).
However, the lower the potential temperature level at which the mixing occurs, the smaller
is the deviation of the isentropic surfaces from the vortex reference relation in ozone-tracer
space (Figure 3.5). That means the lower down in the vortex mixing occurs, the smaller the
impact of mixing events is on the ozone tracer relation.

3.3.2 Impact of Differential Descent in the Vortex on Tracer
Relations

Differential descent of air masses within an otherwise isolated polar vortex may impact
non-linear tracer-tracer relations for the vortex (Ray et al., 2002; Salawitch et al., 2002).
Potentially, this mechanism could have an influence on ozone loss estimates deduced using
ozone-tracer correlations.

Here, a rather simple calculation is conducted to assess the impact of differential descent
on ozone-tracer relationships in the polar vortex. We consider idealised conditions: the vor-
tex is described by a single column of air; the vertical coordinate being potential temperature
0. In a given time step At the main vortex air mass descends by A8, with a fraction o of
the vortex air mass assumed to be descending (unmixed) by 6A0 with 6 > 1. The vortex air
mass is then assumed to be immediately homogenised by horizontal mixing. This procedure
is repeated n times with the intention of approximately describing the development of the
vortex over a winter season.

For the vortex air mass, typical vertical profiles of ozone and N,O are prescribed as
initial conditions, resulting in an initial O3/N,O relation in the polar vortex (solid black line
in Figure 3.7). The change of this initial O3/N;O relation due to the action of differential
descent and subsequent mixing in the vortex can then be followed. In Figure 3.7, this change
is shown for a rather extreme case, where A@ = 5K, o¢ = 0.33, 6 = 2 (that is, one third of
the vortex air mass descends twice as far as the remaining two thirds) and the number of
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Figure 3.7: The impact of differential descent on the O3/N,O relation in the vortex from an idealised
calculation. The solid black line shows the initial O3/N,O relation, the red line the O3/N,O relation
after 20 iterations of differential descent. It is assumed that one third of the vortex air mass descends
twice as far as the rest of the vortex air mass, followed by instantaneous horizontal mixing (see text
for details). The dotted green lines show the gradual change of the O3/N;O relation with each time
step. (Figure taken from Miiller et al., 2005).

time steps n = 20. Obviously, even for such conditions, the O3/N,O relation is rather little
affected by the effect of differential descent.

Ozone-tracer relations were used to calculate a proxy ozone profile from a tracer profile
in late winter early spring. If the two relations shown in Figure 3.7 are used to deduce proxy
ozone profiles from a late winter vortex tracer profile characterised by vertical descent, the
column ozone corresponding to these profiles differs by only ~ 2.5 DU. In a scenario that is
perhaps slightly more realistic, where AG = 2K, a = 0.33, § = 1.5 and the number of time
steps n = 50, the corresponding difference in column ozone is less than 1 DU; the maximum
change of ozone for a given tracer value due to differential descent and subsequent mixing
under these conditions is ~ 50 ppb.

This means that the contribution of the effect of differential descent to the overall uncer-
tainty in the deduced chemical loss will be small. Given the magnitude of other sources of
uncertainty, the contribution from differential descent is very likely to be insignificant. This
finding corroborates the conclusions of Ray et al. (2002) and Salawitch et al. (2002) who
report, based on balloon measurements in winter 1999-2000, that the effect of differential
descent increased the uncertainty of column ozone loss estimates by ~3-4%.
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3.3.3 Can Mixing in the Arctic Vortex ‘Mimic’ Chemical Ozone
Loss?

In a recent paper, Muscari et al. (2007) present measurements of stratospheric constituents in
Arctic winter 2001/2002 from mid-January to early March that were obtained by the ground-
based millimetre-wave spectrometer (GBMS) and a Lidar system working concurrently at
Thule, Greenland (76.5°N, 68.7°W). Among the recent Arctic winters, winter 2001/2002 is
one of the warmest on record (e.g., Tilmes et al., 2004; Manney et al., 2005; Rex et al., 2006).
Using the GBMS stratospheric O3, CO, N,O, and HNO3 measurements together with Li-
dar temperature observations, Muscari et al. (2007) characterise the polar stratosphere over
Thule in the altitude range between ~17-45 km.

Here statements by Muscari et al. (2007) are discussed that focus on the lower strato-
sphere: “...using correlations between GBMS O3 and N, O mixing ratios, in early February
a large ozone deficiency owing to local ozone loss is noted inside the vortex. GBMS O3-
N,O correlations suggest that isentropic transport brought a O3 deficit also to regions near
the vortex edge, where transport most likely mimicked local ozone loss”.

Firstly, possible uncertainties are discussed in the way the chemical ozone loss is derived
by Muscari et al. (2007) due to the selection criteria used to sort GBMS profiles into dif-
ferent vortex regions. Secondly, assuming the deduced ozone loss values to be correct, it is
shown that they are difficult to reconcile with the current understanding of chemical ozone
depletion in the polar stratosphere in winter and spring (Solomon, 1999; WMO, 2007).

To distinguish between data points inside, outside, and at the edge of the polar vortex,
Muscari et al. (2007) use GBMS N,O measurements instead of considering meteorologi-
cal fields such as potential vorticity gradients and horizontal wind speed (e.g., Nash et al.,
1996; Bodeker et al., 2001; Tilmes et al., 2006b; Manney et al., 2007). The authors state
that they “trust the GBMS N,O observations (O3 and N,O measurements were carried out
within a total of 4 to 5 hours) more than the temporally and spatially coarser Potential Vor-
ticity data analysis”. Indeed, Greenblatt et al. (2002) developed a technique to accurately
determine the edge of the polar vortex from in situ (aircraft and balloon) measurements of
a long-lived trace gas like N>O. They find that for high-resolution aircraft data, a poten-
tial vorticity analysis may misidentify the inner edge by more than 400 km. However, the
GBMS measurements have a much coarser spatial and temporal resolution than the in situ
data employed by Greenblatt et al. (2002). Although the width of the instantaneous field of
view of the GBMS is ~10 km in the lower stratosphere, the integration time of the measure-
ments (~ 1.5 hours for O3, ~ 3 hours for N,O) means that the GBMS samples an air mass of
a certain horizontal extent. Assuming wind speeds of 20-40 km/h at 10 hPa, Muscari et al.
(2007) estimate an effective horizontal resolution of 90-180 km. Considering typical wind
speeds for the lower polar stratosphere at approximately 480 K (e.g., Chan et al., 1990) to be
between 40 km/h (vortex core) and 180 km/h (towards the vortex edge) results in a conserva-
tive estimate for the horizontal resolution ranging between 180 km and 810 km, a range that
includes earlier estimates for GBMS measurements of a single species (about 200-300 km,
Muscari et al., 2002). The vertical resolution of the GBMS is about 7 km in the Arctic lower
stratosphere (Muscari et al., 2007). Current meteorological analyses reach higher spatial
resolution, for example in 2000 the European Centre for Medium-Range Weather Forecasts
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(ECMWEF) introduced a T511/L60 system with a horizontal resolution of about 40 x 40 km
and a vertical resolution of about 1 km in the upper troposphere and lower stratosphere (e.g.,
Jung and Leutbecher, 2007).

An appropriate criterion for determining whether profiles are measured inside or out-
side the vortex is essential for applying ozone-tracer relations to calculate polar ozone loss
because the characteristics of air outside the vortex are very different from vortex air (Chap-
ter 3). A criterion that leads to using a mixture of profiles measured inside and outside the
vortex could cause the chemical ozone loss in the vortex to be underestimated (Tilmes et al.,
2004).

Next, the chemical ozone loss in Arctic winter 2001/2002 is discussed. Based on correla-
tions between GBMS O3 and N,O mixing ratios, Muscari et al. (2007) report large chemical
ozone loss values for early February in the polar vortex. The ozone deficiency reported is
~1.5ppm at 480 K (40 ppb N,O) for the vortex core. A chemical ozone loss of this mag-
nitude differs from the ozone loss values deduced from ozone tracer (HF) relations in this
winter measured by HALOE. Tilmes et al. (2004) report for March 2002 a maximum local
loss of 0.5 £0.2 ppm, a vortex average column ozone loss of 12+ 10DU, and very little
(5 £10DU) ozone loss in the vortex core. Goutail et al. (2005), based on SAOZ (Systeme
d’ Analyse par Observation Zénithale) measurements, report an Arctic column ozone deficit
of 10% for the end of March 2002, but the ozone deficit in mid-January is only about 5%.
There are observations (e.g., Tilmes et al., 2004; Rex et al., 2004) of an accumulated chem-
ical ozone loss in the lower stratosphere reaching and exceeding 1.5 ppm, but only for late
winter (that is for “established ozone loss” conditions) and only for much colder winters
than 2001/2002 (e.g., 1995/1996 or 1999/2000). For comparison, the accumulated column
ozone loss reported by Goutail et al. (2005) is 30% for 1995-1996 and 23% for 1999-2000.

Because in winter 2001/2002 the last polar stratospheric clouds were observed in mid-
January and no enhancement of ClO was detected by Odin/SMR after 8 January, Muscari
et al. (2007) concluded that the ozone deficiency deduced from the GBMS measurements in
early February (~ 1.5 ppm) was caused by chemical loss in the first half of January. They
state that “because of the long lifetime of ozone in the lower stratosphere, the deficiency
could have persisted at least until the beginning of February...”. Indeed, the rate of pho-
tochemical ozone production in the polar lower stratosphere in spring is slow (and zero in
complete darkness). Therefore, it is highly likely that the chemical ozone loss occurring
in early January is still clearly detectable a few weeks later. Nevertheless, mixing between
air masses which have been subject to chemical loss and surrounding air masses which are
richer in ozone would reduce the signature of ozone loss to a certain extent.

However, an accumulated chemical ozone loss of about 1.5 ppm in the lower stratosphere
between mid-December and mid-January 2002 means that ozone loss rates of ~ 50 ppb
per day were sustained for a month (and during a period of very low solar elevation in the
Arctic). For comparison, ozone loss rates of 50 ppb per day have been observed only on one
occasion to date, namely for about two weeks at the end of January 1992 (von der Gathen
etal., 1995; Rex et al., 1998). Loss rates of this magnitude are greater than can be currently
explained by model simulations (Becker et al., 1998; Rex et al., 2003).

Moreover, for the vortex edge region at 480 K (at 120 ppb N,O), Muscari et al. (2007) find
a significant O3 deficit of about 1.2 ppm in late January to mid-February 2002. They offer
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as an explanation that air masses subject to strong ozone loss in the vortex core were mixed
with air masses in the vortex edge region, where chemical ozone loss is considered to be
unlikely. Muscari et al. (2007) state that “transport brought a O3 deficit also to regions near
the vortex edge, where transport most likely mimicked local ozone loss”. It is important
to note that through the mixing of vortex core and vortex edge air masses, the apparent
ozone loss in the vortex core air is reduced at the same time when the signature of chemical
ozone loss is exported from the core to the vortex edge. (See also Lemmen et al., 2006b,
for a detailed discussion of the impact of different mixing scenarios on an ozone-tracer
relation in the vortex showing significant ozone loss). Further, because the polar isentropic
tracer gradient between the vortex core and the vortex edge is rather small up to a few
degrees from the vortex edge (e.g., Loewenstein et al., 1990; Manney et al., 1999; Riese
et al., 2002; Manney et al., 2006; Tilmes et al., 2006b), mixing between core and edge
air masses will occur for roughly constant tracer values. Therefore, relative to the ‘early
vortex reference’, the mixed air parcel will show approximately the same ozone loss as
the mean of the two original air parcels. Thus, the vortex average chemical ozone loss is
not changed significantly by mixing between vortex core and vortex edge air masses. This
process, therefore, cannot lead to an overestimation of chemical ozone loss. A clearer, more
appropriate description of such conditions would be to say that ozone loss is homogenised
in the vortex.

A homogenisation of the ozone loss signal in the vortex was observed in winter 1996—
1997. In March 1997, ozone loss in the vortex was strongly inhomogeneous, as was no-
ticeable both in observations and simulations (Schulz et al., 2000; McKenna et al., 2002a;
Tilmes et al., 2003b). The ozone-tracer relation in March was not compact for a chemical
reason, namely stronger chemical ozone loss in the vortex core than at the edge of the vor-
tex (McKenna et al., 2002a; Tilmes et al., 2003b). In early May 1997, compact ozone-tracer
relations were observed again in the remaining vortex indicating that mixing in the vortex
had, by that time, again homogenised the vortex air mass and thus the ozone loss signal.

Muscari et al. (2007) emphasise that chemical ozone loss in Arctic winter 2001/2002
must have taken place in a limited region of the vortex. However, none of the six vortex ob-
servations or the four vortex edge observations by the GBMS instrument (with a horizontal
resolution ranging between 180 km and 810 km) in early 2002 sampled air masses that were
not affected by chemical loss.

In summary, the magnitude of Arctic ozone loss and the implied ozone loss rates reported
by Muscari et al. (2007) are very difficult to reconcile with the current understanding of
polar ozone chemistry (e.g., Solomon, 1999; WMO, 2007). This point was also made in a
comment (Miiller and Tilmes, 2008) on the paper by Muscari et al. (2007). In a reply to this
comment, Muscari and de Zafra reported on reanalysed data that result in lower ozone loss
estimates, which even become negligible in some cases (Muscari and de Zafra, 2008).

However, the conclusion by Muscari et al. (2007) is supported to the extent that if no-
ticeable chemical ozone loss occurred in the polar vortex in 2001/2002, it can only have
occurred locally in restricted areas of the vortex. Therefore, their findings do not cast doubt
upon the notion that the average chemical ozone loss in the Arctic vortex shows a very close
relation to temperature conditions and thus to the potential for chlorine activation in the
Arctic vortex (e.g., Rex et al., 2004, 2006; Tilmes et al., 2006a, 2008b; WMO, 2007).
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3.4 Impact of Mesospheric Intrusions on
Ozone-Tracer Relations in the Stratospheric
Polar Vortex

The question of the extent to which mixing across the vortex edge (Michelsen et al., 1998;
Plumb et al., 2000) or differential descent with subsequent mixing within the vortex (Salaw-
itch et al., 2002) may impact ozone—tracer relations in the vortex was discussed in detail in
Section 3.3.

Another potential problem of the ozone-tracer relation method was raised by Engel et al.
(2006), namely the question of whether the presence of a substantial amount of mesospheric
air in the polar vortex may impact the uncertainty of estimates of chemical polar ozone loss
based on ozone-tracer relations. Because ozone mixing ratios in the mesosphere (typi-
cally less than ~2 ppm, see Figures 2.2 and 2.3) are lower than those in the stratosphere,
mixing of mesospheric and lower stratospheric air could in principle impact ozone tracer
relations in a way that would lead to an overestimation of chemical ozone loss deduced
from tracer relations. Assuming that an intrusion of mesospheric air occurs in mid-winter

Ozone

Tracer

Figure 3.8: Schematic view of the impact of mixing between air of mesospheric origin (the meso-
spheric intrusion) and stratospheric air on ozone—tracer relations in the stratosphere for the hypothet-
ical (and unrealistic) case of downward transport of mesospheric ozone without chemical change.
The solid line indicates the ozone—tracer relation throughout the stratosphere and mesosphere for a
tracer with a tropospheric source (such as CH4 or N>O). The dotted lines indicate possible mixing
lines between stratospheric and mesospheric air masses at different altitudes. (Figure taken from
Miiller et al., 2007).

down to lower stratospheric altitudes and considering the hypothetical (and unrealistic) case
that mesospheric air mixes with air in the polar lower stratosphere without any chemical
change of the mesospheric ozone mixing ratio, the ozone—tracer relationship would be al-
tered; examples of the resulting mixing lines are shown (dotted lines) in the schematic view
in Figure 3.8. Mixing points deduced for this hypothetical case of downward transport of
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mesospheric ozone without chemical change lie below the stratospheric ozone—tracer rela-
tion; therefore, in principle, mixing between stratospheric and mesospheric air could impact
ozone loss estimates based on ozone—tracer relations.

It has been known for a long time that in the mesosphere much higher mixing ratios of
CO prevail than in the stratosphere because at mesospheric heights COs is dissociated (Hays
and Olivero, 1970). The photochemical lifetime of CO in the mesosphere is sufficiently long
so that this species can be considered as an indicator of mesospheric air; it provides a good
tracer for testing mesospheric transport processes (e.g., Allen et al., 1981; Solomon et al.,
1985). In the polar region in winter, diabatic cooling occurs as sunlight recedes from the
polar region. This cooling results in strong diabatic descent in the polar region which draws
air from a large range of altitudes, including the entire depth of the mesosphere, down into
the polar stratosphere (e.g., Fisher et al., 1993). Particularly deep intrusions of mesospheric
air into the polar stratosphere have been observed on various occasions (e.g., Kouker et al.,
1995; Rinsland et al., 1999; Ray et al., 2002; Curtius et al., 2005; Engel et al., 2006; Randall
et al., 20006).

Here, following Miiller et al. (2007), the impact of intrusions of mesospheric air on the
ozone-tracer relation method is revisited considering ozone—tracer relations in the Arctic
winter 2002/2003, when an intrusion of mesospheric air into the stratosphere was observed
(Engel et al., 2006; Huret et al., 2006). During this winter, the polar vortex split twice into
two separate parts, from 19 to 21 January and again later between 16 and 21 February 2003
and, in both cases, was re-unified within a few days after the split. The vortex remained
compact during March and the first part of April, before it broke down in late April. Details
of the meteorological situation of this winter are described elsewhere (e.g., Tilmes et al.,
2003a; GrooB et al., 2005; Streibel et al., 2006; Giinther et al., 2008).

An intrusion of mesospheric air was clearly identified in early 2003 in the Arctic vortex by
strongly enhanced CO mixing ratios that were observed in a layer descending from ~30 km
in late January to ~25km by early March (Engel et al., 2006; Huret et al., 2006). This
mesospheric air was sampled again in the vortex in late March (Engel et al., 2006; Wetzel
et al., 2006). Strongly enhanced values of CO of mesospheric origin down to 30 km were
also observed in mid January 2003 by a ground-based millimetre-wave spectrometer (de
Zafra and Muscari, 2004). These observations are further consistent with CO measurements
from the MIPAS-Envisat instrument with a vertical resolution of ~8 km (Funke et al., 2006)
that show enhanced CO down to about 600 K in March 2003 (Konopka et al., 2007a). The
penetration of mesospheric air to lower altitudes in the Arctic in 2003, however, did not lead
to a noticeable enhancement of CO column densities (Velazco et al., 2007).

The impact of the mesospheric intrusion on stratospheric tracer-tracer relations in general
will be investigated below focusing on the question of whether mesospheric intrusions may
alter ozone-tracer relations in a way that might lead to an overestimate of chemical ozone
loss (Plumb et al., 2000; Engel et al., 2006).

3.4.1 Balloon-Borne Measurements in Arctic Winter 2002/2003

In Arctic winter 2002/2003, four balloon-borne measurements of the ozone—tracer relation
were made in the lower stratosphere (Tilmes et al., 2003a; Engel et al., 2006; Huret et al.,
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2006; Wetzel et al., 2006). Here this set of measurements is analysed focusing on the iden-
tification of air masses of mesospheric origin. This mesospheric air has ‘intruded’ into the
stratosphere meaning that the air above and below the layer of mesospheric air is ‘younger’
than the mesospheric air. However, mesospheric does not reach the stratosphere unmixed
and chemical change occurs during descent.

Mixing Patterns and Mesospheric Air in the SPIRALE Measurements on 21
January 2003
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Figure 3.9: The vertical profile of CO (top left panel), ozone (top right panel), methane (bottom
left panel), and N>O (bottom right panel) from the SPIRALE measurements on 21 January 2003.
The measurements are colour-coded according to altitude (see colour legend in top left panel). Air
masses that are most strongly influenced by mesospheric air (CO ranging between 570 and 584 ppb)
are marked by solid yellow circles. (Figure taken from Miiller et al., 2007).

On 21 January 2003, balloon-borne measurements of a variety of species were taken with
a very high vertical resolution by the SPIRALE experiment (Spectroscopie Infra-Rouge
par Absorption de Laser Embarqué, Huret et al., 2006). Here the mixing ratios of CO,
ozone, methane, and nitrous oxide are shown against potential temperature (Figure 3.9).
An intrusion of mesospheric air and the signature of mixing between (stratospheric) mid-
latitude air and mesospheric air within the polar vortex were clearly identified (Huret et al.,
2006). The mesospheric intrusion is most obvious as a layer with strongly enhanced CO
mixing ratios (Figure 3.9).
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Figure 3.10: The ozone-methane (top panel) and the methane—N,O relation (bottom panel) from
the SPIRALE measurements on 21 January 2003. The measurements are colour-coded according
to altitude as in Figure 3.9 (colour legend in bottom panel). Air masses that are most strongly
influenced by mesospheric air (CO ranging between 570 and 584 ppb) are marked by solid yellow
circles. Grey squares in the bottom panel show the BONBON measurements on 6 March 2003 that
are not influenced by mesospheric air. The solid grey line in the bottom panel indicates the methane-
N,O relation for mid-latitudes reported by Michelsen et al. (1998) adjusted to 2003 conditions by
increasing N,O by 2.3% and CHy by 3.2%. The solid black line in the top panel shows an early
vortex reference deduced from MkIV measurements on 16 December 2002 (Tilmes, 2004), dotted
lines show the uncertainty of the reference. (Figure taken from Miiller et al., 2007).
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The high vertical resolution of SPIRALE allows a detailed analysis of the complexity of
the mixing patterns. Below 700 K (blue symbols in Figures 3.9 and 3.10) the measurements
are taken within the polar vortex (sometimes close to the vortex edge). The CH4—N,O re-
lation measured by SPIRALE is a typical vortex relation, it agrees with earlier ATMOS
measurements (Michelsen et al., 1998) of this relation in the polar vortex (as was shown by
Huret et al., 2006) and with the BONBON measurements on 6 March 2003 that are not influ-
enced by mesospheric air (grey squares in Figure 3.10, bottom panel). The polar CH4—N,O
relation measured by SPIRALE is clearly distinct from a typical mid-latitude CH4—N,O
relation (grey line in Figure 3.10, bottom panel), consistent with the arguments of Plumb
(2007). Likewise, the ozone—methane relation below 700 K (blue symbols in Figure 3.10,
top panel) agrees with an early vortex reference deduced from MkIV measurements on 16
December 2002 (Tilmes, 2004).

In the layer between 700K and 740 K (green symbols in Figures 3.9 and 3.10), strato-
spheric vortex air is mixed with mid-latitude stratospheric air. CO mixing ratios in this
layer are relatively low, below 100 ppb (Figure 3.9). Mixing of vortex and out-of-vortex
air masses leads to mixing lines towards air with greater ozone and greater tracer mixing
ratios, i.e. air of mid-latitude characteristics (Section 3.3, see also Miiller et al., 2005). This
effect is clearly noticeable in the SPIRALE measurements of the ozone-methane relation
(Figure 3.10, top panel, green symbols). The effect of mixing is also noticeable in the CH4—
N, O relation (Figure 3.10, top panel); extrapolating the approximately linear mixing line
leads to a mid-latitude endpoint of ~0.85 ppm CHy4 and 70 ppb N;O.

Above 740 K, the mesospheric influence increases and CO mixing ratios exceed 100 ppb.
The layer between 740K and 790K (red symbols) consists of a mixture of mesospheric
air masses (characterised by large CO mixing ratios) with mid-latitude air (characterised
by larger tracer values). Both the layers between 700-740 K and 740-790K are strongly
mixed, as can be seen from the CH4—N;O relation that is practically linear in both cases
(Figure 3.10). However, the two mixing lines can be clearly distinguished, especially in
the ozone—CHy4 relation (Figure 3.10, top panel). Note that one BONBON data point (that
taken at 23.9 km, 598 K) is located on a mixing line, indicating that a mixed air mass was
sampled here as well. A similar case of mixing between vortex air and out-of-vortex air
masses leading to a linear CH4—N,O relation was reported by Rex et al. (1999) based on
high-altitude aircraft measurements in the Arctic on 26 April 1997.

The largest CO mixing ratios occur between 790 K and 850 K (purple symbols), which
indicates that this air mass is most strongly influenced by mesospheric air. The air masses
at the top of the SPIRALE profile, above 850 K (orange symbols), show lower CO mixing
ratios and therefore less mesospheric influence. Indeed the CH4—N,O relation of these air
masses becomes similar to the undisturbed vortex relation (blue symbols) again.

In Figure 3.10, it can be seen that the mixing lines in the air mass below the mesospheric
layer are much longer than those in the air mass above. A possible explanation is the fact
that the air mass below the mesospheric layer was mixed with mid-latitude air. In contrast,
the air mass above the mesospheric layer was mixed with vortex air with a different descent
rate (Huret et al., 2006). Therefore, the mixing line in the air mass below the mesospheric
layer ‘aims’ at an air mass farther away in tracer-tracer space.
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Mesospheric air in the MIPAS-B measurements on 20 March 2003
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Figure 3.11: The relation of NOy and N,O (thick black line and squares) from the MIPAS-B mea-
surements on 20 March 2003 in the polar vortex. Open squares indicate measurements (at 21-23 km)
taken in mesospheric air according to Engel et al. (2006); here the samples between 24—-27 km (solid
squares) are identified as of mesospheric origin (see text); the thick black line shows the measure-
ments below 24km. Also shown are: NOy—N>O from the MKIV measurement on 16 December
2002 (thick grey line), the NOy—N>O reference for mid-latitude conditions based on atmospheric
trace molecule spectroscopy (ATMOS) measurements reported by Sugita et al. (1998) (dashed black
line), and the NO,—N,O reference (dotted line) deduced for winter 2002/2003 by Groo8 et al. (2005).
(Figure taken from Miiller et al., 2007).

The MIPAS-B instrument (Friedl-Vallon et al., 2004) took measurements inside the po-
lar vortex on 20 March 2003. In a layer between 21-23 km, substantially greater amounts
of NOy (by ~30%) were found than predicted from a NOy—N;O reference for undisturbed
winter conditions, according to the MIPAS dataset analysed by (Engel et al., 2006). Pro-
duction of NO from Nj in the upper atmosphere may indeed lead to enhancement of NOy,
in the mesosphere and in the stratosphere (e.g., Strobel, 1971; Solomon et al., 1982; WMO,
2007). Therefore, Engel et al. (2006) attributed this enhanced NOy to enhanced NO in
mesospheric air and concluded that at ~22 km MIPAS-B had sampled the descending layer
of mesospheric air in the Arctic vortex in early 2003.

Here, reanalysed MIPAS-B data are considered that were produced with improved spec-
troscopic parameters (Rothman et al., 2005). (The vertical profiles of N,O, CHy, and ozone
are shown in Miiller et al. (2007)). The MIPAS NOy values changed significantly (by up
to 1 ppb) due to the improved spectroscopic parameters, so that it is not straightforward
to compare these data with previously reported NOy—N;O reference relations. Compared
to a NOy—N,O reference for mid-latitude conditions based on atmospheric trace molecule
spectroscopy (ATMOS) measurements reported by Sugita et al. (1998) (dashed black line
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in Figure 3.11), the NOy in the 21-23 km layer (open squares in Figure 3.11) on 20 March
2003 is somewhat enhanced.

However, the NOy measured by MIPAS-B on 20 March 2003 between 21-23 km is not
enhanced compared to the NOy—N,O relation from the MkIV measurement on 16 December
2002 (thick grey line in Figure 3.11). At lower altitudes, below about 26 km (correspond-
ing to 650K, N,O = 15ppb) the MkIV measurements show signs of early denitrification
(GrooB et al., 2005). Therefore, also a NOy—N;O reference is shown, derived to describe
unperturbed conditions in winter 2002/2003 (Groo8 et al., 2005, dotted line in Figure 3.11).
This relation supports the interpretation that NOy is not enhanced in the 21-23 km layer on
20 March 2003.

Strong enhancements of NOy are intermittently observed caused by unusually strong en-
ergetic parcel precipitation or by solar proton events (e.g., Heath et al., 1977; Randall et al.,
2005; Lopez-Puertas et al., 2005; Jackman et al., 2006; WMO, 2007; Vogel et al., 2008).
Such conditions did not prevail in Arctic winter 2002/2003. In contrast, findings based on
MIPAS-Envisat measurements (Funke et al., 2005) suggest that in Arctic winter 2002/2003
rather inefficient NOx downward transport occurred with negligible deposition of NOy into
the lower and middle stratosphere. Further, model studies (Vitt et al., 2000) predict that the
enhancement of the NOy budget in the stratosphere caused by thermospheric NOy sources
is rather moderate, about 3% and 8% in the northern and southern polar region, respec-
tively. In the south polar night, the simulated enhancement at ~30 km is 10%, although the
enhancement strongly increases with altitude (Vitt et al., 2000).

In contrast to the measurements between 21-23 km, the MIPAS measurements at 24—
27km (solid squares) clearly deviate from all NOy—N>O relations shown in Figure 3.11.
Further, in late March, the mesospheric air will be mixed with stratospheric air, so that the
mesospherically influenced points are expected to lie on a ‘mixing line’! between meso-
spheric and stratospheric air. Indeed, the location of the measurements at 24-27 km (solid
squares in Figure 3.11) in the NOy—N>O scatterplot is consistent with the assumption that
these points are influenced by mixing.

Although it is a difficult retrieval, CO mixing ratios can be deduced from MIPAS-B spec-
tra (Figure 3.12). There is a clear peak in CO noticeable in the layer at 24-27 km, where
the values exceed 100 ppb. This observation corroborates the interpretation that the layer at
24-27 km is influenced by mesospheric air.

The body of evidence discussed above, leads to the conclusion that the mesospheric layer
was sampled by MIPAS-B on 20 March 2003 at 24-27 km altitude. This attribution agrees
with the prediction by the KASIMA model of the location of the mesospheric layer in late
March 2003 (Engel et al., 2006).

Balloon-borne observations of ozone-tracer relations in winter 2002/2003

The measurements of the ozone—tracer relation from the four balloon flights in Arctic winter
2002/2003 are shown in Figure 3.13. The measurements by the MkIV instrument (Toon

Here, the concept of a mixing line is an idealisation; the mixing between mesospheric and stratospheric air
will certainly not occur in one single event.
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Figure 3.12: The vertical profile of the CO mixing ratio (against potential temperature) on 20 March
2003 inside the vortex measured by MIPAS-B. Solid squares (corresponding to 24-27 km) indicate
measurements identified as being under mesospheric influence owing to the elevated CO mixing ra-
tio. Open squares (corresponding to 21-23 km) indicate the measurements considered as mesospheric
in an earlier publication (Engel et al., 2006). (Figure taken from Miiller et al., 2007).

et al., 1999) on 16 December 2002 (open diamonds in Figure 3.13) show a rather typical
“early vortex” relation (Tilmes et al., 2003a, 2004, see also Figure 2.4 and Section 3.1). At
the top of the MKIV profile (above 750 K, not shown) maximum HF mixing ratios occur,
SF¢ mixing ratios are 3.2-3.4 ppt, and the CO mixing ratio at the top altitude is 35 ppb; all
these values are typical of upper stratospheric air.

The ozone-N,O relation measured by SPIRALE on 21 January 2003 (Huret et al., 2006,
thick grey line in Figure 3.13) agrees with the MkIV relation in parts of the profile, but also
shows deviations towards greater ozone and greater tracer mixing ratios that are indicative of
mixing of polar with mid-latitude air (e.g., Miiller et al., 2005). Indeed, the enhancement of
ozone at around 100 ppb N,O, where O3 exceeds 4 ppm, occurs at ~500 K where SPIRALE
sampled the vortex edge region (Huret et al., 2006). At greater altitudes, complex mixing
patterns developed between mesospheric air and stratospheric air of vortex and mid-latitude
origin (see discussion in Section 3.4.1).

The ozone-N,O relation measured by BONBON on 6 March 2003 in the lower strato-
sphere (Engel et al., 2006) shows lower ozone mixing ratios than the MKIV relation due to
halogen-induced chemical ozone destruction (e.g., Tilmes et al., 2003a). At greater altitudes,
above 550K (N,O ~3 ppb at 550 K), both ozone and N,O mixing ratios in the BONBON
measurements are larger compared to the MKIV measurements in December. This is con-
sistent with increasing mixing of polar with mid-latitude air due to the start of weakening
of the polar vortex at those altitudes.

The MIPAS measurements (Friedl-Vallon et al., 2004) on 20 March 2003 show a further
decrease in ozone mixing ratios relative to N, O, consistent with continuing chemical ozone
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Figure 3.13: The ozone—-methane (top panel) and the 0zone—N,O relation (bottom panel) from bal-
loon measurements in the Arctic polar vortex on 20 March 2003 (from MIPAS-B, Wetzel et al., 2006,
squares), on 6 March 2003 (from BONBON, Engel et al., 2006, circles), on 21 January 2003 (from
SPIRALE, Huret et al., 2006, thick grey line), and on 16 December 2002 (from MKIV, Tilmes et al.,
2003a, diamonds). Measurements in the mesospheric air mass in January (CO mixing ratios greater
than 570 ppb) and in March 2003 are shown as filled symbols. Note the logarithmic scaling of the
x-axis. The solid black lines show an empirical fit through the stratospheric measurements on 16 De-
cember 2002; top panel, the ozone—methane relation reported by Tilmes et al. (2003a) and, bottom
panel, the empirical relation (o, = 3.2041.47-1073 x tin,0 —2.80- 1073 x (tin,0)* — 1.81-1078 x
(un,0)* (where the ozone mixing ratio {o, is in ppm and the N,O mixing ratio gx,o is in ppb; the
uncertainty of the fit is 0.2 ppm). (Figure taken from Miiller et al., 2007).
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destruction. The measurements above about 550 K show a pattern very similar to that of
the BONBON measurements in early March. The layer between 580-700 K (corresponding
to 24-27km) is considered to be influenced by mesospheric air owing to the enhanced CO
mixing ratios (Figure 3.12). The ozone mixing ratios in this layer have decreased compared
to early March.

In the measured ozone—N, O relations, the mesospheric data points do not stand out in any
of the three balloon profiles measured in the vortex in early 2003 (Figure 3.13). Therefore,
additional information from measurements of other gases such as CO is necessary in or-
der to identify mesospheric air-masses in the ozone-N,O scatterplot (Figure 3.13). Ozone
mixing ratios in these air masses range between 4.8-5.6 ppm on 21 January, 4.6 ppm on
6 March, and 3.6-4.2 ppm on 20 March. They are thus clearly greater than typical upper
stratospheric or mesospheric ozone mixing ratios. This means that the ozone mixing ratios
in the stratospheric air masses of mesospheric origin are considerably greater than typi-
cal mesospheric ozone mixing ratios (~2 ppm). It is likely that ozone mixing ratios in the
air masses of mesospheric origin will have increased chemically during descent owing to
the short lifetime of ozone in the mesosphere and in the upper stratosphere. Mesospheric
air mixes moreover with surrounding air masses during descent (see Section 3.4.1). These
points are important for assessing the impact of mesospheric intrusions on the accuracy of
ozone loss estimates based on ozone—tracer relations.

None of the air masses where the lowest N,O (and CH,4) mixing ratios were observed,
neither in January (less than 2 ppb N O at altitudes of ~700 K) nor in March 2003 (3-6 ppb
N, O at altitudes of ~530-550 K), show mesospheric characteristics (Figures 3.9 and 3.13).
This indicates that the mesospheric air must have been diluted with stratospheric air during
descent. The measurements in March 2003 at ~530-550 K, where N,O mixing ratios range
from 3-6 ppb, show ozone mixing ratios of 3—-3.5 ppm consistent with the balloon measure-
ments in December and January (Figure 3.13). Therefore, in contrast to the mesospheric
layer, these air masses have likely remained largely unmixed and without substantial chem-
ical change over the course of the winter. At an altitude of about 600 K, above the minimum
N,O values in March, disturbances of the weakening vortex occurred (e.g., Harvey et al.,
2002; Manney et al., 2005; Steinhorst et al., 2005) resulting in mixing with air from outside
the vortex, thereby causing higher N»O mixing ratios.

3.4.2 Chemical Change of Ozone in Descending Mesospheric
Air

In the mesosphere, ozone production is balanced by very efficient ozone loss cycles driven
by HOx radicals (Figure 1.3) resulting in low ozone mixing ratios. At lower altitudes, below
about 45 km (2hPa), these cycles rapidly lose their efficiency (e.g., Crutzen et al., 1995;
Groof} et al., 1999, see also Section 1.1.2). Therefore, when mesospheric air descends,
ozone mixing ratios will tend to increase (except when the decent occurs in complete dark-
ness in polar night without any excursion to lower latitudes). And the increase, i.e. the
adjustment to local photochemical equilibrium, will be fast owing to the short chemical life-
time of ozone in the mesosphere and upper stratosphere. When mesospheric air is enhanced
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in NOy, e.g., due to energetic particle precipitation (Funke et al., 2005; Randall et al., 2005,
2006; WMO, 2007) a reduction of ozone in the middle stratosphere might be expected due
to NOy-catalysed ozone loss cycles. However, even under such circumstances, effects of
enhanced NOy on ozone in the middle stratosphere are not always observed (Randall et al.,
2006). In Arctic winter 2002/2003, rather inefficient NOx downward transport with negli-
gible deposition of NOy in the lower and middle stratosphere occurred (Funke et al., 2005).
However, significant ozone loss is noticeable for the unusually strong enhancements of NOy
in November/December 2003 and January 2004 (Randall et al., 2005; Lopez-Puertas et al.,
2005; WMO, 2007; Vogel et al., 2008), but even under such circumstances, upper strato-
spheric ozone mixing ratios (at 40 km) are greater than 5 ppm and thus clearly greater than
mesospheric ozone mixing ratios.

The composition of the air in the mesospheric intrusion is not only determined by chem-
ical change but also by mixing during the descent to the stratosphere. The development of
the mesospheric layer started in November 2002 with the descent of mesospheric air that
was later cut off by the subsidence of upper stratospheric air triggered by a minor warming
that occurred in late December (Engel et al., 2006). It is remarkable that the mesospheric air
was first observed on 21 January 2003 immediately after the first vortex split and then twice
in March 2003 after the second vortex split in mid-February (e.g., Giinther et al., 2008). This
means that the signature of the mesospheric layer survived the perturbation of the two vor-
tex splits, although the splits likely contributed to a further dilution of the mesospheric air.
The CO mixing ratios observed in March 2003 are substantially lower than those observed
in January 2003 (Miiller et al., 2007, see also Figures 3.12 and 3.9) and the tracer values are
clearly higher (Figure 3.13). Ozone mixing ratios in the mesospheric air are lower in March
than in January (Figure 3.13). Thus, if one interprets the lower CO and greater tracer values
in March as the result of mixing, the dilution of mesospheric air would reduce ozone mixing
ratios in the mesospheric intrusion.

For a first rough estimate of the potential impact of intrusions of mesospheric air on polar
stratospheric ozone—tracer relations, we assume that the air mass of the entire mesosphere
between 1 and 0.01 hPa is ‘flushed’ into (and mixed with) the polar stratospheric air pole-
ward of 60° between 100 and 10 hPa. The mass of this stratospheric polar air is about six
times that of the air of the entire mesosphere. Assuming that the air in the entire mesosphere
were deposited in the polar stratosphere and displaced an equivalent volume of stratospheric
air, the polar stratospheric air would contain 17% of mesospheric air. Therefore, assuming
an ozone mixing ratio of 2 ppm and a methane mixing ratio of 0.1 ppm for the mesospheric
air and an ozone mixing ratio of 4 ppm and a methane mixing ratio of 1 ppm for the strato-
spheric air, stratospheric ozone mixing ratios would change by 9% and methane mixing
ratios by 15%.

A mesospheric fraction of air of 17% as deduced from this rather crude estimate is a
smaller value than that reported by Engel et al. (2006) for the layer of mesospheric air in
the Arctic vortex in 2006, but is greater than the value deduced by Ray et al. (2002) for the
Arctic polar vortex in winter 1999/2000. The latter report a fraction of mesospheric air in
the vortex of 2—4%.

However, the assumption that ozone does not change chemically during descent is clearly
not correct. Because ozone in the mesosphere and in the upper stratosphere has a short life-
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time (less than ~30 hours above 5 hPa or 1000 K outside the polar night, e.g., Sankey and
Shepherd, 2003) ozone mixing ratios will change chemically during descent by adjusting
rapidly towards local photochemical equilibrium. Since ozone mixing ratios increase with
decreasing altitude in the upper stratosphere and in the mesosphere (above ~5 hPa (1000 K),
e.g., GrooB and Russell, 2005), ozone is expected to increase during the descent of meso-
spheric air, as long as the air parcel receives sufficient sunlight. The ozone mixing ratios
should be “frozen in” at the photochemical equilibrium value in the region, where, during
poleward and downward transport, the chemical lifetime of ozone becomes substantially
longer than the transport timescales.

Ozone lifetimes exceeding a week occur at altitudes of about 10 hPa corresponding to cli-
matological ozone mixing ratios in high latitudes in winter of about 5 ppm (e.g., Groo83 and
Russell, 2005). This crude estimate agrees with the ozone mixing ratios reported by Engel
et al. (2006) for the first sampling of mesospheric air on 21 January 2003 by SPIRALE (see
also Figure 3.13). The concept of a rapid chemical equilibrium that is suddenly “frozen in”
in polar night is, of course, an oversimplification. In reality, a smoother transition between
the two regimes will occur. Such a transition could be analysed (and the resulting ozone
mixing ratios better quantified) by a comprehensive model study.
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3.5 Calculation of Chemical Ozone Loss in the Arctic
in March 2003 Based on ILAS-Il Measurements

The method of deducing chemical ozone loss from ozone tracer—relations is discussed in
detail in Section 3.1. Here, the method is employed to calculate ozone loss in Arctic
winter 2002/2003 based on measurements of the ILAS-II (Improved Limb Atmospheric
Spectrometer-1I) instrument aboard ADEOS-II (Advanced Earth Observing Satellite-1I)
(Nakajima et al., 2006), the Halogen Occultation Experiment (HALOE) (Russell et al.,
1993), and on MIPAS-B and MKIV balloon-borne measurements.

Comparing an “early vortex” reference from 16 December 2002 with the ozone-HF re-
lation in February and April measured by HALOE shows the typical signature of chemical
ozone loss in the Arctic (Tilmes et al., 2003a). In agreement with the deduced chemi-
cal ozone loss, strong chlorine activation was observed during this winter (Tilmes et al.,
2003a). This picture is corroborated by the MIPAS-B measurements on 20 March 2003.
The MIPAS-B ozone—N;O relation confirms the earlier balloon measurements at altitudes
above 550 K, and additionally shows lower ozone mixing ratios for comparable tracer values
of the early winter reference function below 550 K (Figure 3.13).

Moreover, the ILAS-II instrument observed the Arctic winter 2002/2003 from 19 January
to 19 April, 2003 (Nakajima et al., 2006). The ILAS-II measurements between January and
March were obtained during the early turn-on operations during which no major problems
occurred (Nakajima, 2006). Based on these measurements, chemical ozone loss can be
estimated using tracer-tracer correlations.

The early winter reference is based on the balloon-borne measurements of the ozone—-N,O
relationship by the MKIV instrument (Toon et al., 1999) on 16 December 2002. However,
below 550 K ILAS-II N,O mixing ratios are ~40 ppb lower than MKIV observations ac-
cording to the validation study by Ejiri et al. (2006). Similarly, ILAS-II N,O values are
~40 ppb smaller than N> O mixing ratios deduced from HALOE HF measurements using an
HF to N, O relation based on MKIV measurements on 3 December 1999

tpr = 1.5484 —4.9386- 1073 - in,0 3.1)

(where pyr denotes the HF mixing ratio in ppb and piN,o the N>O mixing ratio in ppb).
Therefore, a N, O offset of 40 ppb is assumed when deriving an early winter reference func-
tion from the MKIV data for the ILAS-II observations. In Figure 3.15 and Table 3.1, the
ozone loss derived using ILAS-II observations is compared to the HALOE-based ozone
loss reported by Tilmes et al. (2003a).

Here only ILAS-II measurements made inside the polar vortex are considered and
grouped according to two regions of the vortex: the vortex core and the outer vortex (the
area between vortex core and vortex edge). Both the edge of the vortex and the boundary of
the vortex core are defined using the gradient of the potential vorticity constrained by wind
velocities as a criterion (Tilmes et al., 2003b).

The ILAS-II observations during the early turn-on operations are relatively sparse (Tilmes
et al., 2006¢). Therefore, only one ILAS-II profile was observed within the outer vortex in
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Figure 3.14: Model simulation with the Chemical Lagrangian Model of the Stratosphere (CLaMS)
for 20 March 2003 on the 475 K potential temperature surface; this simulation is described in detail
elsewhere (Groof et al., 2005). The white circles show the corresponding ILAS-II measurements on
20 March 2003 adjusted to the synoptic time (12 UT) of the model results. The black line denotes
the edge of the polar vortex according to the criterion of the maximum gradient in potential vorticity
(Nash et al., 1996). (Figure taken from Miiller et al., 2007).

January and one in the vortex core in February. Chemical ozone loss derived using these
ILAS-II observations is 5-10DU larger at 380-550 K and 4-8 DU smaller at 400-500 K
than the value derived using HALOE measurements, but is still in agreement within the
uncertainty of the results. Both ILAS-II and HALOE results show a similar increase of
ozone loss values between January and February of 21-24 DU at 380-550 K and 18-22 DU
at 400-500 K.

For March, only ILAS-II and MIPAS-B observations are available. The ILAS-II vortex-
averaged ozone loss in March is less than the vortex-averaged ozone loss in February derived
from HALOE observations. However, profiles in March show a much larger variability than
in February (the standard deviation of ozone loss profiles is 16 DU for 380-550 K and 14 DU
for 400-500 K within the polar vortex core). Individual profiles show a rather large chemical
ozone loss (55 DU in 380-550 K and 35 DU in 400-500 K).

The strong variability noted here of both ozone loss and ozone mixing ratios within the
vortex in late March 2003 is consistent with the results of a model simulation using the
Chemical Lagrangian Model of the Stratosphere (CLaMS) of winter 2002/2003 (Groof3
et al., 2005). Indeed, the simulated ozone values in March 2003 on the 475 K potential
temperature surface in general agree rather well with the ILAS-II measurements (see white
circles in Figure 3.14). An exception is the Canadian Arctic where ozone values measured
by ILAS-II are higher than those obtained from observations. This problem arises in a re-
gion where an intrusion of low-latitude, ozone-poor air occurs pointing to problems in the
initialisation of low-latitude ozone as a possible explanation for the apparent discrepancy.

Later, in April, a separation of air masses within the vortex is noticeable; a few profiles
show large ozone loss values of more than 1.5 ppm at ~440 K while most profiles show an
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Table 3.1: Arctic column ozone loss in winter 2002/2003

Date Experiment Vortex Core  Outer Vortex Maximum
380-550 K

19-26. 1. (HALOE) 23+9(14) 33+8
21. 1. (ILAS-II) 42+6¢
15-25. 2. (HALOE) 51+£9(6) 26£9(12) 57+10
25.2. (ILAS-IT) 63+10°

20-22.3. (ILAS-I) 37+11(16) 41+£11(16) 55+5
11-19.4. (HALOE) 49+ 10(11) 404 10(12) 61 =+ 10
9-19.4.  (ILAS-I) 50+ 10(13) 48 +£11(12) 67+ 11

400-500 K

19-26.1.  (HALOE) 20£5(13) 29+6
21. 1. (ILAS-TI) 21+£54
15-25.2.  (HALOE) 43+£6(7) 24+6(11) 4746
25.2. (ILAS-II) 43+ 60

20-22.3. (ILAS-II) 24+6(14) 26+£9(6) 35+6
11-19.4.  (HALOE) 37£6(10) 32+6(9) 5246
9-19.4. (ILAS-II) 31+6(10) 33+6(8) 5S0+6

Column ozone loss in Dobson units in winter 2002/2003 calculated from HALOE measure-
ments using HF as the long-lived tracer (Tilmes et al., 2003a) and ILAS-II measurements
using N»O as the long-lived tracer. Also reported is the uncertainty of the ozone loss esti-
mate caused by the uncertainty of the early vortex reference and, in brackets, the standard
deviation of the computed vortex average loss values. Additionally, the maximum ozone
loss of all observations within the respective period is shown.

¢ One single profile in the outer vortex

b One single profile in the vortex core

ozone loss of 0.5-1.0 ppm between ~400-500 K. A few profiles that scatter above the early
reference function are likely influenced by mid-latitude air masses during the start of the
breakup of the polar vortex. ILAS-IT and HALOE ozone loss profiles and calculated loss in
column ozone agree very well for April 2003 (Table 3.1).

The chemical ozone loss in Arctic winter 2002/2003 deduced here from the ILAS-II mea-
surements can be compared with ozone loss estimates for this winter reported in a number of
previous studies. Singleton et al. (2005) found a maximum chemical loss of 1.2 ppm in mid-
March at 425 K in approximate agreement with the ozone loss profiles reported here (Fig-
ure 3.15). The ozone loss deduced for the partial column between 400-500K (56 +4 DU)
using the Match technique (Streibel et al., 2006) is greater than the loss values reported
here (Table 3.1). It is no surprise that chemical ozone loss estimates based on ozone—tracer
relations in a winter where the Arctic vortex is strongly impacted by mixing are lower than
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Figure 3.15: Vertical profiles of measured O3 mixing ratios (red symbols), O3 mixing ratios ex-
pected in the absence of chemical change (03), (green symbols), and calculated O3 loss profiles,
(black symbols), for February (top panel) and March (middle panel) and April (bottom panel) in
winter 2002/2003. O3 was deduced using HF as the long-lived tracer for HALOE measurements
and using N>O as the long-lived tracer for ILAS-II. HALOE profiles are located inside the vortex
core (diamonds) and inside the outer vortex (plus signs) in February and April. ILAS-II profiles are
located inside the vortex core (solid lines) and inside the outer vortex (dashed lines) between January
and April 2003. (Figure taken from Miiller et al., 2007).
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estimates based on the Match technique. This is the case because mixing across the vortex
edge will mask chemical ozone loss deduced from ozone-tracer relations (e.g., Miiller et al.,
2005) whereas Match is designed to exclude this effect. Further, Groof et al. (2008) argued
that the Match method might overestimate ozone loss at lower altitudes leading to an over-
estimation of the ozone loss in the total column. Whether these effects can quantitatively
account for the observed discrepancy remains to be analysed. The column ozone loss based
on the vortex average method in winter 2002/2003 (Christensen et al., 2005) does not agree
with our results if an average over the entire vortex is considered. However, the ozone loss
reported for the vortex core, within the error bars, is in agreement with the loss deduced
here from ILAS-II measurements. Goutail et al. (2005) report a chemical loss in column
ozone of ~ 19+4% by 20 March 2003. They estimate that the 23 DU loss for the partial
column 380-550 K corresponds to a loss of ~ 10% in column ozone (Section 4 in Goutail
et al., 2005) so that 19 4% corresponds to a loss of ~ 44 +£9 DU for the partial column
380-550K, a value that is in agreement with the chemical ozone loss reported here.

In summary, measurements of ozone and N>O by the MkIV instrument on 16 December
2002 were combined with ILAS-II satellite measurements to deduce chemical ozone loss
in the Arctic vortex in March and April 2003. The estimated ozone loss for April is in
agreement with previous estimates based on HALOE measurements (Tilmes et al., 2003a).
The average chemical ozone loss in the vortex core for the partial column 380-550K is
37+ 11DU in March and 50+ 10 DU in April 2003.
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4.1 Summary

Since the pioneering papers by Proffitt et al. (1990) and Fahey et al. (1990), tracer-tracer re-
lations have been used in numerous studies to identify physiochemical change in the strato-
spheric polar vortices. An issue neglected in earlier studies (e.g., Miiller et al., 1996) is
that it is necessary to assess the impact of mixing processes on tracer-tracer relationships
in the polar vortex for a reliable quantification of physiochemical change. This neglect has
attracted criticism. In particular, the use of ozone-tracer relations was criticised by the argu-
ment that mixing processes have the potential to affect ozone tracer relations in a way that
leads to an overestimation of chemical ozone loss (Plumb et al., 2000). Specific processes
considered were mixing among vortex air masses following differential descent in the vor-
tex, mixing of stratospheric vortex air with a mesospheric intrusion, and mixing of vortex
air with out-of-vortex air by mixing across the transport barrier at the vortex edge.

Here, it has been shown that differential descent within the vortex and the subsequent
mixing among vortex air masses cannot have a significant impact on ozone-tracer relations
(Section 3.3). Further, intrusions of mesospheric air into the stratosphere cannot affect
ozone loss estimates if they do not reach the altitudes (~600K) up to which the ozone-
tracer relations are usually employed (e.g., Miiller et al., 1996; Tilmes et al., 2004) or if the
intrusions reach the lower stratosphere before the establishment of the early vortex reference
relation, i.e., before late November or December in the northern hemisphere. Ozone mixing
ratios in mesospheric air are rather low, less than ~2 ppm, but because of the short chemical
lifetime of ozone in the upper stratosphere and above, ozone mixing ratios of mesospheric
air increase photochemically during downward transport (Salawitch et al., 2002). Indeed,
observed ozone mixing ratios in air masses influenced by mesospheric air in the lower strato-
sphere in January and March 2003 are greater than those in the surrounding stratospheric
air and clearly greater than those found in the ‘early vortex’ reference relation employed to
deduce chemical ozone loss (Section 3.4). Thus, if mesospheric air masses were to reach the
lower stratosphere and mix strongly enough so that they could no longer be identified, ozone
mixing ratios in the lower stratosphere would increase so that the chemical ozone loss signal
would be underestimated. Therefore, intrusions of mesospheric air are unlikely to have a
significant impact on ozone loss estimates based on the ozone—tracer relation method and,
if they were to have an effect, could only lead to an underestimate of chemical ozone loss.

Considering mixing between inside and outside vortex air, it is important to note that these
two types of air masses are characterised by different ozone-tracer relationships, with the
outside vortex relationships showing greater ozone mixing ratios (and a stronger variability)
for the same values of the tracer than inside relationships (Sections 3.2 and 3.3, see also
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Proffitt et al., 1993; Miiller et al., 1999; Plumb, 2007). Consequently, mixing between air
masses inside and outside the vortex should lead to points lying above the original ozone-
tracer relation in the vortex (Figure 3.1), as is indeed observed (Figures 3.6 and 3.13, see
also Rex et al., 2002; Jost et al., 2002). Therefore, mixing across the vortex edge, if it occurs
during the period of chemical ozone loss, will lead to an underestimate of ozone loss.

The findings discussed above contrast with the conclusion of Plumb et al. (2000), who
state that “estimates of ozone depletion inferred from ozone-tracer relations are likely to
be overestimates”. There are several reasons for this difference. First, as demonstrated in
Section 3.2.1, but contrary to the interpretation by Plumb et al. (2000), there is no substantial
quantitative difference between the reference relation put forward by Michelsen et al. (1998)
and the ‘early vortex relations’ used for deducing chemical ozone loss from ozone-tracer
relations (Tilmes et al., 2004).

Second, diffusivities for transport across the vortex edge in the conceptual model of
Plumb et al. (2000) are very likely too high by more than an order of magnitude and it
is assumed in this model that the same tracer-tracer relation prevails inside and outside the
vortex; an assumption that is not valid for the ozone-tracer relation in the polar region (Sec-
tion 3.3.1). Third, the conceptual model is formulated in terms of artificial, chemically inert
tracers. The development of the relation of these inert tracers is driven primarily by a sup-
ply of air from high altitudes with very low mixing ratios of both species. However, even
though air low in ozone exists in the mesosphere (Figure 2.2), ozone is quickly regenerated
by gas phase photochemistry as these air parcels descend into the stratosphere (Section 3.4,
see also Salawitch et al., 2002). Indeed, ozone mixing ratios ranging between 3.6 ppm and
5.6 ppm, and thus substantially higher than mesospheric ozone mixing ratios, have been
measured in mesospheric air masses that intruded into the Arctic stratosphere in early 2003
(Section 3.4.1).

Drawing together all the pieces of information considered here, the following picture
of the development of ozone-tracer relations in the polar vortex develops (Figure 3.1). In
the incipient vortex, the vortex air mass is characterised by low ozone mixing ratios; the
remainders of polar ozone destruction due to NO,-driven chemical cycles in summer (e.g.,
Farman et al., 1985b) and autumn (Kawa et al., 2002; Tilmes et al., 2006b). Although the
vortex air mass is separated to a certain extent from ozone-rich, mid-latitude air, the vortex
is not yet completely isolated. Thus, through mixing, ozone values in the vortex increase
during this period (Tilmes et al., 2003b, 2006c). When the vortex is well established, the
transport barrier at the vortex edge effectively separates vortex air from mid-latitude air.
Mixing within the vortex air mass produces a compact ozone-tracer relation in the vortex.
This is the point in time when the reference relation for the ozone-tracer relation method
should ideally be derived.

In cold winters, a beginning chemical ozone loss first becomes noticeable at greater alti-
tudes (~500 K), typically in late January/early February in the Arctic (Tilmes et al., 2003b).
Towards late winter, the ozone loss accelerates with strongly increasing solar illumination.
Thus, in early spring, the signal of accumulated ozone loss is very pronounced in the ozone-
tracer relation (Figure 3.1, bottom panel). Under such conditions, mixing across the vortex
edge clearly leads to an underestimated ozone loss.

The development of ozone-tracer relations in the vortex could be observed nicely in Arc-
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Figure 4.1: The development of the O3/N,O relation in the Arctic in winter 1996/1997 based on
ILAS measurements (Tilmes et al., 2003b). Shown are four different time periods (1-15 January, 17-
21 February , 21-31 March, 1-15 May 1997). Black lines indicate profiles measured inside the polar
vortex core, defined using the Nash et al. (1996) potential vorticity criterion. Black dots indicate
measurements outside the polar vortex. (Figure adapted from Miiller et al., 2005).

tic winter 1996/1997 when measurements by the ILAS satellite experiment provided a good
spatial and temporal coverage of the polar region (Figure 4.1). The establishment of a com-
pact ‘early vortex’ relation in January that is distinct from the out-of-vortex measurements
is clearly visible. In February, the beginning ozone depletion causes a moderate deviation
of the ozone-tracer relation from the reference relation. In late March, the accumulated
chemical ozone loss is obvious as a strong deviation from the reference. The loss was not
uniform throughout the vortex in March, but in May, in the remaining vortex parts, a com-
pact ozone-tracer relation indicates that that mixing in the vortex had, by that time, again
homogenised the vortex air mass.

In the absence of chemical change, however, tracer-tracer relations do indeed remain
compact and unaltered throughout the existence of the vortex (Figure 2.5). In this way it
was shown that heterogeneous chemistry initiated by the action of cosmic rays (a mechanism
put forward by Lu and Sanche, 2001a) cannot be a significant process in the polar vortex
(Section 2.2.1, see also Miiller, 2003).

Recently, the question of the behaviour of ozone-tracer relations in the results of model
simulations has attracted interest (see Chapter 3 and references therein). It has been shown
here that the representation of mixing in three-dimensional atmospheric models can have
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a substantial impact on the development of the tracer relation in the model. Of particular
importance is a realistic representation of transport barriers (such as the polar vortex edge) in
the model. Rather compact ozone-tracer relations develop —in agreement with observations—
in the vortex of the Lagrangian model CLaMS (McKenna et al., 2002b), where mixing is
anisotropic and driven by the deformation of the flow (Section 3.2.2).

We conclude that in order to use ozone-tracer relations to deduce chemical ozone loss, it is
crucial that a reliable ‘early vortex’ reference can be obtained and that vortex measurements
are well separated from mid-latitude measurements. If these conditions are met, ozone-
tracer relations constitute a reliable tool for the quantitative determination of chemical ozone
loss in the polar vortex.

4.2 OQOutlook

By the middle of the 21 century, the halogen burden of the stratosphere will be signifi-
cantly lower than todays; it is expected to be similar to that present in 1980 before the onset
of clearly noticeable ozone depletion (Figure 1.8). However, most chlorine and bromine
source gases have long atmospheric lifetimes and will thus disappear from the atmosphere
only slowly. As a consequence, concentrations of stratospheric halogens will remain ele-
vated for decades to come (Figure 1.8). Therefore, polar ozone loss will remain an important
environmental issue for the foreseeable future and methods allowing chemical ozone loss
to be estimated, like the ozone-tracer relation method, will continue to be applied and im-
proved.

However, the atmosphere in 2050 will not be the same as in 1980, mostly because of
global change. It is expected that atmospheric concentrations of CH4 and N>O will be
greater in 2050 than in 1980 and that stratospheric temperatures will be lower (WMO, 2007;
Solomon et al., 2007b). The future development of stratospheric water vapour mixing ratios
is more uncertain. Clearly, increasing atmospheric CH4 will lead to an increase in strato-
spheric water vapour, but recent stratospheric water vapour trends are not understood well
enough to make reliable predictions for the future (e.g., Rockmann et al., 2004; Randel et al.,
2006; Riese et al., 2006; Solomon et al., 2007b, 2010). Further, there is a possible future
anthropogenic impact beyond a continuing emission of greenhouse gases. A possible future
hydrogen economy has a potential influence on stratospheric ozone (Feck et al., 2008) and,
if implemented, concepts for cooling the Earth’s climate by the artificial introduction of sul-
phate aerosol particles into the stratosphere (Crutzen, 2006; Rasch et al., 2008) will have
important consequences for stratospheric ozone (Tilmes et al., 2008a, 2009).

Recent projections of climate change (Solomon et al., 2007b) are based on climate models
that focus on tropospheric change and largely neglect stratospheric processes. Nonetheless,
there are important coupling processes between the stratosphere and the troposphere. For
example, the ozone hole in the southern hemisphere spring has affected the Antarctic sur-
face climate (Gillett and Thompson, 2003; Thompson et al., 2005; Keeley et al., 2007).
Conversely, nearly all climate models with a well-represented stratosphere indicate that the
Brewer-Dobson circulation will accelerate because of climate change (Butchart et al., 2006),
a change that would have a substantial impact on the stratosphere. Although one does not
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expect the inclusion of stratospheric ozone-climate effects in coupled atmosphere-ocean
climate models to drastically alter overall estimates of globally averaged surface warming,
because of the possible dynamical responses in the troposphere to the stratospheric changes,
projections of the evolution of polar climate could be substantially different (Baldwin et al.,
2007). It is likely that the inclusion of an appropriate representation of stratospheric circu-
lation and chemistry in climate models will be possible for prognostic studies that will be
included in the next [PCC report. One aspect of such simulations will be as accurate as pos-
sible a representation of polar ozone loss, which will allow both the impact of stratospheric
change on the troposphere to be addressed and the influence of changing atmospheric condi-
tions on the recovery of the polar stratosphere from halogen-driven ozone loss. An accurate
quantification of chemical polar ozone loss from observations will be an essential contribu-
tion to this research.



A Units of Measurement Used in this
Book

In stratospheric chemistry, the most common way of expressing the abundance of a species in the gas
phase is as the ratio of the number of moles of the species to the number of moles of air. Throughout
this work, the abbreviations ppm (parts per million) and ppb (parts per billion) are used to denote
molar mixing ratios. For an ideal gas, the molar mixing ratio is equivalent to the volume mixing ratio,
so that the abbreviations ppmv and ppbv are also in frequent use. However, for non-ideal gases (e.g.,
COy), the molar mixing ratio is not equal to the volume mixing ratio and the difference between the
two is in a range that can be resolved by modern gas chromatographs. When mass mixing ratios are
used in the literature, the abbreviations ppmm and ppbm are commonly employed. Advection of an
air parcel alone, even if the density changes through ascent or descent, does not change mixing ratios
of trace species. Therefore, in a moving air parcel, in the absence of chemical change or mixing with
different air parcels, mixing ratios are preserved.

The total thickness of the ozone layer is commonly measured in Dobson units (DU), one DU
is defined as 2.687 x 10'® ozone molecules per square centimetre. The Dobson unit describes the
thickness of a layer of pure ozone, would the total amount of ozone in the atmosphere be brought
to standard conditions (surface pressure, zero degrees Celsius). For example, an ozone column of
300 DU brought down to the surface of the Earth would occupy a 3 mm thick layer.

To convert the mixing ratio pix of a species X to a concentration [X] in units of particles per cubic
centimetre, the mixing ratio is multiplied by the density of air M in units of molecules per cubic
centimetre n

M= v -Na (A.1)

where 7 is number of moles, V is volume, and N5 = 6.0221 - 102> molecules mole™! is the Avogadro
constant. Then,
X]=ux-M . (A2)

The ideal gas law describes the dependence of M on pressure p and temperature 7. Combining the

ideal gas law
p n

- A3
R-T V (A-3)
where R = 8.314J K~! mole ! is the gas constant, with equation A.1, one obtains
N
mM=-2.2 (A4)
R T

and, when pressure and temperature are expressed in units of hPa and K, respectively, (as is common
in the atmospheric sciences) a useful relation results for M in units of molecules per cubic centimetre

M=7243.108.2 (A.5)
T
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The air density M can be converted to the mass density p in units of gram per cubic centimetre
through the relation
Mg
=M -— A6
p Na (A.0)
where m, = 29 g/mole is the molecular mass of dry air.
For ozone it is sometimes useful to express the concentration in DU per km rather than in
molecules per cubic centimetre (see e.g., Figure 1.5). From the definition of the Dobson unit one

obtains 1 DU/km =~ 3.717 - 10~'2 molecules per cubic centimetre.



B Calculation of Column Ozone
Loss

As discussed in Section 3.1, polar chemical ozone loss AOs in late winter and early spring can be
quantified as the difference between the mixing ratio of the ozone proxy pg, and the corresponding
observed ozone mixing ratio Uo,

AOs = 1, — Ho, (B.1)

Here, the ozone proxy g, is calculated from the tracer mixing ratio measured in late winter/early
spring using the early vortex reference function .# (see also Section 3.1)

Ho, = F (tracer) (B.2)

The uncertainty of the ozone proxy U, is determined by the uncertainty of the early winter reference
function .%.

From the profile of local chemical ozone loss, the loss in column ozone (see Appendix A) can be
calculated. (The description of the algorithm for the calculation of the chemical loss in column ozone
below closely follows the presentation by Tilmes (2004)). The loss in column ozone is calculated as
the difference between the column of measured ozone (Colo,) and the column of the corresponding
proxy ozone (Colg.).

Colo,,,, = Colg, — Colo, (B.3)

Ozone loss in the stratosphere occurs mainly at altitudes between about 350 and 550 K potential

temperature (see e.g., Figures 1.13 and 3.15). Therefore, the loss in this altitude range is a good
estimate for the depletion in total column ozone.

The number density of ozone [O3] (and [05]), in molecules/cm? is vertically integrated over a
certain altitude range dz (between the geometric heights z; and z;) to obtain column ozone Colg,,

in units of molecules per cm?.

2, 2
Colo,,. = / [05]dz — / (05]dz (B.4)
21 21

The number densities [O3] (and [O3]) can be written as the ozone mixing ratio Lo, (Hp,) multiplied
by the number density of air M in molecules/cm® (see Appendix A). Therefore, the column ozone
can be calculated as follows:

21

22
[03]dz = / o, Mdz. (B.5)
Jzi

The transformation to pressure coordinates is achieved by inserting the hydrostatic relation dp =
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—pg-dz

M
-= o, dp (B.6)
P
where the acceleration of gravity g = 9.81 m/sec™2, p is the mass density (in g/cm®) and p is pressure
(in hPa).
The ratio of the number density of air M and mass density p can be derived from Equation A.6:

M(p,T) _ Na

= const. B.7)
p (P, T) m,

where Nx = 6.0221 - 10?* molecules mole™! is the Avogadro constant and m, = 29 g/mole is the
molecular mass of dry air. Because this ratio is constant, one can define the constant &

1 M 1N
a = -.Z_2. 1A (B.8)
g P 8 Mg
o - 1 6.0221-10% | molec - sec’ B.9)
981 29 cm-g
19 | molec - sec?
= 2.117-107 | —— (B.10)
cm-g
1
- 2.117-1022{’“0“2} (B.11)
hpa-cm
and Equation B.6 becomes
P1
Colo, :OC-/ Uo,dp - (B.12)
P2
The column ozone in a certain altitude range may be expressed in Dobson units (see appendix A)
“osJa: = - [0 B.13
/11 [Osldz = 57016 0P B9
?104]d L L B.14
/Z][s]z = 26s7.000 J, Fotr (B.14)

The dominant uncertainty in calculating the column ozone loss in Dobson units is introduced through
the first term on the right hand side of Equation B.3 (Colg ). The uncertainty of Coly_ is largely a
consequence of the uncertainty of the early winter reference function .%.



Symbols and Abbreviations

Symbol Description unit, value
cp specific heat at constant pressure J-K~T.mol~!
F early vortex reference function
g acceleration due to gravity 9.81m-s—2
M density of air particles per cm3
my molecular mass of dry air 0.028964 kg-mol~!
Ny Avogadro constant 6.0221 - 10% mol !
PV potential vorticity PVU (1 PVU =
1075Km?/(kgs)
R universal gas constant 8.314 K~ ! mole™!
z geometric altitude km
n vertical component of absolute vorticity PVU
0 potential temperature K
0 vertical velocity in isentropic coordinates K.d™!
A wavelength nm
u mixing ratio
p mass density kg/m®
¢ latitude °N
Peq equivalent latitude °N
Acronym Description
AAOE Airborne Antarctic Ozone Experiment
ACE-FTS Atmospheric Chemistry Experiment — Fourier Transform Spectrometer
ADEOS Advanced Earth Observing Satellite
ALIAS Aircraft Laser Infrared Absorption Spectrometer
ATMOS Atmospheric Trace Molecule Spectroscopy experiment
CCM Chemistry climate model
CFCs Chlorofluorocarbons
CFC-11 CFCl3
CFC-12 CF,Cl,
CLaMS Chemical Lagrangian Model of the Stratosphere
CMAM Canadian Middle Atmosphere Model
CT™M Chemistry transport model
CRISTA Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere
DEA Dissociative electron attachment
DFA Detrended fluctuation analysis
DLR Deutsches Zentrum fiir Luft- und Raumfahrt (German Aerospace Centre)

DU Dobson units
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Acronym Description

EASOE European Arctic Stratospheric Ozone Experiment
ECMWF European Centre for Medium-range Weather Forecasts
EESC Equivalent effective stratospheric chlorine

GBMS Ground-Based Millimetre-wave Spectrometer
HALOE Halogen Occultation Experiment

HCFCs Hydrogenated chlorofluorocarbons

1CG Institute of Chemistry and Dynamics of the Geosphere
ILAS Improved Limb Atmospheric Spectrometer

IPCC Intergovernmental Panel on Climate Change

IR Infrared radiation

MIPAS Michelson Interferometer for Passive Atmospheric Sounding
MIPAS-B MIPAS-Balloon

MPG Max-Planck-Gesellschaft (Max Planck Society)
NASA National Aeronautics and Space Administration

NAT Nitric acid trihydrate

NIWA National Institute of Water and Atmospheric Research
NOZE National Ozone Expedition

PSCs Polar stratospheric clouds

PVUs Potential vorticity units

ppb parts per billion, 10~°

ppm parts per million, 107°

ppt parts per trillion, 10~

SAOZ Systeme d’ Analyse par Observation Zénithale

SAGE Stratospheric Aerosol and Gas Experiment

SAT Sulphuric acid tetrahydrate

SBUV Solar backscatter UV

SPIRALE Spectroscopie Infra-Rouge par Absorption de Laser Embarqué
SROC Special report on ozone and climate

STS Supercooled ternary solutions

TEAP Technology and Economic Assessment Panel

TRAC Tracer-tracer correlation technique

TTL Tropical tropopause layer

UARS Upper Atmosphere Research Satellite

UNEP United Nations Environmental Programme

uv Ultraviolet radiation

WACCM3 Whole Atmosphere Community Climate Model
WMO World Meteorological Organization
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