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Abstract

In this thesis, the chemical ozone loss in the Arctic stratosphere was investigated
for eleven years between 1991 and 2002. The accumulated local ozone loss and
the column ozone loss in a certain altitude range were derived using the ozone-
tracer correlation technique. This technique considers the relation between ozone
and a long-lived tracer during the lifetime of the polar vortex.

Results are presented on the basis of observations obtained from two solar
occultation satellite instruments: ILAS (Improved Limb Atmospheric Spectrom-
eter) aboard the ADEOS satellite (Advanced Earth Observing Satellite) and
HALOE (Halogen Occultation Experiment) aboard the UARS satellite (Upper
Atmosphere Research Satellite). The HALOE observations used in the present
work have been available since October 1991. The instrument made measure-
ments during a period of a few days every two or three months in high northern
latitudes during the entire period between 1991 and 2002. The ILAS instrument
performed measurements continuously from November 1996 to June 1997 in the
high latitude region of both hemispheres.

In the present work, the ozone-tracer correlation method was confirmed
against criticism raised in the past. The improved and extended method permits
both a reduction and a better quantification of uncertainties. New procedures
implemented in the method allow the ozone loss for the winter to be calculated, in
case where no results could have been derived in the past. Therefore, a consistent
analysis is possible for the eleven winters between 1991-92 and 2001-02.

An intensive analysis of chemical ozone loss is performed considering as an ex-
ample the winter 199697, for which measurements from both HALOE and ILAS
are available. The ILAS observations allow a detailed analysis of the temporal
evolution of the ozone-tracer correlation inside the polar vortex for the first time
and in particular of the development of the early vortex. Especially the influ-
ence of mixing between vortex air and air from outside the vortex is discussed.
The evolution of significant PSC-related chemical ozone loss can be followed over
the entire lifetime of the vortex, from mid-February to May 1997 from ILAS ob-
servations. HALOE measurements are available between March and May 1997.
Calculated ozone loss is partly larger than calculated from ILAS observations.
Especially, at the end of March substantial differences arose between the results
of the two instruments. These discrepancies may be partly due to discrepancies
in mixing ratio of the very low ozone minimum measured at the 475 K potential
temperature level at the end of March 1997 from ILAS and HALOE observations.
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iv 0 Abstract

Both data sets consistently show a distinct inhomogeneity in the derived ozone
loss inside the vortex in spring 1997, which is a specific feature in comparison to
the other observed winters between 1991-92 and 2001-02.

During these eleven winters the ozone loss was consistently derived mainly
on the basis of HALOE observations. With the use of the ozone-tracer corre-
lation technique, this study demonstrates the interaction between meteorology
and ozone loss. As expected, strong accumulated ozone loss is found to occur in
conjunction with a strong cold vortex containing a large potential area of PSCs,
whereas moderate ozone loss is found if the vortex is less strong and moderately
warm. A confirmation of the technique is that hardly any ozone loss could be
calculated in very warm winters with small amounts of possible PSC areas during
the entire winter.

The effect of meteorological conditions on the chlorine activation becomes
obvious in the HCI signal, as well as the dependence between chlorine activation
and ozone loss. Additionally, the degree of homogeneity of ozone loss is shown
to depend on the meteorological conditions, as there is a possible influence of
horizontal mixing on the air inside a weak polar vortex. Further, the evolution of
the CH,/HF relation over the eleven-year period is investigated and the growth
rate of HF as a function of different stratospheric altitudes.

The analysis of the relationship between the area of possible PSC existence
(derived using the PSC threshold temperature) and the accumulated ozone loss
indicates that this relationship is not a linear relation. An influence of other
factors could be identified such as the increased burden of aerosols in the atmo-
sphere, for example after the Pinatubo volcanic eruption in 1991. Furthermore,
the different exposure of solar radiation caused by different equatorward excur-
sions in different years may impact the extent of chemical ozone loss. These new
insights on the issue of polar ozone depletion improve the understanding of the
processes responsible for chemical ozone loss in the lower stratosphere.
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Chapter 1

Introduction

Human impact can be observed in a great variety of different ecosystems, espe-
cially under complex conditions as they appear in the earth’s atmosphere. One of
the most obvious examples of changes in the environment due to anthropogenic
activities is the appearance of strong ozone depletion in the stratosphere. This
is found in high and mid-latitudes both in the upper stratosphere and in the
lower stratosphere (see Figure 1.1). Recent assessments indicate that the global
mean total ozone for 1997-2001 was about 3 % below the pre-1980 value for high
and mid-latitudes [ WMO, 2003]. The corresponding increase of 6-14 % in UV
irradiance since the early 1980s [WMO, 2003] may have a serious impact on life
on earth.

The ozone depletion in the polar stratosphere has been a major focus of strato-
spheric research since the discovery of the so-called “ozone hole” in the Antarctic
[Farman et al., 1985]. The interest in Arctic ozone depletion has increased over
the past decade, but the key processes are still not satisfactorily understood today.
In particular, our ability to produce reliable forecasts is limited. In this thesis a
contribution is presented for enhancing the understanding of stratospheric ozone
reduction, with the focus on the Arctic polar regions.

In Section 1.1 the main characteristics of stratospheric ozone distribution are
presented as well as past changes due to anthropogenic activities. An overview
of polar ozone is given in Section 1.2 and the major priorities of this work are
outlined.

1.1 Stratospheric Ozone — Overview

The major part of the earth’s atmosphere (more than 99.9 % of the volume)
consists of molecular nitrogen (N;), molecular oxygen (O3) and the noble gas
argon (Ar). However, the most important chemical processes in the atmosphere
are controlled by gases with concentrations many orders of magnitudes smaller
than that of nitrogen, oxygen and argon. Ozone (Os) is the most important of
these gases. Most of the ozone resides at greater altitudes in our atmosphere, in
the stratosphere, about 10-50 km above the earth’s surface. The ozone layer at
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Figure 1.1: The vertical distribution of stratospheric ozone decline in northern and
mid-latitudes (solid circles) and its uncertainties (grey area) derived from
the 1980 to 1996 trend. In comparison a 2-D model calculation of the
ozone trend due to catalytic destruction by halogen radicals: solid line
from Solomon et al. [1998], and a calculation using the model of Jackman
et al. [1996]: dashed line, after WMO [1999].

altitudes between between 15 and 40 km contains about 90 % of the atmospheric
ozone. It has two major effects on the earth’s climate. Due to the absorption
of the solar UV-B radiation by ozone (at wavelengths between 190 and 310 nm),
only a small amount of the harmful ultraviolet light (UV-B) reaches the earth’s
surface. On the other hand, ozone absorbs in the infrared, near 9,6 ym, and it
acts as a source of heat. Therefore, the temperature rises with altitudes up to a
height of 50 km in the stratosphere. Thus, a decrease of the stratospheric ozone
increases the UV-B radiation reaching the biosphere. This results in harmful
effects on plants, animals and human beings [ WMO, 2003| and may also have an
impact on climate, due to the changing heat balance in the stratosphere.

The distribution of the ozone mixing ratio along altitude and equivalent lati-
tude' is shown in Figure 1.2. This ten-year (1992-2001) climatology of satellite
observations for September indicates a maximum of the ozone mixing ratio of
about 10 ppmv at an altitude of roughly 30 km (10 hPa) in the tropics and
smaller mixing ratios towards higher latitudes. In Figure 1.2, the “ozone hole” is
noticeable as very low ozone mixing ratios between 100-50 hPa south of ~ 60°S
(see further discussion below).

The main production of stratospheric ozone occurs in tropical latitudes
[ Dessler, 2000]. Ozone is mainly produced by the photolysis of molecular oxygen

! The equivalent latitude is an approximate measure of geographic latitude that allows for a
good separation of polar vortex and non-vortex air [e.g., Nash et al., 1996; Lary et al., 1995].
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Figure 1.2: Zonally averaged distribution of ozone mixing ratios in ppmv in September.
Shown is a ten-year (1992-2001) average of HALOE measurements. Missing
data are indicated as a grey area (J.-U. GrooR, pers. comm., 2003).

(O2) into two oxygen atoms, followed by the reaction of the photolysis product,
the oxygen atoms (O), with Os to form ozone.

Os+hr — 20 (A< 242.2nm) (1.1)
O+0,+M — O3+ M, (1.2)

where hv is the energy of a photon with the frequency v, the wavelength A\, and
M is a neutral molecule that removes excess energy without participating in the
reaction, mostly molecular nitrogen (N3) or Os.

Stratospheric ozone is converted back into molecular oxygen by various reac-
tions. Historically, the first ozone-destroying reaction that was discovered was
the recombination of atomic oxygen with ozone:

Os+hyr — O+0y (A<1140nm)
O+03 — 20,

Net: 203+ hr — 30,. (1.3)

Together with (1.1) and (1.2) it constitutes the so-called Chapman cycle [Chap-
man, 1930]. Furthermore, very effective ozone-destroying catalytic cycles are
driven by certain radicals (e.g., NO, NO,, OH, HO,, Cl, ClO, BrO). The im-
portance of the different catalytic cycles depends on altitude and meteorological
conditions and are described in more detail in Chapter 2.
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Due to the anthropogenic emissions of halogen-containing gases (e.g., chlo-
roflurocarbons (CFCs), halons and chlorocarbons), the ozone chemistry is
strongly perturbed. During the last century, the mixing ratio of such gases
that act as source gases for ozone-destroying chemicals in the atmosphere has
increased rapidly. Large amounts of these chemicals (mainly CFCs) have been
used, for example, as refrigerant in air conditioning systems, in spray bottles and
in foam production.

Emissions of these species, which are extremely stable in the troposphere,
resulted in a dramatic increase in the tropospheric mixing ratio [WMO, 1999;
FEngel et al., 2002|. These anthropogenic compounds are uniformly distributed in
the background troposphere and enter the stratosphere through upward transport
in the tropical region. Therefore, with a delay of some years, the mixing ratio of
these compounds also increase in the stratosphere. Due to the increasing intensity
of UV radiation with increasing altitude in the stratosphere these compounds are
destroyed by photochemical reactions to result (mainly) in HCl and CIONOs.

Analyses of air trapped in the snow above glaciers or in firn air clearly
demonstrated the extent of the anthropogenic influence [e.g., Butler et al., 1999|.
The mixing ratios of, e.g., CFCs, halons, carbon tetrachloride (CCl;) measured
in air samples from the late 19th century are generally less than 2 % of those
found today in the background atmosphere. For example, at the beginning of the
nineties the amount of chlorine-containing species from anthropogenic sources in
the troposphere was 82 % of the total amount of chlorine [Keene et al., 1999|.

The connection between the accumulation of anthropogenic chloroflurocar-
bons in the atmosphere and the increase in the chlorine-catalysed loss of O3 was
first described by Molina and Rowland [1974]. At that time, an enhanced ozone
loss was predicted to appear mainly in the upper stratosphere. Early model
studies [e.g., Crutzen, 1974] indicated that the largest loss of O3 would occur at
an altitude of about 40 km, a view that was subsequently confirmed by a vari-
ety of models |[WMO, 1999|. Indeed, the observed vertical profile of ozone loss
in the upper stratosphere (see Figure 1.1), with maximum losses at around 40
km, was predicted correctly by the first model studies. Nevertheless, there were
still uncertainties in the quantitative understanding of the stratospheric ozone
budget. Models predicted much smaller concentration of ozone in comparison
to measurements in the upper stratosphere, which was called the “ozone deficit”
problem [e.g., Crutzen and Schmailzl, 1983]. Today, this problem in the upper
stratosphere has almost been resolved [Crutzen et al., 1995; Groof et al., 1999].

Loss of ozone in the lower stratosphere first became apparent as a severe re-
duction of total ozone over the Antarctic, detected by Farman et al. [1985]. As
a consequence, enormous scientific efforts were set in motion to find the reasons.
Within about two years the “ozone hole” was shown to be caused by a perturbed
chlorine chemistry. It was pointed out that the existence of polar stratospheric
clouds (PSCs) was responsible for these perturbed conditions. PSCs are observed
in the polar vortex, if temperatures are low enough (lower than ~ 195 K). The
exact nature of PSCs is still somewhat uncertain, as outlined in Section 2.2. Due



1.2 Polar Ozone Depletion )

to heterogeneous reactions on the surface of PSCs in the polar region, the inactive
chlorine reservoir species (e.g. HCl and CIONO,) are converted into the reactive
ozone-destroying species (Cl, ClO). The mixing ratio of these reservoir species
is largest in the polar region, due to the stratospheric transport patterns (see
Section 3.1). Thus, the potential for ozone-destroying chlorine radicals is likewise
largest there. Moreover, it was discovered that bromine compounds, originat-
ing to a large extent from the anthropogenic release of halons, also contribute
substantially to polar ozone loss cycles [McFElroy et al., 1986].

The discovery of the consequences of CFC emissions prompted activities
leading to the Montreal Protocol in 1987 and the following amendments. The
production of the most important CFCs responsible for the ozone loss (CFC-11,
CFC-12) was totally stopped and their use was restricted. Later, the 1995
Vienna Protocol completely phased out the production and use of further CFCs
by the year 1996.

Today, the consequence of the strong increase in the mixing ratio of ozone-
destroying chlorine compounds, but also the dramatic breakup in CFC emissions,
are obvious in atmospheric observations. The total amount of chlorine from long-
and short-lived chlorocarbons in the troposphere peaked in 1992-94 at about 3.6
ppbv [ WMO, 2003]. The major fraction of these 3.6 ppbv, about 3 ppbv of chlo-
rine, was due to molecules resulting from human activities [Dessler, 2000]. Chlo-
rine from most of the major chloroflurocarbons (CFCs) is no longer increasing.
In 2000 the value of total chlorine in the troposphere was about 5 % lower than
at its maximum. On the other hand, total bromine from halons still continues to
increase at about 3 % per year in the troposphere [WMQO, 2003].

It should be mentioned that the first signs of the Antarctic ozone hole coin-
cided with total chlorine levels of approximately 1.8 pptv at an altitude of 20 km
|Engel et al., 2002]. Only a slow recovery of the ozone layer can be expected in
the next few years, because of the long lifetime of most of the CFCs in the at-
mosphere ranging from decades to one hundred years. Further, many additional
factors have an influence on the ozone layer, such as the anthropogenic emissions
of methane, nitrogen compounds and sulphate aerosols as well as climate change.
Therefore, predictions of the future development of the stratospheric ozone are
very uncertain. Nevertheless, with current regulations on further emissions of
chlorine and bromine source gases and the assumption that the general transport
characteristics of the stratosphere will not change, the ozone loss in the polar
vortex can be anticipated to appear up to the year 2060 [Engel et al., 2002].

1.2 Polar Ozone Depletion

The most severe losses of stratospheric ozone have been observed over Antarctica
in austral spring since the late eighties of the last century |Farman et al., 1985;
Jones and Shanklin, 1995; WMO, 2003|. In recent years, in late spring ozone
in the lower stratosphere has been almost completely removed within a layer lo-
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cated at about 15-19 km [WMO, 1999|. A clear exception is the Antarctic winter
in 2002. This winter was marked by an unusually large amount of atmospheric
planetary wave activity and a major warming in late September |Allen and Naka-
mura, 2003; Sinnhuber et al., 2003]. The break-up of the typical cold Antarctic
vortex appeared much earlier compared to previous winters. This resulted in
about 20 % less chemical ozone loss than usual in past decades [Hoppel et al.,
2003].

In the Arctic, climatological ozone levels in late winter and early spring are
significantly larger than in the corresponding austral seasons [e.g., Dobson, 1966|.
They exhibit a strong short-term variability due to perturbations in the atmo-
spheric transport processes [e.g., Dobson et al., 1929; Weber et al., 2002].

Ozone depletion in the Arctic lower stratosphere has been inferred since 1989
from balloon and aircraft measurements [e.g., Hofmann et al., 1989; Proffitt
et al., 1990, 1993; Hofmann and Deshler, 1991; Koike et al., 1991; Kyro et al.,
1992; Browell et al., 1993; von der Gathen et al., 1995; Rez et al., 1998; Goutail
et al., 1999] and more recently from satellite data [e.g., Manney et al., 1994;
Manney et al., 1996b; Miiller et al., 1996; Tilmes et al., 2003]. In 1999-2000
the most extensive measurement campaign so far, SOLVE-THESEO 2000, was
carried out in the Arctic polar region [Newman et al., 2002]. It was followed
by the VINTERSOL-SOLVE2 campaign in 2002-03. The motivation for these
campaign activities was to obtain a better quantitative understanding of the key
processes involved in polar ozone destruction. In particular, one intention was
to quantify the ozone depletion due to chemical losses. To achieve this, different
approaches were applied to the measurements in order to separate dynamic
processes and chemical ozone loss, as described in Chapter 4. Substantial
discrepancies between the results of different methods have arisen in the past.
Moreover, very large discrepancies between measurements and model analysis of
chemical ozone loss rates were found consistently in several studies |e.g., Becker
et al., 1998, 2000; Woyke et al., 1999; Kilbane-Dawe et al., 2001]. Therefore,
the processes leading to chemical polar ozone depletion cannot, at present, be
considered completely and quantitatively understood. A main problem is the
discrepancy between the results of the different techniques applied to derive the
chemical ozone loss from observations. In this thesis a contribution is presented
to address the latter issue.

The method for determining chemical ozone loss used in the present work is
called the tracer-tracer correlation (TRAC) technique. If employed to calculate
just the chemical ozone loss, it is called the ozone-tracer correlation (O3-TRAC)
technique. The principle of this technique was developed by Proffitt et al. [1989,
1990| and is described in detail in Section 4.1. The methodology is based on
the consideration of the relation of two long-lived tracers and the evolution of
this relation during the lifetime of the polar vortex. It was used in the past to
derive ozone depletion |Proffitt et al., 1990; Miiller et al., 2001; Salawitch et al.,
2002] and denitrification |Fahey et al., 1990; Fahey et al., 1990; Rez et al., 1999;
FEsler and Waugh, 2002]. For several years now since 1991-92, the technique has
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also been applied to analyse satellite observations from the HALOE instrument
(see Appendix B.2) |Miiller et al., 1996, 2002; Tilmes et al., 2003]. Recently, the
technique has been criticised by Michelsen et al. [1998] and |Plumb et al., 2000].
It was suggested that owing to the neglect of the impact of mixing on the tracer-
tracer correlation ozone loss may be overestimated by the TRAC technique. The
criticism is described and discussed in Section 4.3.

In the present work, results from two different satellite instruments, namely
ILAS on ADEOS and HALOE on UARS (see Appendix B) were used. The
comprehensive set of measurements taken by ILAS in the Arctic polar region
allowed for the first time a detailed investigation of the temporal evolution of
the ozone-tracer correlation (O3-TRAC) inside the polar vortex for a particular
winter period (1996-97). Additionally, a long-term study of stratospheric ozone
loss in the Arctic is possible with the HALOE data set available for an eleven-year
period between 1991-92 and 2001-02.

Important improvements and extentions to the TRAC methodology were
made in this work and are presented in detail in Section 4.4. Extentions were
made with regard to the meteorological analysis for identifying distinct vortex
regions. This permits an exact decision on the location of profiles with respect to
vortex regions and, thus, for a more profound interpretation of the impact of the
dynamic evolution of the vortex on chemical ozone loss. Further improvements
and extentions were introduced by the use of the long-lived tracers CH, and HF
measured by HALOE as well as by the consistent application of the technique to
HALOE observations over an eleven-year period. This led to more comparable,
consistent results and established the method as a reliable tool for calculating
ozone loss from measurements.

A verification of the improved method is presented in Chapter 5, as well as
a detailed analysis of the impact of mixing. A comprehensive re-analysis and
comparison of calculated ozone loss has been performed based on HALOE and
ILAS measurements for the year 1996-97 in Chapter 6. Furthermore, the con-
sistent application of the improved method to the new HALOE data-set Version
19 over a period of eleven years is shown in Chapters 7 and 8. The evolution of
the CH,/HF relation over the eleven-year period is described in Section 7.1 as
well as the growth rate of HF at different altitudes based on HALOE. Further-
more, the relation between chlorine activation and ozone loss can be shown by
considering the development of the HCl-tracer relation of HALOE measurements
in Section 7.3.

All in all, it is possible to clearly identify and quantify the limits and un-
certainties of the technique and its impact on the results (see Section 8.3). The
strongly varying meteorological influences on the polar vortex from year to year
are consistent with the results derived using the TRAC method (see Chapter 8).
A deeper understanding of the interaction between meteorological conditions, on
the one hand, and ozone loss, on the other hand, allows the coupling between
ozone loss and climate changes in the future to be assessed.

A comparison of the results derived in the present study with results from
other techniques is described in Chapter 9. It is shown that the dependence
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of ozone loss derived from HALOE and the accumulated area of PSCs over the
entire winter for eleven years is not a simple relation. This is in contrast to the
results derived from a method called “vortex average approach”. There, model
analyses are included to estimate the impact of transport.



Chapter 2

Stratospheric Chemistry

In this chapter, the main aspects of stratospheric chemistry of relevance to ozone
loss are summarised. The most important catalytic ozone loss cycles that impact
stratospheric ozone mainly outside the polar regions, are described in Section 2.1.
Further influence of the use of anthropogenic CFCs (chloroflurocarbons) on chem-
ical ozone loss is discussed. Owing to the presence of polar stratospheric clouds
in the polar regions, strong ozone loss occurs in the polar lower stratosphere, as
outlined in Section 2.2. There, the main heterogeneous reactions on polar strato-
spheric cloud particles and sulphate aerosol particles are described as well as the
impact of deactivation reactions and denitrification on ozone loss.

2.1 The Chemistry of Stratospheric Ozone

Ozone (O3) is an important atmospheric trace gas in the stratosphere due to
its absorption of the biologically harmful ultraviolet solar radiation (UV-B). The
absorption in the infrared is a source of heat and energy, which affects the tem-
perature and winds in the stratosphere. The concentration of ozone in the strato-
sphere is determined by a balance of ozone production and loss. The ozone loss
is caused by several catalytic cycles driven by a variety of chemical compounds
depending on altitude and meteorological conditions. Nowadays, this balance is
strongly perturbed by anthropogenic emissions of halogen-containing compounds
into the atmosphere (see Chapter 1). The ultimate consequence of these emis-
sions is a depletion of stratospheric ozone. The ozone depletion in northern and
mid-latitudes (see Figure 1.1) has a distinct minimum around 30 km due to the
different impacts of anthropogenic halogens in the upper and lower stratosphere
see further discussion below.

2.1.1 Loss Cycles of Ozone

Stratospheric and mesospheric ozone is produced by the photolysis of molecular
oxygen with the subsequent reaction of the resulting oxygen atoms (O) with O,
to form ozone (1.1). The sum (O3 + O) is called odd oxygen or Oy. It is distinct
from the much longer-lived O, (molecular oxygen) and varies slowly over a time

9
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scale of one day. Ozone is converted back to molecular oxygen by reaction with
atomic oxygen (Equation 1.3). This cycle, known as the Chapman cycle (and
other catalytic cycles, described below) depends on the abundance of ground-
state atomic oxygen in the stratosphere. Therefore, the importance of this cycle
increases with altitude, owing to the strong increase of O with altitude in the
stratosphere [WMO, 1999|.

More important for the ozone destruction in the stratosphere are several cat-
alytic cycles, which destroy O, at a rate comparable to or faster than the rate
of the Chapman reaction. A catalytic reaction is a reaction where a reactant
increases the rate of a reaction without being consumed in the process. Thus, a
small amount of the catalyst can have a large effect.

Different catalytic cycles are important at different altitudes, depending on
the concentration of the radicals that regulate ozone [WMO, 1999]. Below 40
km, the most important loss cycle is one involving NO, radicals | Crutzen, 1970]:

NO; +0 — NO + O,
NO+O3 — NOQ"‘OQ

Net . O + 03 — 202 (21)

Cycles involving chlorine radicals [Molina and Rowland, 1974] are most effective
around 40 km:

Cl+ 03 — CIO+ 0y
Net: O + 03 — 202 (22)
Cycles involving hydrogen radicals (important above 42-45 km) are
OH+0 — H+0,
H -+ Og — OH + 02
Net: O + 03 — 202, (23)
OH+0 — H+0,
Net: O+0 — Oy (2.4)
and
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OH+03 — HOQ+OQ

Net: O + 03 — 202 (25)

These cycles are important in mid-latitudes in the middle and upper stratosphere,
because they are rate limited by reactions involving O atoms.

Other cycles are more important in regions where O atoms are rare (such as
in the lower stratosphere). For example the cycle

H02+03 e OH+02+02
OH+03 — HOQ+OQ

Net : Og + 03 — OQ + 02 + 02 (26)

is rate limed by the reaction between HO, and O3. But the most important cycles,
which are responsible for the strong decrease in ozone in high latitudes, where
the main part of ozone loss occurs below 30 km, are described in Section 2.2.

2.1.2 Chlorine-Containing Trace Species

Trace species which control the stratospheric ozone chemistry are nitrogen com-
pounds, chlorine compounds and hydrogen compounds, because of the catalytic
cycles (2.2) to (2.6). The chlorine compounds play an important role for the
ozone-destroying catalytic cycles, because their main sources are anthropogenic
emissions of substances such as e.g. CFCs. The most important CFCs are CFC-
11 (CFCl3) and CFC-12 (CF5Cly). In the troposphere, CFCs are chemically
inert and stable against oxidation with radicals (especially against OH radicals).
Therefore, they are not “washed out” in the troposphere and all of the CFCs are
slowly transported into the stratosphere. In the stratosphere, beginning at alti-
tudes above ~ 20 km, CFCs are photolysed by energetic UV radiation with the
ultimate products being mainly CIONO, and HCI. These chlorine compounds
themselves are not ozone-destroying chemicals. However, they may be converted
(“activated”) into ozone-destroying compounds (such as ClO).

In general, about 95 % of the total inorganic chlorine is tied up in the for-
mation of the stable inorganic chlorine reservoirs (HCl and CIONO;). Therefore,
the ozone destruction due to the catalytic cycle (2.3) is not very strong [WMO,
1999]. However, with the presence of polar stratospheric clouds (PSC) in the
lower stratosphere of the polar regions during winter and spring, the relation be-
tween activated and deactivated chlorine changes drastically, as outlined in the
next section. The change from deactivated to activated chlorine due to chem-
ical processes is called 'chlorine activation’. The reversion to inactive chlorine
reservoir species is called ’chlorine deactivation’.

Chlorine activation can be detected by comparing HCl and HF mixing ratios.
HF is photochemically stable and is also released by photolysis from CFCs, result-
ing in a similar altitude distribution as HCI. A reduction in the HCI/HF ratio is
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therefore a good indicator of chlorine activation. On the other hand, an increase
of the HC1/HF ratio is an indicator of deactivation of HCI (see Section 2.2.3).

2.2 The Chemistry of Stratospheric Polar Ozone

With the presence of polar stratospheric clouds (PSCs) (see Section 2.2.1) in
chemically perturbed conditions the chlorine reservoirs are nearly completely ac-
tivated by heterogeneous reactions in the Antarctic stratosphere and partly acti-
vated in the Arctic. Therefore, a substantial chlorine-catalysed ozone destruction
is apparent in both polar regions.

2.2.1 Polar Stratospheric Clouds (PSCs) and Sulphate
Aerosols

PSCs are observed during winter in the cold polar region with temperatures below
195 K from the tropopause up to about 26 km height. The exact temperature
at which PSCs occur depends on pressure and trace gas abundance and on the
precise nature of the particles that form. The composition and formation process
of PSCs are still not satisfactorily understood. Following the present scientific
understanding, PSCs can be divided into two classes, type I PSCs and type II
PSCs. Type I PSCs form at temperatures several degrees above the frost point
and are themselves divided into two types, type Ia and type Ib. Type Ia PSCs
contain crystalline particles, probably nitric acid trihydrate (NAT = HNO; -
3H,0) or nitric acid dihydrate (NAD = HNOj; - 2H50). The fact that NAT
particles actually occur in the stratosphere was recently demonstrated by balloon-
borne mass spectrometer measurements in the Arctic polar region [Voigt et al.,
2000]. Type Ib contains so-called super-cooled ternary solutions (STS) such as
liquid HoO/HNO3/H,SO, aerosols. Type II PSCs are believed to be ice crystals
and are much larger than type I PSCs [Peter, 1997|. Typically, they form several
degrees Kelvin below the frost point. The characteristic radii of type I PSCs were
conventionally assumed to be 0.5-01 ym and of type IT PSCs 5-20 um. However,
from January to March 2000 large NAT particles with diameters of 10-20 pm (so-
called “NAT rocks”) were detected by in situ measurements on high-flying aircraft
[Fahey et al., 2001|. Today, the connection between meteorological conditions
and particle formation and growth rate is been investigated using various models
[Carslaw et al., 2002; Drdla et al., 2002; Mann et al., 2002; Fueglistaler et al.,
2002].

Like PSCs, background liquid sulphate aerosol particles are crucial to the
ozone chemistry, because heterogeneous reactions can take place on their sur-
faces. The abundance of sulphate aerosols significantly increases in the lower
stratosphere, in the case of strong volcanic eruptions | Wilson et al., 1993; WMO,
1995|. This may have significant influence on ozone destruction. In June 1991,
the eruption of Mount Pinatubo in the Phillipines was the strongest eruption
for several decades. A corresponding increase in the stratospheric aerosol surface
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area density (SAD) was measured over the Antarctic in an altitude range of 11-14
km in 1991 |Deshler et al., 1996|. Indeed, in 1991 unprecedented ozone loss was
observed at an altitude of 10 to 14 km over the Antarctic, in correlation with the
increase of the aerosols below 14 km. By 1994 strongly reduced sulphate aerosol
levels were observed and the aerosol burden of the stratosphere is still decreasing
today |WMO, 2003].

The influence of the Pinatubo eruption on the Arctic polar vortex was investi-
gated with LIDAR measurements | Wirth et al., 1994; Stein et al., 1994; Girolamo
et al., 1994] and backscatter measurements |Larsen et al., 1994]. LIDAR data
taken on long-range flights with a Transall aircraft revealed that the core region of
the stratospheric polar vortex was mainly free of volcanic aerosols above © = 485
K. Below 420 K (~ 16 km) there was a quicker exchange of air coming from dif-
ferent latitudes | Wirth et al., 1994]. Similar results were found from multispectral
LIDAR measurements at Sodankylé [Stein et al., 1994| and from balloon-borne
backscatter measurements at Thule, Greenland. There, a clear vortex edge can
only be identified above 15 km with respect to the aerosol loading [Larsen et al.,
1994|. Evidence for enhanced ozone loss due to the increase of sulphate aerosols
in the lower stratosphere is also found in the present work (see Chapter 7).

2.2.2 Heterogeneous Chemistry

Heterogeneous reactions take place on PSCs and liquid sulphate aerosols and
convert chlorine reservoir species such as HCl and CION,O to active chlorine.
Heterogeneous reactions on the surface of PSCs are

CIONO, + HCl —> Cly + HNO; (2.7)
CIONO, + H,0 — HOCI + HNO; (2.8)
HOCI + HCl — H,0 + Cl (2.9)
HOBr + HCl — CIBr + H,0 (2.10)

Further heterogeneous reactions on PSCs and sulphate aerosols are described in
detail by Peter [1997]; Solomon [1999] and Dessler [2000]. The resulting photo-
labile forms of chlorine (Cl; and HOCI) are photolysed to Cl atoms upon exposure
to sunlight even in spring at low sun. Follow-up reactions to ClO are, for example

Cl+0; —s ClO + O,. (2.11)

ClO drives the ozone-destroying catalytic cycles in the polar region. These cycles
do not involve oxygen atoms and are, therefore, effective at lower altitudes.
The most important catalytic cycle is the ClO dimer cycle, where Cl,0O, is
referred to as the dimer [Molina and Molina, 1987].
ClO+ClIO+M — ClOo+ M
ClbOy + hv — CIOO + (1
ClOO+M — Cl+0y,+M

Net: 205+ hr — 30.. (2.12)
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In darkness and at very low temperatures (below about 200 K) most of the
activated chlorine appears in the form of the dimer. Under sunlight conditions
and cold temperatures the photolysis rate is much larger than the concurring
thermal decomposition of the dimer and the cycle is very effective. Therefore,
this cycle is most important inside the lower stratosphere in the polar vortex
towards the end of winter. At mid-latitudes the cycle is unimportant, because
the ClO abundance is much smaller and the temperatures are much higher.

Moreover, cycles involving bromine and bromine oxide (BrO) are also impor-
tant [McElroy et al., 1986]:

ClO+BrO+M — BrCl+0,+ M
BrCl+ hy — Br+Cl
Br+ 03 — BrO -+ 0,
Cl4+ 03 — ClO + Oy
Net : 203+ hr — 30s. (2.13)

Although inorganic bromine compounds are about 200 times less abundant than
chlorine species, catalytic cycles involving bromine are much faster than the C10
dimer cycle. These cycles also effective at higher temperatures, as they are more
often apparent in the Arctic, because the dimer is not involved in the reactions.
In the Antarctic, the dimer cycle makes up two-third of the ozone loss [Dessler,
2000]. The situation is different in the Arctic. There, the dimer cycle makes up
about half of the total loss and the ClIO-BrO accounts for most of the remainder.
Therefore, the further increase of bromine may have a stronger relative influence
on ozone destruction in the Arctic than in the Antarctic. Further catalytic cycles
are of relevance such as e.g. the HOCI cycle [Solomon et al., 1986].

2.2.3 Deactivation of Chlorine

The process competing with chlorine activation is chlorine deactivation. The
resulting interruption of catalytic cycles stops the ozone destruction.

The deactivation of chlorine is mainly controlled by the abundance of HNO;
in the atmosphere. The major channel for chlorine deactivation in the Arctic
polar vortex after the disappearance of the PSCs [Miiller et al., 1994; Douglass
et al., 1995] is the formation of CIONO, via

and is thus limited by the rate of NO, released from the HNOj3 reservoir via
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Due to the fast rate constant of the reaction of Equation (2.14), as long as high
concentrations of C1O prevail, all the NO, (NO,= NO + NO, + NO3)! produced
is converted rapidly to CIONO,, and thus NO, first remains at a very low level.
When ClO concentrations have fallen to values low enough for the photolysis rate
of CIONO, (which increases as the rising sun reaches smaller zenith angles) to
exceed the production rate via (2.14), CIONO, decreases again. Then, the NOy
concentrations also rise via

CIONOy + hv  — Cl+ NO3 (2.17)
NOz+hyr — NO+ O, (2.18)

From then on, HCI increases via

ClO+NO+M — Cl+NOy+ M (2.19)
Cl+CH, — HCl+ CH, (2.20)

at the expense of CIONQO,. Therefore, in spring the HCI mixing ratios rise slowly,
until the polar vortex breaks down.

2.2.4 Denitrification

Denitrification is the irreversible removal of NO, (NO;, = NO + NO; + NOj
+ 2 - N,O5 + CIONO, + BrONO, + HNO; + HO,NO,)? from the gaseous
phase, due to the gravitational sedimentation of large ice or NAT PSC particles
(see Section 2.2.1). In the Antarctic strong denitrification occurs due to very
low temperatures. During the Antarctic winter, HNOj is practically completely
removed from the lower stratosphere [Dessler, 2000]. Denitrification in the Arctic
is less pronounced and much more variable. Nevertheless, in the Arctic winters of
1992-93, 1994-95, 1996-97 and 1999-2000 significant denitrification was observed
by Waibel et al. [1999]; Kondo et al. [2000]; Fahey et al. [2001|; Esler and Waugh
[2002]; Carslaw et al. [2002] and Mann et al. [2002].

The removal of NO,, causes a slowing down of the deactivation of chlorine (see
Section 2.2.3). A reduced amount of NO, will delay the recovery of chlorine reser-
voirs CIONQO, and HCI and cause a longer period of ozone depletion. The lower
denitrification in the Arctic leads to a faster deactivation of chlorine compared to
the Antarctic. Nevertheless, several studies have demonstrated that denitrifica-
tion has a significant impact on ozone depletion in the Arctic [e.g. Waibel et al.,
1999; Becker et al., 2000; McKenna et al., 2002]. Further, a model analysis by
Groof8 et al. [2002] showed that in March, 2000, denitrification was responsible
for 0.3 ppmv (more than 10 %) of the simulated ozone depletion.

INOy includes the members of the NO, family which participate in catalytic cycles that
destroy ozone, the “active” components of NOy (described below).
2NOy represents the abundance of N atoms that are not bound up in either Ny or N,O.






Chapter 3

The Arctic Polar Vortex

From about November to March the stratospheric circulation is dominated in
high northern latitudes by a strong and persistent cyclonic flow that is commonly
referred to as the Arctic polar vortex. The specific conditions inside the Arctic
polar vortex, in particular, low temperatures favouring the existence of PSCs are
responsible for strong chemical ozone loss (see Chapter 2). The ozone mixing
ratio in the polar vortex is influenced by two phenomena, on the one hand, by
the chemical ozone depletion, and on the other hand, by transport processes.
Changes due to transport processes are often dominant. In the present work a
methodology for quantifying the chemical ozone loss is developed and used which
does not require a parameterisation of the dynamics of the vortex. The only
prerequisite for this tracer-tracer correlation (TRAC) technique, as described
in Section 4.1, is that the polar vortex is isolated from the surrounding air.
This assumption is definitely valid if the vortex is strong. Usually, the Arctic
vortex is less stable than its Antarctic counterpart. It is often more perturbed
and temperatures are much more variable during the lifetime of the vortex (see
Section 3.1). Therefore, a number of questions have to be addressed with regard
to the dynamics of the Arctic vortex and chemical ozone depletion. When is
the vortex isolated well enough so that the TRAC technique is valid? What are
the characteristics of the vortex boundary and how can the boundary be most
suitably defined? Has there been an evolution over past decades of the annual
amount of ozone in the Arctic vortex at the time when the vortex forms; i.e.
before chemical ozone depletion is expected. These questions are discussed in
this and the following chapters.

3.1 Dynamics of the Stratospheric Polar Vortex

First, two dynamic quantities are introduced, the potential temperature and po-
tential vorticity, which are useful for describing the dynamic features of e.g. the
polar vortex. The potential temperature © of an air parcel is defined as the tem-
perature which an air parcel would have if it were compressed adiabatically to a

17
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standard pressure (pg) of 1013 hPa

O =T+« (72)“. (3.1)

p

Here, 7' and p are the temperature and pressure of the air parcel. x = R/c, is
about 2/7 for di-atomic gases, where R is the gas constant and ¢, the specific heat
for dry air. The potential temperature of an air parcel remains constant during
adiabatic processes, that is in the absence of significant viscous forces or radiative
cooling, air parcels stay on isentropic surfaces. For time scales up of to about two
weeks (in most parts of the stratosphere) the approximation of adiabatic motion
of an atmospheric air parcel is valid. This makes potential temperature a suitable
altitude coordinate for many atmospheric applications |Hoskins, 1991; McIntyre,
1992].

Potential vorticity (PV) is a quantity that is widely used in the analysis of
atmospheric dynamics |Ertel, 1942a; Hoskins, 1991; McIntyre, 1992]. A general
formulation of the conservation principle of PV was formulated by Ertel [1942b,a].

d
£P:O where P =o0,(Vxu+2Q2)-VO . (3.2)
Here, u is the wind velocity, (2 is the angular velocity of the earth, ¢ is time
and o, = 1/p the specific volume. The potential temperature © is used as the
physical property of the flow that is conserved for individual fluid elements. For
hydrostatic flow the vertical component of Equation 3.2 may be written as [e.g.,
Clough et al., 1985]:
00 dP
P=- — with — =0 . 3.3
Q(C9+f)8p wi 7 (3:3)

(y is the relative vorticity perpendicular to an isentropic surface, f = 2{2sin~ is
the Coriolis parameter, where 7 is the latitude; g is the acceleration of gravity.
A further approximation of potential vorticity (Equation 3.3) valid for the large-
scale circulations typical of the stratosphere was given by e.g. Hartmann [1977];
Butchart and Remsberg [1986]:

00

P = g Ca ap ' (34)
Here, ¢, = (, + f is the component of the absolute vorticity perpendicular to an
isobaric surface. The calculation of relative vorticity ¢, involves differentiation
of the horizontal wind components on constant pressure levels. In the absence
of diabatic and other non-conservative processes, the potential vorticity is a
conserved quantity in an air parcel like the mixing ratio of a chemically inert
trace gas. It may be used as a measure of the strength of the polar vortex and
its maximum gradient on an isentropic surface as a measure of the location
of the transport barrier at the edge of the vortex [e.g., Coy et al., 1997; Nash
et al., 1996]. The potential vorticity thus permits a distinction between inside
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and outside vortex air masses. On an isentropic surface the vortex edge is
characterised as the largest isentropic gradient in PV, thus the vortex edge can
be approximately defined by a specific PV value [Miiller and Ginther, 2003| (see
further discussion in Section 3.1.1).

Now, the general large-scale atmospheric circulation will be described briefly.
The stratosphere — in an altitude range of about 10-50 km - is statically sta-
bly stratified because the temperature increases with altitude. Nevertheless,
the stratosphere is not a closed system. The interaction between troposphere,
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Figure 3.1: Schematic view of the meridional circulation in the stratosphere and inter-
actions between troposphere and stratosphere. The main flow direction of
the Brewer-Dobson circulation (see text) is shown in thick white arrows.
Transport barriers are shown as thick green bars and orange arrows indi-
cate mixing. Mixing processes in regions of the stratosphere and tropopause
occur along isentropic surfaces (U. Schmidt, pers. comm., 2003)



20 3 The Arctic Polar Vortex

stratosphere and mesosphere are shown schematically in Figure 3.1. The mean
meridional circulation in the stratosphere is called the Brewer-Dobson circulation
| Brewer, 1949; Dobson et al., 1929).

In the tropics air rises through the tropopause and enters the stratosphere.
Today, the idea of a well-defined tropical tropopause is increasingly seen as inap-
propriate, and instead the concept of a “tropical transition layer” TTL is being
put forward. This TTL extends upwards from around 2 km below the top altitude
of typical tropical deep convection and has a thickness of about 4 km |Folkins and
Appenzeller, 1996]. Within the TTL, there is slow ascent as well as isentropic
mixing with the extra-tropical stratosphere. Further, there is to some degree
convective overshooting into this region with subsequent mixing. The relative
importance of the different processes involved in the upward mass flux, such as
slow ascent and energetic convection are still under discussion [Dessler, 2000, and
references therein].

Above the TTL there is slow ascent, primarily driven due to extra-tropical
waves in the stratosphere. Dissipation of planetary waves in the stratosphere
and above lead to meridional flow in mid-latitudes (the so called “wave-driven
pump”) and, ultimately, to the descent of air back towards the tropopause over
high latitudes.

In addition to the mean meridional transport processes there is isentropic
mixing across the subtropical tropopause that transports stratospheric air from
the lowermost stratosphere into the tropical upper troposphere and thus across
the stratospheric subtropical barrier (the so-called “tropical pipe”). This process
is driven by the breaking of synoptic scale waves. Further, there is convective
transport of air from the troposphere into the lowermost stratosphere in mid-
latitudes.

In winter and spring, the boundary of the polar vortex constitutes a strong
transport barrier |e.g., McIntyre and Palmer, 1983]. The isolated vortex is sur-
rounded by a zone with strong isentropic mixing in mid-latitudes due to the
breaking of Rossby waves [McIntyre and Palmer, 1983; McIntyre, 1992|. This
region is called the “surf zone”. In Section 4.3, the amount of possible exchange
though this transport barrier of the polar vortex is discussed in detail.

The Arctic polar vortex forms in autumn as the stratosphere cools radiatively
as a result of the meridional temperature gradient. A westerly circulation in the
winter hemisphere appears; as expressed as the thermal wind equation [Holton,
1992]. The beginning of the polar winter is defined as the change from easterly
to westerly circulation. The time of this turning point of the circulation between
September and November is strongly variable from year to year and can be de-
tected in the evolution of total column ozone during the year (see Section 3.3,
Figure 3.5).

The polar vortex essentially constitutes a cyclonic low pressure system (see
Figure 3.2). It starts forming at altitudes above 40 km |e.g., Manney et al., 2003b|
and develops towards lower altitudes at about 380 K potential temperature. An
increasingly strong westerly jet stream develops up to 60 m/s [e.g., Holton, 1992;
Manney et al., 2003a] and the polar vortex consequently establishes. Therefore,
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Figure 8.2: Schematic view of the Arctic polar vortex. The polar jet is indicated in
yellow with the strongest velocity of the jet, indicated in orange. Blue
arrows indicate the descent of air inside the polar vortex.

the values of potential vorticity rise in the polar region. The boundary of the
vortex acts as a kinematic barrier to transport of material into the vortex, as
described above. Therefore, the vortex is largely isolated from mid-latitude air.
During the Arctic winter, the vortex air continues to cool diabatically causing
continuous descent of the air masses. Typical descent rates in the northern hemi-
sphere observed by HALOE between early December and mid-April range from
120 K to 200 K potential temperature [Miiller et al., 1996]. The largest fraction
of this descent takes place during the early winter months. The rate of descent
(dO/dt) increases with altitude [e.g., Rosenfield et al., 1994; Miiller et al., 1996].

The average temperature inside the vortex is significantly lower than in the
surrounding air. Additionally, due to the transport barrier, the chemical com-
position is substantially different from that of the mid-latitude [e.g., Schoeberl
et al., 1992; Nash et al., 1996; Nakamura, 1996|. Any changes in the mixing ratio
of chemically long-lived and practically inert compounds inside the vortex are
an indication that isentropic horizontal transport between air from inside and
outside the vortex has occurred. In Chapter 5 the influence of isentropic mixing
across the vortex edge on tracer-tracer relations in an early vortex is outlined.

The winter 1996-97 is further investigated to observe the influence of hori-
zontal transport processes through the vortex barrier during the lifetime of the
vortex in 1996-97 (see Section 5.4).

Besides the influences of mixing in, for example, due to filaments, the mean
zonal circulation of the polar vortex may be interrupted by a major stratospheric
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warming. This event occurs every few years |e.g., McIntyre and Palmer, 1983;
Holton et al., 1995; Manney et al., 1999]. Enhanced upward propagation of energy
from the troposphere by planetary scale waves is essential for the development
of such warming effects. The polar jet weakens and becomes distorted by the
growing waves and the vortex may temporarily break down. A rapid easterly
acceleration occurs in conjunction with a polar warming. Minor warmings occur
nearly every winter and are generally followed by a quick recovery of the mean
zonal circulation [e.g., Schoeberl and Hartmann, 1991]. In the Antarctic, the
polar vortex is much stronger and in general no major warming occur. However,
in September 2002, a major stratospheric warming was observed for the first time
since observations began (see Section 1.2).

3.1.1 The Polar Vortex Edge Region

The polar night jet is the boundary between the polar vortex and the surf zone,
and is commonly referred to as the vortex edge. The maximum wind velocity
is located approximately at this boundary. The PV distribution in the winter
polar region shows high values in the polar vortex core, a high PV gradient at
the vortex edge, and a weak PV gradient in the broad region of the surf zone
[Melntyre, 1992; Nash et al., 1996].

Based on these facts, Nash et al. [1996] developed objective criteria for char-
acterising the location of different regions in the northern winter hemisphere
vortices. The edge of the vortex is defined “to be the location of highest PV
gradient, constrained by the proximity of a reasonably strong westerly jet” (see
Figure 3.3, thick green line). The location of the local maximum convex and
concave curvature in PV distribution (defined as the maximum of the second
derivative of the PV distribution with respect to equivalent latitude) defines the
poleward and equatorward edge of the vortex boundary region (see Figure 3.3,
thin green lines).

In this work, the following vortex regions are defined. The area polewards
of the poleward edge of the vortex boundary region is called vortex core (see
Figure 3.3, dark orange area). The entire vortex is defined as the region polewards
of the vortex edge, which also includes the vortex core. The boundary region itself
is divided into two parts. The outer vortex is the region between the poleward
edge of the boundary region and the vortex edge (see Figure 3.3). The outer part
of the vortex boundary region is defined as the area between the vortex edge and
the equatorward edge of the boundary region.

Using this definition it is possible to make a decision on the exact location
with respect to the vortex centre on the basis of available measurements (see
Section 4.4). Therefore, the impact of isentropic mixing processes on the chemical
ozone loss in different vortex regions can be illustrated (see Chapters 5 and 8).

In earlier studies, where the TRAC method was applied to HALOE measure-
ments |e.g., Miller et al., 1997b|, the vortex edge definition was more simple.
A certain PV threshold was empirically defined for three potential temperature
levels for the entire lifetime of the vortex. This procedure resulted in a similar
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Figure 3.3: Schematic view of the polar vortex regions [Nash et al., 1996].

decision pattern compared to the procedure used in this work. Nevertheless, the
influence of profiles which were not sorted correctly in the previous procedure is
very significant with respect to the derived ozone loss.

Another enhanced and more accurate method of defining the boundary of the
vortex core (the poleward edge of the boundary region) based on high-resolution
in situ measurements was introduced by Greenblatt et al. [2002]. The large gradi-
ent of NoO across the vortex edge on the potential temperature surface permits a
much more precise detection of filaments containing mid-latitude air entering the
vortex. However, in terms of calculating ozone loss the Nash criteria are adequate
for the identification of the vortex regions on a large scale.

3.2 Dynamical Tracers

Dynamical tracers are chemically long-lived gases. The vertical distribution of
the mixing ratio of such gases in the atmosphere may have characteristic struc-
tures, resulting from their simple pattern of atmospheric sources and sinks. The
dynamic processes, such as vertical advection and horizontal transport, are fast
compared with the local chemical lifetime of the dynamical tracers. Ozone also
can be considered as a long-lived tracer in winter at high latitudes where the
lifetime of Oj is larger than &~ 100 days, as long as no halogen-catalysed chemical
ozone loss process is active [e.g., Proffitt et al., 1992; WMO, 1990].

Besides ozone, measurements of three dynamical tracers are considered in
the present work, namely CH,, HF and N,O. The stratospheric chemical life-
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time of CHy and N,O is 93 £ 18 years and 122 + 24 years respectively |Volk
et al., 1997]. The only known sink of HF is transport to the troposphere [e.g.,
Chipperfield et al., 1997|. CH, is emitted from the earth’s surface and is decom-
posed by chemical reaction with OH, Cl and electronically excited oxygen atoms.
The mixing ratio of CH, decreases with increasing altitude. The abundance of
tropospheric CH, is approximately 1.7 ppmv and decreases to 0.2 ppmv up to
the mesosphere. The increase of CHy in the troposphere between 1991-92 and
1999-2000 was calculated to be about 60 ppbv [Simpson et al., 2002]. N,O is
also produced by ground emission. Like CH, the mixing ratio of NoO decreases
with altitude due to its reaction with exited oxygen atoms and decomposition
by photolysis. The tropospheric mixing ratio of N,O is about 310 ppbv with an
approximated increase of 0.3 % per year. Unlike CH, and N,O, HF increases with
altitude. The source of HF is located in the stratosphere, where the molecule is
produced owing to photolysis of CFCs.

Short-term vertical air motions can be detected by observing vertical profiles
of a dynamical tracer, because there is a simple relationship between the mixing
ratio of a dynamical tracer and the potential temperature as a measure of altitude.
For example, increasing mixing ratios of the tracers CH; and N,O with time at
a certain theta level implies an ascent of air. In contrast, an increase of the HF
mixing ratio implies a descent of air, due to generally higher mixing ratios of HF
at higher altitudes.

3.3 Total Ozone in High Northern Latitudes
Based on TOMS Observations

In this section, the evolution of the annual total vertical column ozone is inves-
tigated based on satellite observations made by TOMS (Total Ozone Mapping
Spectrometer). The Nimbus 7 TOMS data were used for the years 1979 to 1993
and the Earth Probe TOMS (EP-TOMS) from 1996 to 1999, based on the TOMS
Version 7 algorithm |[Newman et al., 1997].

In the present analysis, in particular the conditions of the turning point from
summer to winter circulation of the polar vortex are investigated regarding the
minimum of total ozone at that time in high northern latitudes.

In investigating chemical ozone loss it is worth considering the impact of the
chemical stratospheric ozone destruction on the vertical column of total ozone.
Observations of total ozone by various measurements in the Arctic indicate a
downward trend of spatially or time-averaged spring column ozone [Newman
et al., 1997; Solomon, 1999; Weber et al., 2002] in the 1990s. The annual ozone
column density for twelve years between 1979 and 1999 clearly confirms a ten-
dency to the occurrence of extremely low total ozone columns in spring (see
Figure 3.4).

In the summer stratosphere, isentropic exchange between high and mid-
latitudes is slow. Due to the NO, chemistry enhanced by almost continuous
sunlight (Equation 2.1) in the summer, the total column ozone decreases from
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Figure 8.4: The annual ozone column density in DU for twelve years between 1979
and 1999. The area-weighted average of the column density over northern
Europe (between 63-90 °N and 25-150 °E) was calculated from the mea-
surements taken by the Nimbus 7 TOMS instrument from 1979 to 1993 and
the Earth Probe TOMS (EP-TOMS) from 1996 to 1999.

about 420 DU in May down to below 300 DU in September/October (see Fig-
ure 3.4). With the change from summer to winter circulation, the total column
ozone increases due to the descent of air and increasing horizontal mixing. In the
eighties, the maximum of total ozone reached in March was above 450 DU (see
Figure 3.4, dashed lines). In the nineties, the maximum was below 400 K at the
beginning of February in some years, due to the strong ozone decrease in spring
in the polar region. The total column ozone in March measured by TOMS (see
Figure 3.4, solid lines) approached the ozone summer minimum in some years in
the nineties. In recent years, three of the last four years, 1998, 1999 and 2001
(not included in Figure 3.4) show relatively high column O3, similar to the levels
before 1990 [Newman et al., 2002].

The turning point from summer to winter circulation between August and
November coincides with the time of the annual total column ozone minimum.
Changes in the time of this turning point may be an indication of changes in the
global circulation and, therefore, of the earth’s climate.

The minimum of the column ozone in September /Mid-November for different
years between 1979 and 2000 based on TOMS observations is shown in Figure 3.5,
bottom panel. The top panel illustrates the day of the year when the minimum of
total ozone occurs, which is thus the turning point of the stratospheric circulation.
The dashed line in Figure 3.5, bottom panel, indicates a possible evolution of the
minimum of column ozone loss between 1979-99. A decrease in the minimum
from 1979 to 2000 of about 10 DU (from 285 DU to 275 DU) can be derived from
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Figure 3.5: The time (in days of the year) of the minimum of TOMS ozone column
density in one year averaged over northern Europe is shown in the top panel,
for 16 years between 1979 and 2000. The corresponding minimum value in
DU of the TOMS ozone column density average over northern Europe (as
in Figure 3.4) is shown in the bottom panel. Values were taken from the
annual ozone column density (see Figure 3.4) smoothed over four days to
eliminate short time variations, such as short term weather phenomena.
The dashed lines show the linear fits through the values (see text).



3.3 Total Ozone in High Northern Latitudes Based on TOMS Observations 27

the observations. The minimum value from 1998 which is not included, seems to
be an outlier. However, including this value still results in a decrease of about
4 DU. Such behaviour is consistent with a global decrease of total ozone from
satellite measurements (SAGE I and II) [WMO, 2003].

On the other hand, over the considered twenty year period, the time of the
circulation turning point is much more variable than the value of the correspond-
ing total ozone minimum. Nevertheless, a trend can be identified. There is a
delay of about ten days in the occurrence of the turning of the circulation in the
late nineties compared to the beginning of this 20-year period (see Figure 3.5,
top panel, dashed line). A possible cause for this observation could be a slow
down of the global circulation, which would have a serious impact on the Earth’s
climate.






Chapter 4

The Quantification of Chemical
Ozone Loss in the Polar Region

The mixing ratio of stratospheric ozone in the Arctic vortex is determined by
two processes, on the one hand, by chemical reactions, and, on the other hand
by transport. In particular, the most relevant transport process inside the polar
vortex is the diabatic descent of air during winter, as described in Section 3.1.
Air with large mixing ratios of ozone is transported downwards into the lower
stratosphere where chemical ozone destruction occurs. Ozone variations due to
transport are often greater than those due to chemical ozone destruction [e.g.,
Manney et al., 1994; von der Gathen et al., 1995; Miiller et al., 1996]. Therefore,
it is necessary to separate these two processes in order to quantify the chemical
ozone loss in the stratosphere.

Since the late eighties, a number of approaches have been independently de-
veloped to achieve this purpose. The method used here is based on the principle
of tracer-tracer correlations, as described in Section 4.1, where transport pro-
cesses do not have to be described explicitly. Other approaches were developed
to separate transport and chemistry employing the explicit calculation of diabatic
descent in contrast to the tracer-tracer correlation technique (see Section 4.2).
However, the ozone loss deduced by the various methods shows significant discrep-
ancies [Harris et al., 2002|. Further, the validation of the tracer-tracer correlation
technique was questioned, and it was suggested that the neglect of mixing across
the vortex edge in this technique could lead to a substantial overestimate of the
calculated ozone loss [Michelsen et al., 1998; Plumb et al., 2000] (see Section 4.3).

In response to the discussion in the literature, the tracer-tracer correlation
technique was improved and extended within the framework of this thesis. New
procedures were implemented, as outlined in Section 4.4, which led to significant
improvements in the results.

29
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4.1 The Principles of the Tracer-Tracer Correla-
tion (TRAC) Technique

The tracer-tracer correlation (TRAC) technique was originally developed to quan-
tify chemical ozone loss inside an isolated vortex |Proffitt et al., 1989, 1990]. The
relation of two long-lived tracers is considered, whereby the measurement loca-
tion and time of the two tracers has to be (almost) identical. This is the case
when using, for example, satellite measurements of the HALOE instrument (see
Appendix B.2).

Compact relations are expected between tracers for which the time scale of
quasi-horizontal mixing is fast compared to their local chemical lifetime |Plumb
and Ko, 1992|. Further, over the course of the winter constant compact relation-
ships are expected for tracers with sufficiently long lifetimes for the air mass inside
the polar vortex that is largely isolated from the surrounding air masses |Plumb
and Ko, 1992|. Therefore, considering relations between a chemically long-lived
tracer (the passive tracer) and a potentially active tracer, which could be subject
to chemical or physical change, such changes can be identified as changes in the
relations.

Active tracers such as hydrochloric acid (HCI), total reactive nitrogen (NOy)
and ozone are tracers, that may be involved in chemical reactions and, there-
fore, change their concentrations during the course of the polar winter and spring
in the polar stratosphere. NO, is removed from the stratosphere because it is
sequestered in polar stratospheric cloud (PSC) particles, as described in Sec-
tion 2.2.4. HCI is destroyed by heterogeneous reactions (see Section 2.2.2) and
increases due to the deactivation of chlorine. Chemical ozone loss occurs if large
concentrations of chemically active halogen compounds are present. This is the
case in late winter and spring inside the polar vortex in the presence of sunlight.

In summary, changes in the tracer-tracer relation during the lifetime of the
vortex are expected to be possible only due to chemical or physical changes of the
active tracer |Proffitt et al., 1989, 1990, 1992; Strahan et al., 1994; Fahey et al.,
1990; Borrmann et al., 1993; Miiller et al., 1996, 2001; Rex et al., 1999|.

To derive chemical losses of the active tracer, first, the tracer-tracer relation
has to be determined at a time before the active tracer has chemically changed,
which is usually in the early winter when rather little sunlight is present. The
mathematically formulated tracer-tracer relation is called “early winter reference
function” and is a reference for chemically unperturbed conditions. Further dis-
cussion of the determination of the early winter reference function is outlined in
Section 4.4.2.

The deviation of late winter and early spring measurements from the early
winter reference function are obvious, for example, in the HALOE measurements
in the Arctic vortex for the winter 1999-2000 (see Figure 4.1, top panel) where
Oj is the active tracer and HF is the passive tracer.

In this winter, HALOE profiles were measured in the Arctic vortex in Febru-
ary, March, and April. Deviations from the O3 /HF early winter reference function
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Figure 4.1: Tracer-tracer profiles inside the vortex of the year 1999-2000 from HALOE
measurements with HF as the passive tracer. In the top panel, the active
tracer is O3 and bottom panel the active tracer is HCL. The early winter ref-
erence functions for the O3 /HF relation 1999-2000, top panel, derived from
balloon observations (see Section 7.2), are indicated as a black solid line
and the uncertainty of the reference function is represented by black dotted
lines. Different colours of profiles indicate the different time intervals when
profiles were observed: February (green), first part of March (magenta),
second part of March (purple), first part of April (orange).
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(black solid line) are already obvious in February and are enhanced in March and
April. These deviations from the early winter reference function occur due to
ozone destruction by halogen-catalysed reactions (see Section 2.2) |Proffitt et al.,
1993; Miiller et al., 1996, 2001; Salawitch et al., 2002|. In the course of late winter
and spring, ozone depletion increases due to increasing solar exposure of the polar
vortex air (in the presence of sufficiently large mixing ratios of active chlorine)
and is enhanced in some winters by significant denitrification [Fahey et al., 1990;
Fahey et al., 1990; Rex et al., 1999; Esler and Waugh, 2002].

In Figure 4.1, bottom panel, HCI is used as the active tracer. Changes in
the HC1/HF relation during spring show very low HCI mixing ratios in February,
indicating a strong chlorine activation. The increase of HCI relative to HF in
the HCI/HF relation in March and especially in April indicates a recovery of the
chlorine chemistry.

To quantify chemical ozone loss with the “ozone-TRAC technique”, the vertical
distribution of the ozone mixing ratio of chemically unperturbed conditions ! has
to be compared with the vertical distribution of ozone mixing ratios in spring.

In Figure 4.2 this comparison of vertical ozone profiles is shown for March
2000. The red diamonds indicate the profiles of measured O3 mixing ratios in
March. The corresponding HF profiles, measured at the same time and location
im March, are used to derive the ozone profiles expected for chemically unper-
turbed condition. This is done by converting the long-lived tracer profiles (for
example HF) to ozone profiles by the use of the early winter reference function.
This is possible because the early winter reference function should not be altered,
but remains “frozen in” during the entire lifetime of the vortex as long as no
chemical changes take place [Plumb and Ko, 1992]. These ozone proxy profiles
(O3) derived in this way are shown as green diamonds (see Figure 4.2).

In this way, chemical ozone loss AO3 can be quantified as the difference be-
tween the mixing ratio of the ozone proxy pa, the corresponding ozone mixing
ratio po, actually measured (see Figure 4.2, black diamonds).

N

AO3 = g, — Ho, where O3 = F(tracer) (4.1)

The uncertainty of pg, is determined by the uncertainty of the early winter
reference function F.

Another quantitative measure is the ozone loss in the column density in a
certain layer of the stratosphere 2. Column ozone is usually given in DU; one
Dobson unit is 2.69 * 10'% molecules/cm?. To obtain the column ozone loss, the
difference between the column of measured ozone (Colp,) and the column of the
corresponding proxy ozone (Colg,) has to be calculated.

Colo,,,, = Colg, — Colo, (4.2)

!The ozone mixing ratio of chemically unperturbed conditions is an estimate of the ozone
mixing ratio expected if no chemical loss were to occur.

2The total amount of ozone molecules per area integrated over the altitude is called “column
ozone” in the unit [molecules per cm?].
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Figure 4.2: Vertical profiles (potential temperature as vertical coordinate) of measured
O3 mixing ratios (red diamonds) by HALOE. The ozone mixing ratios ex-
pected in the absence of chemical change, O (green diamonds), and the
difference in mixing ratio between expected and observed Os (black dia-
monds) are shown for March in winter 1999-2000. Oz was deduced using
HF as the long-lived tracer and the early winter reference functions (see
Table C.4) from profiles inside the vortex core.

Lower stratospheric ozone loss occurs at altitudes between about 350 and 550
K potential temperature (see Figure 4.2). Thus, the calculated loss inside this
altitude range is a good estimate of the ozone loss in the total column.

In detail, the number density of ozone [Os] (and [O3]) in molec/cm? has to
be vertically integrated over a certain altitude range dz (between the geometric
heights z; and z,) to obtain the column ozone in units molecules per cm?.

Colo,, . = / [Os]dz — / [O5]dz (4.3)

[O5] (and [Os]) can be written as the ozone mixing ratio o, (#o,) in ppmv
(molecules per million molecules of air) multiplied by the number density of air
M (in molec/cm?®). Therefore, the column ozone can be calculated as follows:

/ [04)dz = / " 1o, Mdz. (4.4)
Z1 zZ1
The transformation to pressure coordinates is performed using dp = —pg * dz:
22 11 M
/ [Os]ldz = / — % r posdp (4.5)
p

21 2
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2, p : mass density (in g/cm?)

where the acceleration of gravity g = 9.81 m/sec™

and p = pressure (in hpa).

The ratio of the density of air M and mass density p
M(p,T) _ Na
p(p,T)  my

is constant®, with Avogadro Number N, = 6.02205 * 10%® molec/mol and the

molecular mass of dry air mp, = 29 g/Mol. Therefore,

1 M 1 Na
k ——

= const. (4.6)

a = —kx—=-— (4.7)
g p g mp
1 . 6.0225 * 10?3 [ molec - sec? (4.8)
a = — .
981 29 cm - g
- app?
= 2.116% 10" lwl (4.9)
cm-g
99| molec
and Equation 4.5 becomes
P1
Colp, = a*/ Hosdp - (4.11)
p2

The column ozone in a certain altitude range may be expressed in Dobson
units (DU):

22 6% P1

/Z1 [Os)dz = 269+ 1016 */,,2 105 dp (4.12)
22, o D1

/Zl Osldz = o ign * . Houdp (4.13)

The main uncertainty in calculating the column ozone loss in Dobson units is
introduced through the first term on the right hand side of Equation 4.2; the
uncertainty of Colg, is largely a consequence of the uncertainty o of the early
winter reference function.

The column ozone loss quantifies the depletion of ozone throughout the lower
stratosphere. The maximum of the chemical ozone loss profiles, AOs, at a certain
altitude describes the strength of the local ozone loss. Thus, the description of
ozone loss by both ozone loss profiles and column ozone loss covers all aspects of
ozone loss.

4.2 Presentation of Several Methods of Calculat-
ing Ozone Loss

The TRAC technique was used in various studies in the past several years to
calculate chemical ozone loss inside the polar vortex |Proffitt et al., 1989; Miller

3Because of the ideal gas law, M = (n * NA)/V = (p *Na) / (RT) and p = (n *my) / V
= (p * my) / (RT) with Volumen V and number of moles n.
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et al., 1996, 1997a,b, 2001, 2002; Salawitch et al., 2002; Tilmes et al., 2003|. Fur-
ther, it was employed to calculate the amount of denitrification (see Section 2.2.4)
|Fahey et al., 1990; Fahey et al., 1990, 2001; Rex et al., 1999; Esler and Waugh,
2002].

During the past decade a variety of other methods have been developed to
calculate stratospheric ozone loss. The methods discussed in this section use
meteorological analyses to calculate the effects of diabatic descent from long-
wave radiation codes.

The Match technique compares ozone mixing ratios of air parcels that are
measured twice within a ten-day period [e.g., von der Gathen et al., 1995; Rex
et al., 2002; Schulz et al., 2000]. The difference in ozone mixing ratio detected
is interpreted as chemical ozone loss. Match is a pseudo-Lagrangian technique
using meteorological data from ECMWEF. Three-dimensional air mass trajectories
are calculated to determine the location of the air parcel after a certain time
period, thus the location of the second measurement location (that matches the
air parcel measured before). This “match” can be measured by ozone sondes, with
a maximum separation of 500 km displacement, the so-called “match radius”. To
derive the vortex average ozone loss with a temporal resolution of about 2 weeks,
a statistically significant number of such “matches” is required.

Manney et al. [1996b,a, 1997] and Manney et al. [2003a] used ozone mea-
surements taken by the MLS (Microwave Sounder) instrument aboard the UARS
satellite to calculate chemical ozone loss for the winters between 1991 and 2000.
A Lagrangian transport (LT) model was used to calculate reverse trajectories for
periods of a few weeks, based on the meteorological analysis from the UKMO.
Measurement of ozone and long-lived tracers are interpolated in time and space
to the starting and end points of these trajectories. These values are used to
calculate the chemical ozone loss.

The method developed by Knudsen et al. [1998| uses the vortex average ap-
proach, which is conceptually similar to the one described above. In this ap-
proach, trajectory calculations — using meteorological data from ECMWF — were
employed to calculate the temporal development of the average of ozone profiles
in the vortex, measured by ozone sondes. The calculation of trajectories includes
a correction for dynamic changes (the diabatic descent and mixing across the
vortex edge from model calculations) to deduce chemical ozone change.

Goutail et al. [1999] used the 3D chemical transport model REPROBUS (Re-
active Processes Ruling the Ozone Budget in the Stratosphere) [Lefévre et al.,
1998] to estimate the loss of column ozone in the stratosphere for different win-
ters. To calculate chemical ozone loss, ground-based ozone and balloon-borne
measurements, SAOZ (Systeme d’analyse par observation zénithale) were used
|Goutail et al., 1999] as well as satellite measurements POAM (Polar Ozone and
Aerosol Measurement) [Deniel et al., 1998]. Proxy values of the ozone mixing
ratios, in the absence of chemical changes (“passive ozone”) were calculated with
the REPROBUS model. Differences between ozone measurements and passive
ozone are assumed to be caused by the chemical ozone loss.

The O3-TRAC method was previously applied to the satellite measurements
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taken by HALOE (see Appendix B.2) to calculate the column ozone loss in the
Arctic. For the six winters between 1991-92 and 1996-97 ozone loss was cal-
culated using HALOE data Version 18 |Miiller et al., 1996, 1997a, 1999] and in
1999-2000 using Version 19 [Miller et al., 2001].

A comparison of the results of the different methods is given in Table 4.1 and
below in more detail, including the results of the present work (see Section 9.2).
The results shown are not exactly comparable, because the column ozone loss
from different methods was calculated for different altitude ranges (see Table 4.1).
Nevertheless, large differences between the results are obvious.

Table 4.1: Calculated chemical loss in column ozone loss in the Arctic in winters 1992—
93 to 1996-97. Comparison between HALOE results [Miiller et al., 1996,
1997a, 1999] and results from other methods described above.

date SAOZ/ Match? MLSP HALOE

REPROBUS®

in 380-600 K in 370-700 K above 100 hPa in 350-550 K
March 1993 55 133 + 14
March 1994 35 102 + 10
March 1995 140 127 + 14 40 116 + 20
March 1996 125 65 140 + 20
March 1997 110 40 53 + 23

2 taken from Harris et al. [2002], Table 4.
b taken from Manney et al. [2003a], Figure 13.

4.3 Criticism of the TRAC Technique

A fundamental assumption of the TRAC technique is that transport due to mix-
ing processes between air from inside and outside the vortex can be neglected in
a largely isolated vortex.

Studies by Michelsen et al. [1998| and Plumb et al. [2000] discuss the impact
of mixing between air masses from outside the vortex with air inside the vortex
on ozone loss estimated on the basis of the TRAC technique. They argue that
changes of the ozone-tracer relation during the polar winter could occur in the
absence of chemical ozone loss. In particular, the descent of air inside the isolated
polar vortex causes a gradient in the tracer mixing ratio at the vortex edge. Plumb
et al. [2000] suggest that mixing across this transport barrier, for example due
to the intrusion of filaments, would cause a so-called anomalous mixing which
changes of the tracer-tracer relation.

The stronger the curvature of the tracer-tracer relation, the stronger the
changes in the relation due to such mixing processes. The curvature of the tracer-
tracer relation depends on the local lifetimes of the two species. Considering two
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Tracer (Ozone) ---—->

Tracer (HF) ---->

Figure 4.3: Schematic view of the impact of mixing and chemical ozone loss on the
ozone-tracer (O3/HF) relationship inside the vortex, similar to Figure 4.1,
top panel. Thick lines indicate ozone-tracer relations, thin dotted lines “mix-
ing lines” showing the results (in tracer-tracer space) of the mixing of two
distinct air masses. The solid line (all panels) indicates the “early vortex”
ozone-tracer relationship, the dashed line (panel b and d) an ozone-tracer
relationship showing the impact of chemical ozone loss, and the dash-dot
line (panel ¢ and d) an “outside vortex” ozone-tracer relationship. Panel a
shows the impact of the mixing of two air masses having the same initial
tracer-tracer relation, panel b the impact of chemical ozone loss on a vortex
ozone-tracer relation, panel ¢ the impact of mixing on a chemically unper-
turbed vortex ozone-tracer relation, panel d the impact of both mixing and
chemical ozone loss concurrently on the ozone-tracer relation in the vortex
[adapted from, Miiller et al., 2001].

tracers with a similar chemical lifetime (for example CH, and HF) this relation
is quasi-linear, whereas the relation of ozone (which has a much shorter lifetime
than e.g. CH, or HF) and HF (or CH,) displays a strong curvature (for example
Figure 4.3, all panels, black solid line). The quasi-linear correlation between,
for example, CH; and HF, cannot significantly change due to anomalous mixing
since mixing lines are always linear. Considering a concave curve, as is the case
for the ozone-tracer correlation, anomalous mixing would lead to a straight line
in a correlation diagram (compare Figure 4.3, panel a, dotted line). Therefore,
such changes in the tracer-tracer correlation would be due to mixing. Figure 4.3,
panel b, dashed line indicates changes in an ozone-tracer relation caused by chem-
ical ozone loss during spring. In both cases (see Figure 4.3, panel a and b) the
deviation from the reference leads to lower O3 mixing ratios for the same values
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of the long lived-tracer. Michelsen et al. [1998] and Plumb et al. [2000] have put
forward the idea that changes of the ozone-tracer relation due to mixing across
the vortex edge could be incorrectly interpreted as chemical ozone loss. If this
were true, the TRAC technique would overestimate chemical ozone loss.

The problems with this argumentation are discussed in detail in Miiller et al.
[2001]. The TRAC method uses the assumption that the same tracer-tracer
correlation holds everywhere inside the vortex. In the critique it is assumed
that the same tracer-tracer correlation also holds outside of the vortex during
the lifetime of the vortex [Michelsen et al., 1998; Plumb et al., 2000]. However,
this is not the case. The ozone-tracer relation outside the vortex clearly shows
higher ozone mixing ratios |e.g., Tilmes et al., 2003; Proffitt et al., 2003] (see
also schematic view in Figure 4.3, panel ¢, dashed dotted line). This is due to
the poleward transport of tropical ozone-rich air to higher latitudes. Therefore,
quasi-horizontal mixing across isentropic lines (see Figure 4.3, panel c, dotted
lines) between the tracer-tracer relation inside the vortex and outside the vortex
would result in an increase of the Os-tracer relation to higher ozone mixing ratios.

On the other hand, the difference between the ozone mixing ratio inside the
vortex and outside the vortex is even enhanced by chemical ozone destruction
inside the vortex (see Figure 4.3, panel b). Therefore, if mixing of air from
outside the vortex occurs, the ozone-tracer relation would rise (see Figure 4.3,
panel d). This effect should lead to an underestimation of the chemical ozone
loss.

In this thesis, this view is confirmed and corroborated through a detailed
investigation of mixing across the vortex edge in February and March 1997 based
on ILAS observations (see Section 5.4). However, possible mixing between polar
air and mid-latitudes in the early winter, when the vortex is not yet formed, is
outlined in Section 5.2. Very low ozone mixing ratios, existing at the pole until
summer [Fahey and Ravishankara, 1999 are mixed in autumn or early winter with
higher ozone mixing ratios from mid-latitudes. Therefore, the observed Os-tracer
relation in early winter may still change until the vortex is isolated.

At the end of the winter or in early spring, when the polar vortex breaks
down, exchanges between polar air masses and mid-latitude air occurs. The high
ozone mixing ratios in mid-latitudes are mixed with the low ozone mixing ratios
in the polar region and a recovery of low ozone occurs [Waugh et al., 1997].

All in all, the effect of anomalous mixing through the transport barrier at the
vortex would result in an underestimation of ozone loss, but not an overestimation
of ozone loss, at is argued by the critics. Furthermore, it is shown in Section 5.4
that these kinds of mixing processes are insignificant when calculating ozone loss.

4.4 Specific Improvements and Extentions in the
TRAC Methodology

The TRAC technique, as introduced in Section 4.1, was applied to HALOE obser-
vations for several Arctic winters between 1991-92 and 1999-2000. Earlier results
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derived using this technique show inconsistencies and deviations from other re-
sults. One reason for this was the rapid change of data versions of the HALOE
data set used |Mdller et al., 1999]. Further, the technique was still under develop-
ment and no consistent analysis was conducted for all winters. For example, early
winter references were derived from profiles partly sorted “by hand”. Moreover,
the definition of the vortex edge was less precise.

The ILAS instrument on the ADEOS — operated from November 1996 to
May 1997 — provided measurements over high northern latitudes over the entire
lifetime of the vortex (see Appendix B.1). This permitted for the first time a
detailed study of the evolution of the ozone-tracer relation over the entire winter.
Problems of the TRAC technique were identified and eliminated, e.g. the exact
definition of the vortex edge. These important improvements of meteorological
analysis are described in Section 4.4.1. The exact determination of the early
winter reference function is very important to achieve a preferably small uncer-
tainty of the result, as is discussed in Section 4.4.2. In addition, the availability
of a consistent HALOE data set (Version 19) (see Appendix B.2) allowed further
improvements and enhancements of the technique (see Section 4.4.3).

4.4.1 New Methodology for the Meteorological Analysis

The methodology of the ozone-tracer correlation technique employed in this study
has been substantially improved and extended with respect to earlier studies, as
described below. A major improvement of the methodology, a modified selection
criteria to decide whether profiles are inside or outside the vortex, is described
in this section. This improvement is very important for reliable and consistent
results, because the characteristics of air masses outside the polar vortex are very
different compared to air masses inside the vortex (see Section 3.1.1). The results
are very sensitive to changes in the selection algorithm.

In the present work, an algorithm derived by Nash et al. [1996] was used
to define particular regions of the vortex, the vortex core, the outer vortex and
the outer part of the vortex boundary region (see Figure 3.3). The algorithm
(described in Section 3.1.1) was applied to the UKMO meteorological analysis
at 12 UTC each day and at three different altitudes (potential temperature O:
475, 550, 650 K). In this way, a certain threshold PV value on each of the three
O levels was defined at 12 UTC for each vortex region on each day of the year
under consideration. Figure 4.4 displays the temporal development of threshold
PV values for different vortex regions, for example of the winter 1996-97. The use
of the threshold, calculated in this way, leads to a much more precise definition of
the vortex edge than using one definite PV threshold for each theta level during
the entire spring, as it was done before.

The HALOE and ILAS instruments made measurements about 15 times per
day along two latitude belts, and thus, the locations of the major part of the
available measurements do not correspond to the time at which UKMO meteoro-
logical analysis is available, which is once a day at 12 UTC. To decide whether a
profile measured by the HALOE or ILAS instrument is inside a particular region
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Figure 4.4: Threshold potential vorticity value in PV-units (1IPVU = 107 K m?/(kg
s)) for the vortex edge (solid line) and the poleward and equatorward edge
of the vortex boundary region (dashed lines) for the winter 1996-97, de-
rived from UKMO data on the 475 K potential temperature level, using the
algorithm derived by Nash et al. [1996].
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Figure 4.5: The potential vorticity derived from UKMO data on the 475 K potential
temperature level valid for March 26 and 28, 1997 12 UTC, shown on a
grey scale. For the same O level, ozone mixing ratios in ppmv as derived
from the satellite profiles are represented as colour-coded diamonds (ILAS)
and squares (HALOE), the location of profiles measured by ozone sondes is
presented as a colour-coded asterisk. All satellite profiles were repositioned
to 12 UTC by trajectory calculations. Also shown are the positions of
satellite profiles at the time of measurement (different from 12 UTC) in
white diamonds (ILAS) and squares (HALOE) (copyright by AGU).
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of the vortex — using the PV threshold derived with the Nash algorithm — the
location of each measured profile has therefore to be repositioned to noon. In
the present work, trajectory calculations were used to reposition the location of
HALOE and ILAS profiles to 12 UTC [Morris et al., 1995| (see Figure 4.5).
This new methodology for the meteorological analysis permits a much more
detailed and consistent analysis of the measurements of all considered winters.

4.4.2 Improved Determination of the Early Winter Refer-
ence Function

It is necessary to derive an early winter reference function to determine chemical
ozone loss. As described above, the early winter reference function is a mathe-
matically formulated tracer-tracer relation for chemically unperturbed conditions.
To derive this reference function, the observation time of the underlying profiles
considered has to be chosen carefully.

The turning point from summer to winter circulation describes the formation
of the polar vortex (see Section 3.3). Thus, the time of the minimum of the
ozone column density (see Figure 3.5) is the earliest time at which the early
winter reference function can be determined. On the other hand, it may be
not the most suited time if the early vortex is not yet strong enough, because
horizontal mixing across the vortex edge may change the tracer-tracer relation
without chemical changes. A case in point is the winter 1996-97, where the tracer-
tracer relation changed until the beginning of January 1997, due to horizontal
mixing processes (as described in detail in Section 5.2).

In summary, the early winter reference function has to be determined at a time
when the vortex has already formed and, additionally, is sufficiently isolated from
mid-latidue air, but early enough so that no ozone loss has already taken place.
Therefore, if the vortex is isolated, the reference function has to be derived as
early as possible, if observations are available, to be sure that no chemical changes
have already occurred.

In practice, in most years considered, only a few observations are available
inside the early vortex each winter, other than for the winter 1996-97 (see Chap-
ter 5). For example, in winter 1995-96 the HALOE instrument measured only
three profiles inside the outer early vortex; still inside the vortex edge in Novem-
ber 18-23, 1995. At this time, the vortex was already formed and isolated (as
could be seen on the basis of meteorological analysis from UKMO). Considering
Figure 3.5, top panel, black line, the vortex started forming at the beginning
of November. Although there are no measurements between the beginning of
November and November 18-23, no chemical ozone loss can be expected, be-
cause no chlorine activation was found in November 18-23, and is therefore not
expected before. At the end of January (see Figure 4.6, bottom panel) strong
chlorine activation can be identified due to the changes in the HCI/HF relation
(see Figure 4.6, bottom panel), but still no changes in the O3/HF relation are
detected (see Figure 4.6, top panel). Therefore, this single January profile would
still describe an undisturbed O3/HF relation. Thus, the early winter reference
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function in

this winter was derived from both November and January profiles.
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Tracer-tracer profiles inside the outer early vortex of the year 1995-96 from
HALOE measurements with HF as the passive tracer. In the top panel, the
chemical active tracer is O3 and in the bottom panel the chemical active
tracer is HCl. The early winter reference function for the O3/HF relation
1995-96, top panel, is indicated as a black solid line and the uncertainty of
the reference function is represented by black dotted lines.

The consideration of the value of “area of possible PSC existence” is useful
to draw conclusions on possible chlorine activation and therefore possible ozone
loss in a certain time period, for example, if no other measurements are available.
In this way, it is furthermore shown that significant chlorine activation is not
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possible without the existence of PSCs (see Section 7.3). The area of possible PSC
existence describes the total area on a certain potential temperature level, where
the temperature (determined from the UKMO analysis) does not exceed the PSC
threshold temperature. This PSC threshold temperature was calculated [Hanson
and Mauersberger, 1988| for a HNO3 mixing ratio of 10 ppbv and a HoO mixing
ratio of 5 ppmv. The area of possible PSC existence is shown in Figure 4.7, for
example, the winter 1995-96 from November to April as a function of altitude.
The first time PSCs possibly exist at the beginning of December 1995, are in
agreement with no chlorine activation being detected from HALOE observations
in November 1995 and significant chlorine activation being detected in January
1996.
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Figure 4.7: Area of possible PSC existence over the entire polar vortex as a function of
altitude, shown for the winter 1995-96 from November 1995 to April 1996,
determined from the meteorological analysis from the UKMO and from the
PSC threshold temperature calculated for HNO3 mixing ratio: 10 ppbv and
H50 mixing ratio: 5 ppmv.

The early winter reference function is fitted by a third or fourth order polyno-
mial. As an example, Figure 4.6, top panel, shows the fitted early winter reference
function as a black line. Here, values on the x axis are given in ppbv and values
on the y axis are given in ppmv. The functional representation of this relation is:

y = 1.92-2°—-6.08-2°+793-2—0.17 , (4.14)

where y gives the ozone mixing ratio po, in ppmv and x the HF mixing ratio
pyr in ppbv. This relation holds for a range of 0.1 ppbv < upp < 1.0 ppbv. The
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uncertainty of the ozone mixing ratio of this reference function is 0 = 0.12 ppmv.
o is the standard deviation of the observation points from the fitted reference
function.

For the winters considered, improved early winter reference functions were de-
rived, using HALOE measurements (if available) inside an isolated vortex, in the
same way as described above. Also, additional data sources such as ILAS satel-
lite data, balloon measurements, and ozone sonde data were used to derive the
reference functions. In this way, in nine out of eleven years reliable early winter
Os-tracer reference functions could be derived (see Section 7.2 and Figure 7.8).

No early winter reference function could be derived directly for the winters
1997-98 and 200001, due to the lack of measurements inside the early vortex for
these two years (see Section 7.2). In the present work, the TRAC technique is
extended so that it is possible to estimate single reference functions valid for each
of these two years. For this purpose, all the HALOE measurements available
inside the early vortex over a period of six years were averaged. Additionally,
the HF and CH, growth rate per year was included, as described in detail in
Section 7.2. Therefore, chemical ozone loss can be calculated for all the eleven
years between 1991-92 and 2001-02.

4.4.3 Specific Improvements to the HALOE Analysis

Besides the improvements with respect to meteorological analysis and the calcu-
lation of the early winter reference function, further improvements were made to
the HALOE analysis in this work. The HALOE instrument measures two long-
lived tracers, namely CH, and HF. Each of the tracers can be used to calculate
chemical ozone loss with the TRAC technique. Additionally, the use of these two
long-lived tracers enable a further improved selection of the HALOE profiles, as
described in the following section.

The relationship between CH4 and HF does not change significantly over the
whole lifetime of the vortex in each year, as described in Section 7.1. Therefore,
profiles deviating by more than 0.2 ppmv from the constant CH,/HF relation
are neglected in order to eliminate profile observations that are uncertain or
influenced by air from outside the vortex.

The improved selection of profiles during the winter and improved determina-
tion of the early winter reference function clearly reduces the uncertainty of the
calculated ozone loss. An error analysis is consistently performed for all the years
in the present work. The major uncertainty in the results arises from the determi-
nation of the early winter reference function, due to variability in the ozone-tracer
relations inside the early vortex. The scatter of the ozone-tracer relations arises,
on the one hand, due to variability of the mixing ratios of tracers inside the vor-
tex, and, on the other hand, they may possibly be due to the random error of the
satellite measurements. These uncertainties are estimated with the calculation of
the standard deviation of the profiles contributing to the early winter reference
function. Further, any systematic error of the satellite measurements is not taken
into account, because assuming that all available measurements of one satellite
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are affected in the same way it would therefore have no impact on the ozone loss
calculation.

To derive results with minimum uncertainty, it is also necessary to calculate
ozone loss in the appropriate altitude range. Ozone loss is therefore calculated
for a maximum altitude range of 380-550 K from HALOE observations, because
within this range the empirical ozone-tracer reference relations are valid. Ear-
lier studies calculated the column ozone for an altitude range of 350-550 K (see
Table 4.1). These results are more uncertain, since the early winter reference
function is not necessarily valid below 380 K. For example in winter 1999-2000,
the ozone-tracer profiles (see Figure 4.1, top panel) scatter above the derived
early winter reference function at altitudes below the 0.15 ppbv HF level. Al-
though the altitude range between 350 and 380 K level is small, these values
significantly influence the calculated column of ozone loss, because the molecule
density at lower altitudes is much larger compared to higher altitudes. Further,
the uncertainty of calculated ozone loss increases at lower altitudes due to the de-
creasing precision of the satellite measurements (see Table B.1). A comparison of
calculated ozone loss between the altitude ranges of 350-550 K and 380-550 K is
shown in Table 9.1. The tracer values from ILAS observations (here N,O) greatly
scatter at altitudes lower than 450 K, thus the ILAS ozone loss is calculated for
an altitude range of 450-550 K.

A further major improvement, with respect to new scientific insights, is the
application of the TRAC technique over an eleven-year period. The consistent
evaluation of all eleven winters, between 1991-92 and 2001-02, allows the chemical
ozone loss and meteorological features of each winter to be compared. This allows
conclusions to be made on the coupling between climate change and ozone loss.






Chapter 5

Verification of the (TRAC)
Technique Using ILAS Data in
1996-97

The ozone-tracer correlation technique, as described in the previous chapter, is
now verified with the use of the ILAS satellite data set. The improvements to
the TRAC technique (see Section 4.4) are implemented in the procedure of the
analysis and are further discussed in this section.

The ILAS observations are made over high northern latitudes and are available
for the entire lifetime of the polar vortex in 1996-97. First, the meteorological
situation of the winter 1996-97 is described (see Section 5.1). In Section 5.2,
the evolution of ozone-tracer relations is considered for the early vortex from
November 1996 to January 1997 and for the isolated vortex from January to
April 1997 and, moreover, in vortex remnants in May 1997 (see Section 5.3).
Further, the influence of horizontal mixing across the transport barrier at the
vortex edge is discussed in Section 5.4. The main parts of Sections 5.2 and 5.3
are adapted from Tilmes et al. [2003].

The tracers CH; and N,O measured by ILAS are in principle suitable for
the ozone-tracer correlation method, but the data quality is only adequate for
N,O. CH, was not used because the ILAS Version 5.2 CH, data still differ from
the validation data with the magnitude of the discrepancy depending on season
[Kanzawa et al., 2002].

5.1 Meteorology of the Polar Vortex 199697

A short overview of the meteorology of the polar vortex 1996-97 is given in this
section to provide a basis for the discussion of the evolution of the observed
Ogs-tracer relation in the following sections.

In winter 1996-97, the polar vortex formed relatively late. Before it was fully
established at the end of December, horizontal mixing between air from inside
and outside the vortex occurred and the minimum temperature remained above

47
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195 K. After the late formation, the vortex was very cold and strong. At the
475 K potential temperature level, the lowest temperatures in an 18-year data
set were reached in this year in March and April (temperatures were below the
PSC threshold of about 195 K (see Section 2.2.1) until the beginning of April)
inside the vortex core [Coy et al., 1997|. In March, the vortex core was small and
strong whereas the boundary region was wide.
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Figure 5.1: Area of possible PSC existence over the entire polar vortex, as a function of
altitude, is shown for the winter 1996-97 from November 1996 to April 1997,
determined from the analysis from the UKMO and from the PSC threshold
temperature calculated for HNO3 mixing ratio: 10 ppbv and HoO mixing
ratio: 5 ppmv.

In Figure 5.1, the area of possible PSC existence during the winter 1996—
97 (see Section 4.4.2) from November to April shown. PSC occurrence was not
possible before January 1997 (see Figure 5.1), therefore no chlorine activation and
thus no ozone loss can be expected in November and December 1996. Until the
end of March the temperatures were low enough for possible PSCs, the potential
for chemical ozone loss. During mid-February, this potential was enhanced by
significant denitrification [Kondo et al., 2000].

5.2 FEvolution of Ozone-Tracer Relations in the
Early Vortex

For the application of the ozone-tracer technique it is necessary to derive an early
winter reference function. This reference function represents an ozone-tracer rela-
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tion for chemically unperturbed conditions inside the isolated vortex, as described
in Section 4.4.2. It is necessary to ensure that the vortex is fully established when
the early winter reference function is derived, because horizontal isentropic mixing
across the vortex boundary may change the ozone-tracer relation, as described in
Section 4.3. In this section, it is shown that changes in the ozone-tracer relation
are possible if the polar vortex is not yet well isolated as is the case in November
and December 1996.
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Figure 5.2: O3/N30O [ppmv/ppbv] relation of ILAS observations is shown for different
time periods (at the top of every panel). Different line colours indicate
different parts of the vortex, sorted by different equivalent latitudes, 50—
60°N black, 60—70°N red, 70-80°N blue and 80-90°N green. Black diamonds
indicate all other profiles outside the vortex, with an equivalent latitude <
50°N. Only every third of the observed profiles is shown in red for better
readability (copyright by AGU).
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Utilising the large number of profiles measured by ILAS in November and
December 1996 in high latitudes, it is possible to describe the evolution of the
ozone-tracer relation inside and at the edge of the early vortex with NoO as the
long-lived tracer (see Figure 5.2). The different colours of the profiles of the ILAS
observations denote different parts of the vortex sorted by the equivalent latitude
at three isentropic levels: 475, 550 and 675 K [e.g., Lary et al., 1995]. Profiles
with an equivalent latitude between 50 and 60°N are measured outside the vortex
(black lines). Red lines indicate profiles located at the edge (equivalent latitude 60
< 70°N), blue profiles are measured inside the vortex towards the edge (equivalent
latitude 70 < 80°N), and green profiles are measured inside the vortex towards
the core (equivalent latitude > 80°N). All other profiles outside the vortex with
an equivalent latitude lower than 50°N are indicated as black diamonds.

From November to January there is a separation of profiles inside (coloured
profiles) and outside the vortex (black profiles) (see Figure 5.2, all panels). The
relation of profiles inside and at the edge of the early vortex changed over the
course of this period. At the beginning of November when the vortex began to
form, there was a large scatter of the ozone mixing ratios from 2 to 4.5 ppmv at
higher altitudes (N,O < 130 ppbv, above ~ 400 K) (see Figure 5.2, panels a and
b). Mixing across the vortex edge was strong enough to change the relation in
the vortex core in November and December and led to an increase of ozone in
the vortex, so that the very low ozone mixing ratios of 2 ppmv had vanished by
January. During the first half of December the vortex was strongly disturbed by
air from outside due to mixing processes. Profiles between 70°-80° equivalent lat-
itude (blue profiles in Figure 5.2 panels ¢ and d) inside the vortex show a stronger
scatter in December than in November. Towards the end of December, the vortex
became stronger and more isolated. From then on, the O3/N,O relation did not
change significantly until mid-January.

In January, there was still some mixing of air from outside the vortex to
the edge of the vortex (see Figure 5.2 panel d, red lines). However, inside the
vortex towards the core (see Figure 5.2 panel d, green lines) the ozone-tracer
relation became more uniform and was no longer influenced by mixing processes
(see Section 5.4). A similar result was likewise obtained for winter 1999-2000 by
Ray et al. [2002]. Thus, the early winter reference function can be deduced from
observations obtained at the beginning of January.

5.3 Evolution of Ozone Loss over the Entire Life-
time of the Vortex

The temporal evolution of the destruction of ozone inside the polar vortex can be
followed chronologically by analysing the ILAS O3/N5O relation (see Figure 5.3).

An early winter reference function for winter 1996-1997 was fitted to the ILAS
profiles inside the early polar vortex for the period January 1-8 (see Section 5.2).
Using NoO as a long-lived tracer (mixing ratios in ppbv) and O3 (mixing ratios
in ppmv) the early winter reference function of O3/N5O is characterised by the
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Figure 5.3: O3/N50 [ppmv/ppbv] relation of ILAS observations inside the polar vortex
for different periods from December 1996 to May 1997. Thin black lines
indicate the different profiles with an accuracy larger 40 ppbv for NoO and
larger 0.5 ppmv for Os. The thick black line in every single panel indicates
the calculated early winter reference function (Equation 5.1), fitted to data
for the period January 1-8, with the uncertainty indicated by the area
shaded in grey (see text) (copyright by AGU).
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polynomial:

y = 484-107%. 2 —250-107% 2% 4 3.47-107* - 2?
—1.71-107% -2+ 4.01 (5.1)

where the y axis describes the ozone mixing ratio o, in ppmv and the x axis
describes the NoO mixing ratio pn,o in ppbv. The reference function is valid
for range 20 ppbv < un,0 < 250 ppbv and has an uncertainty ¢ = 0.28 ppmv
(see Figure 5.3). o is shown in all panels of Figure 5.3 with the corresponding
uncertainty indicated by the area shaded in grey.

The changes in the ozone-tracer relation that are due to isentropic mixing
processes caused by an incomplete isolation of the early vortex (panels a and b)
have been discussed (see Section 5.2). In January, the O3/N,O relation inside
the vortex is inside the range of uncertainty of the early winter reference function
(see Equation 5.1, Figure 5.3, panels ¢, d and e). Deviations from the reference
function due to the chemical destruction of ozone by active halogen compounds
are expected to increase with increasing sunlight duration. This is observed in
the ILAS data. At the beginning of February, profiles scatter somewhat below
the reference function for NyO smaller ~ 120 ppbv in the O3/N5O relation. This
deviation from the reference function above 450 K potential temperature indicates
the beginning of chemical ozone loss (see Figure 5.3, panel e). After mid-February,
deviations of the early winter reference function are clearly noticeable and become
more and more pronounced in the course of spring (see Figure 5.3, panels f to
m). Between mid-March to early April (see Figure 5.3, panels k to m) deviations
of ozone-tracer profiles from the early winter reference function are separated
into two groups, one group shows moderate deviations of the reference function,
the other group shows strong deviations. From the middle of April to May,
the deviation from the reference function becomes more and more uniform (see
Figure 5.3, panels n and o). In May, low ozone mixing ratios are consistently
measured inside the vortex core.

Table 5.1 summarises the average of the derived column ozone loss between
450-550 K for different time intervals and for different parts of the vortex. The
column ozone loss is calculated from the end of February to the middle of May.
The TRAC technique is not well suited to quantify the very small amounts of
ozone loss at the beginning of February, because the range of uncertainty is larger
than the calculated ozone loss. The standard deviation of the column ozone loss
(0 in brackets in Table 5.1) is shown for each part of the vortex. The error
was estimated from the uncertainty of the reference function (see Section 4.4.3).
The most rapid change in the O3/N,O relation occurred between February 22
and March 20, when the temperatures inside the vortex were still very low (see
Figure 5.3, panels i to k). Sufficiently large mixing ratios of active chlorine were
present and ozone loss was enhanced by the denitrification of the vortex in the
middle of February (see Section 5.1). Mann et al. [2002| found that more than
30 % of the HNO3 was denitrified inside the cold vortex core. At the end of
March, HCI begins to recover from the extremely low activated levels [Miller
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Table 5.1: Ozone loss in Dobson units in 450-550 K calculated from ILAS data for the
entire vortex, the vortex core and the outer vortex, respectively. Additionally
shown is the maximum ozone loss of the entire vortex. Values are shown with
the range of uncertainty and the standard deviation o in brackets.

Period Entire Vortex Vortex Core Outer Vortex Maximum
22-28 Feb. 7.3 +£5.6 (6.9) 94 +53(49) 58 +5.8(7.9) 17.4 + 6.3
1-10 Mar. 7.4 + 5.7 (11.5) 13.9 + 5.5 (8.6) 0.7 £6.0 (10.3) 26.8 £ 6.1
11-20 Mar. 7.6 + 5.9 (12.5) 155 £ 5.6 (89) 0.7 +£6.1(11.0) 354 +6.0
21-31 Mar. 11.9 +5.9 (11.4) 19.9 + 5.5 (8.3) 4.6 + 6.2 (8.5) 35.3 £ 4.6
1-15 Apr. 13.3 £ 6.0 (9.7) 18.9 + 5.8 (8.8) 8.8 £ 6.2 (8.0) 39.1 + 6.2
16-30 Apr. 24.4 + 6.5 (12.3) 324 +6.4 (5.8) 16.7 £ 6.6 (12.0) 41.4 + 64
1-15 May. 326 £6.6 (7.0) 338 +6.5(6.7) 299 +69(74) 452 +5.4

et al., 1997b]. Therefore, any further chemical ozone loss observed later in the
season is likely due to NO, chemistry later in the season [Groof8 et al., 1998;
Hansen and Chipperfield, 1999|. From February 22 to March 20, the maximum
ozone loss increased by about 18 DU (from 17 + 6 DU up to 35 + 6 DU) for
450-550 K (see Table 5.1, fifth column). Both the column ozone loss over the
entire vortex and within the vortex core increased over this period. However, the
derived column ozone loss inside the outer vortex is almost zero from March 1 to
20 (see Table 5.1). Significant differences in the derived ozone loss between the
outer vortex and the vortex core during this time period arose due to temperature
differences inside different vortex regions. Later on these inhomogeneities were
distributed throughout the entire vortex.

During March and the beginning of April, the standard deviation of average
ozone loss inside the vortex core (above 8 DU) is larger than for February and
for the end of April and May. In this time period, deviations of ozone-tracer
profiles from the reference function are very inhomogeneous, especially between
March 21 and April 15, 1997, (Figure 5.3, panels 1 and m). A separation between
some profiles with relatively low ozone mixing ratios and many more profiles
with moderate ozone mixing ratios becomes obvious. Such an inhomogeneous
ozone loss pattern is consistent with the notion of inhomogeneous denitrification
and, thus, inhomogeneous chlorine activation inside the vortex in 1997 [McKenna
et al., 2002, see also Section 6.2.3].

The column ozone loss inside the vortex core increases further to 32 + 6 DU
in April and 34 £ 7 DU in May with a maximum ozone loss of 45 = 5 DU (see
Table 5.1, third column and fifth column). In 1997, the polar vortex was still
very strong until the end of April. Also, the O3/N,O relation inside the vortex
became more and more compact towards April as presumably mixing within the
vortex air masses leads to uniform ozone mixing ratio profiles throughout the
vortex.
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5.4 Influence of Mixing on the Ozone-Tracer Re-
lationship

As argued in Section 4.3, the effect of anomalous mixing through the isolated
vortex edge would only lead to increased ozone mixing ratios relative to a constant
tracer mixing ratio, and therefore, to an underestimation of ozone loss. In this
section, the argumentation is corroborated by investigating ILAS observations
and further discussion is presented concerning the impact of mixing on different
parts of the vortex.

Due to diabatic descent of ozone rich air towards lower © levels within the
polar vortex, the ozone mixing ratios on potential temperature surfaces outside
the vortex are in general significantly lower than inside. Thus, possible mixing
of air masses from outside the vortex to inside the vortex is expected to lead to
a decrease of ozone mixing ratios inside the vortex. The situation is different,
however, if the ozone-tracer relationship is considered, because isentropic mixing
between air from outside the vortex with air from inside the vortex affects the
ozone-tracer relationship differently than the ozone-potential temperature rela-
tionship (as discussed in Section 4.3).
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Figure 5.4: O3/N2O [ppmv/ppbv]| relation of ILAS observations, for two different time
intervals in March/April 1997. The different colours denote different isen-
tropic levels: 400 K: black; 450 K: red, 500 K: blue and 550 K: green. The
different symbols denote different parts of the vortex: squares: inside the
vortex core; triangles: outer vortex, diamonds: outside the vortex edge,
inside the outer boundary region of the vortex; crosses: all other profiles
outside the vortex. Black line is the early vortex reference function, Equa-
tion (5.1).

Following isentropic levels from inside to outside the vortex (see Figure 5.4,
different colours) mixing occurs between air masses containing low ozone and low
tracer mixing ratios and air masses containing high ozone and high tracer mixing
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ratios. These ILAS measurements on different isentropic lines, taken at the end
of March and April 1997, also indicate that the strongest ozone loss occurred
inside the vortex core (see Figure 5.4, coloured squares) and moderate ozone loss
occurred mainly inside the outer vortex (see Figure 5.4, coloured triangles). These
profiles, measured inside the outer part of the vortex, scatter above the early
winter reference function and are, therefore, significantly influenced by mixing
processes.

When for example ozone-tracer relations for the early winter 1997 are consid-
ered (see Figure 5.2), the ozone mixing ratios below the ozone maximum from
profiles obtained at high equivalent latitudes are lower than those from profiles
obtained at lower equivalent latitudes over the whole tracer range. Therefore,
the influence of horizontal mixing at the vortex boundary can only result in an
underestimation of the calculated ozone loss [see also, Miiller et al., 2001, and
the discussion in Section 4.3].

In addition, mixing processes leading to a straight line in a correlation dia-
gram, as shown in Figure 4.3, panel a, dotted line, may not cause the shape of
the Os-tracer relation derived from observations measured since March 1997 (see
Figure 5.3, panel j to o).

The low ozone mixing ratios in the air of the vortex remnants in May are first
of all due to the very low ozone mixing ratios already present in the vortex in
March. Further, an additional ozone loss will occur in the vortex remnants due
to NOy chemistry, as described above. The fact that such low values of ozone are
observed in the vortex remnants indicates that they must have remained largely
intact and that no substantial mixing of outside air has occurred. Further, air
masses inside the vortex remnants are relatively homogeneous, because the ozone-
tracer relations in May (see Figure 6.9) are quite compact.

This argumentation shows that the ozone-tracer relation inside the isolated
vortex, as is the case in 1996-97, is not significantly influenced by mixing pro-
cesses.






Chapter 6

Re-analysis of HALOE and ILAS
Observations in Winter 199697

The winter 1996-97 is a special case insofar as both HALOE and ILAS satellite
observations are available. The improved TRAC technique, as described in Sec-
tion 4.4, is applied to the two data sets to calculate chemical ozone loss for this
winter. The main parts of this chapter are adapted from Tilmes et al. [2003].

6.1 Comparison of ILAS and HALOE Ozone Ob-

servations

A comparison of the ozone mixing ratio measured by ILAS (Version 5.2), HALOE
(Version 19) and ozone sondes is performed since both data sets will be used
together to calculate ozone loss. The comparison is also performed to derive an
early winter reference function for the calculation of ozone loss based on HALOE
observations, as outlined below (see Section 6.2.1). HALOE measurements inside
the outer vortex and in the vortex core are available from March 4 to April 4 so
that ILAS and HALOE are directly comparable in this time interval. Comparing
ILAS and HALOE mean ozone profiles over this time period (see Figure 6.1)
the ozone mixing ratios measured by ILAS are systematically larger than those
measured by HALOE.

The mean deviation between HALOE and ILAS ozone profiles in 380-550 K
is 0.25 4 0.06 ppmv for profiles inside the outer vortex and 0.16 £ 0.09 ppmv
for profiles inside the vortex core. This result is in agreement with the validation
analysis of Sugita et al. [2002] and Lee et al. [1999], who found that ILAS ozone
mixing ratios are on average about 8 % larger than correlative measurements
obtained by HALOE for the relevant altitude range from March 24 to April 2.
The bias between HALOE and ILAS ozone mixing ratios is rather robust and
there is no identification of strong deviations from this bias with time (T. Sugita
pers. comm., 2003). Therefore it is assumed that the mean deviation between
HALOE and ILAS does not change significantly inside the outer vortex and the
vortex core over the course of the winter and spring.

o7
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Figure 6.1: The difference of mean ozone profiles from ILAS and HALOE (ILAS-
HALOE) in an altitude range from 360-650 K is shown as a green profile for
values inside the vortex core and as a blue profile for values inside the outer
vortex. The mean ozone profiles from ILAS and HALOE were calculated
from all profiles inside the vortex core/ outer vortex in the time period
March 4 to April 4, 1997. Also shown are green and blue straight lines
indicating the mean deviation of each difference profile between 360-650 K
(copyright by AGU).

For the period March 25 to 31, the ILAS and HALOE measurements are
obtained at adjacent positions and times inside the polar vortex (see Figures 4.5
and B.1). Thus, the corresponding ILAS and HALOE profiles probably represent
the conditions in the same air masses for this time period.

For example, on March 26 and 28 (see Figure 6.2) some HALOE profiles
(solid lines) were measured at nearly the same geographic longitude and latitude
as some of the profiles observed by ILAS (dashed lines). Ozone profiles with two
different characteristics in an altitude range of 450-550 K were observed from
both HALOE and ILAS. On the one hand, there were profiles showing relatively
low ozone mixing ratios (minimum mixing ratios, HALOE: 0.9-1.1 ppmv, ILAS:
1.6-1.8 ppmv), on the other hand, there were profiles with moderate ozone mixing
ratios (above 2 ppmv at ~ 475 K). The ozone profiles with relatively low ozone
mixing ratios were located inside a region characterised by high PV values, i.e.
inside the vortex core (see Figure 4.5). Profiles located outside that region show
much larger ozone mixing ratios, as is observed both by ILAS and HALOE.

At the end of March, HALOE measurements show much lower minimum ozone
mixing ratios than found by ILAS. Considering the minimum of the low ozone
mixing ratios, the difference between HALOE and ILAS measurements (about
0.6 ppmv) is much larger than the systematic deviation between HALOE and
ILAS ozone profiles in general.

A comparison between the satellite data and ozone sonde measurements was
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Ozone profiles in an altitude range from 350-600 K derived from ILAS
(dashed lines), HALOE (solid lines). All satellite profiles were repositioned
to 12 UTC through trajectory calculations. The geographic position (lati-
tude/longitude) of profiles at 12 UTC on the 475 K potential temperature
level is listed on the right. Top panel: March 26, 1997; bottom panel:
March 28, 1997 (copyright by AGU).
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performed to assess the observed differences between the satellite data sets. The
moderate ozone mixing ratios measured by HALOE and ILAS instruments from
26 March to 2 April are in the same range. As shown above, ILAS ozone mixing
ratios are slightly larger (see Figure 6.3). A large amount of information is
available from ozone sonde measurements inside the polar vortex in March and
April, displaying similar ozone mixing ratios.

Those ozone profiles obtained by ILAS and HALOE displaying very low mini-
mum ozone mixing ratios between 450-500 K are specifically investigated. At the
end of March and the beginning of April about six ozone sonde measurements
showed minimum ozone mixing ratios below 1.5 ppmv. Three of these profiles
(see Figure 6.3) show an extremely low minimum (about 1 ppmv) comparable to
the HALOE minimum values.

The balloon observations above NyAlesund were made ~ 10° north of the po-
sition of HALOE and ILAS observations and are, therefore, not directly compara-
ble. Nonetheless, these measurements were made at the same equivalent latitude
(corresponding to 50-55 PVU at 475 K) as the HALOE and ILAS observations
at 69°N and 110-140°E (see Figures 6.2 and 6.3 in Appendix B). However, the
low ozone mixing ratios were measured by the ozone sondes over a rather narrow
layer. Such an ozone profile will be smoothed in the observations of a satellite
instrument even with the characteristics of HALOE or ILAS that process compa-
rably good vertical resolutions (see Appendix B). The resulting profile depends
on the specific instrument characteristics and further on the smoothing algorithm
employed. When the regions of substantially depleted and strongly layered ozone
in March are observed by HALOE, the HALOE ozone is biased low below the
ozone minimum compared to the ozone sonde measurements, while the minimum
of the ozone profile is in agreement. On the other hand, ILAS tends to be biased
high around the minimum of the ozone sonde profiles.

In summary, the moderate ozone mixing ratios measured by ILAS are slightly
larger than measured by the HALOE instrument at the end of March. This sys-
tematic difference between ILAS and HALOE does not affect the results, because
ozone loss is calculated with respect to the relative deviation of the Ogs-tracer
from the derived early winter reference function. This is different considering
these measurements at the end of March that show very low ozone mixing ratios.
Differences between measurements taken from HALOE and TLAS are much larger
than the systematic bias.

6.2 Ozone Loss in the Winter 1996-97, ILAS and
HALOE in Comparison

6.2.1 Ozone Loss Derived From HALOE Measurements

Ozone loss is derived from HALOE observation with the TRAC technique, where
both CH, and HF were used as the long-lived tracer. For this purpose, two early
winter reference functions were developed, one using CH, as the long-lived tracer
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Ozone profiles measured from ILAS (yellow lines), HALOE (grey lines) in
the time period March 26 to April 2, 1997 are shown in an altitude range
from 350-600 K. Top panel: only moderate ozone profiles selected. Bottom
panel: only profiles with relatively low ozone in 450-500 K are shown. Ad-
ditionally, ozone sonde measurements from NyAlesund (at 78.9°N/11.9°E)
in this time period are shown: black profile: March 28, 1997; red profile:
March 30, 1997; blue profile: April 5, 1997 (copyright by AGU).
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and the second using HF.

HALOE took measurements in northern latitudes up to a maximum of 49°N
in November and 48°N in December 1996. Miiller et al. [1997b] derived an ozone-
tracer reference relation from HALOE data for November 1996 using HF as the
long-lived tracer. However, since the vortex was not fully established in Novem-
ber 1996 (see Figure 6.4, black asterisks), this relation is not well suited as a
reference relation. A better choice would be to employ the HALOE observations
in high northern latitudes in December, but these measurements are located very
much towards the edge of the polar vortex. A reference relation deduced from
those observations would thus be influenced by air from outside the vortex (see
Figure 6.4, red asterisks).

Thus, an early winter reference function for the long-lived tracer CH, and
HF from the ILAS reference function is derived here. The O3/N,O reference
function (Equation 5.1) is converted to the O3/CH, and Os;/HF reference by
using a NoO/CH, and a CH,/HF relation. Engel et al. [1996] reported a linear
relation for NoO/CH, from whole-air sampler measurements at different seasons
and mid and high northern latitudes between 1988 and 1992:

[in,0 = 261.8 - iy, — 136.1 (6.1)

where pn,0 is the ozone mixing ratio of N,O in ppbv and pcp, the mixing ratio
of CHy, valid for the range 0.65 ppmv < pcpy, < 1.6 ppmv.

As described in Section 6.1, ozone mixing ratios obtained by ILAS are sys-
tematically larger than HALOE mixing ratios (0.16 £+ 0.09 ppmv inside the vor-
tex core and 0.25 £+ 0.06 ppmv inside the outer vortex). Therefore, a shift of
—0.21 £ 0.05 ppmv, which is the average of the systematic error between the
vortex core and the outer vortex in O3, was applied to the early winter reference
function derived for the HALOE calculations.

The O3/CHy relation derived from Equation 5.1 in this way (shown in Fig-
ure 6.4, bottom panel, black line) is characterised by the polynomial:

y = 22.73-2* +2.411-2° —9.288 -2 —3.328 -2 +3.264 , (6.2

where the y axis describes the ozone mixing ratio po, in ppmv and the x axis
describes the CH, mixing ratio pcy, in ppbm.

The indicated range of uncertainty, o = 0.28 ppmv (shaded in grey), corre-
sponds with the uncertainty of the reference function, o = 0.276 ppmv, as calcu-
lated from ILAS early vortex profiles and the uncertainty of the mean difference
between HALOE and ILAS ozone mixing ratios, ¢ = 0.05 ppmv.

To obtain a reference function for HF as the long-lived tracer, the O3/CH,4
relation, Equation (6.2), is converted to an O/HF relation (see Figure 6.4, top
panel, black line). For this purpose the following CH,/HF relation was derived
from HALOE observations inside the vortex core in March 1997, mathematically
described by the polynomial:

y = 0.5867 2% —2.003 2° +2248 - 22 — 1.885 -2+ 1.758 ,  (6.3)
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Figure 6.4: Top panel: Os/HF [ppmv/ppbv| relation, bottom panel: O3/CHy
[ppmv /ppmv]| relation of HALOE observations; black asterisks: November
4-15, 1996, red asterisks: December 12-19, 1996, blue diamonds: March
4-9, 1997, green diamonds: March 10-16 1997, magenta diamonds: March
18-27, 1997, violet diamonds: March 28 to April 4, 1997, all inside the
vortex core; the black line indicates the calculated correlation function,
Equation (6.2) with the uncertainty indicated as a shaded area in grey (see
text). Additionally, the O3/CH,4 relation of balloon-borne cryogenic whole-
air samplers and concurrent ozone sondes in February 11, 1997 is shown
(bottom panel) (copyright by AGU).
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where y describes the CH; mixing ratio pcp, in ppmv and x the HF mixing
ratio pgp in ppbv. This relation is valid for the 0.1 ppbv < pugr 1.5 ppbv
range with an uncertainty of o = 0.079 ppmv. The uncertainty o = 0.079 ppmv
and the uncertainty of the O3/CH, relation (¢ = 0.28 ppmv) was taken into
account to calculate the uncertainty of the O3/HF relation. HALOE profiles

— November
— December
January

February
— March

April

May

CH, (ppmv)

HF (ppbv)

Figure 6.5: CHy/HF [ppmv/ppbv| relation of HALOE observations inside the vortex
core in March and April, 1997, and inside the outer part of the vortex
boundary region in November, December and May, 1997. The black line is
the relation, Equation (6.3), derived from profiles inside the vortex core.

inside the vortex in May and measurements outside the vortex close to the edge
in November and December (when no vortex profiles were observed by HALOE)
confirm this relation (see Figure 6.5). A deviation of more than 0.2 ppmv in the
CH, mixing ratios from the relation occurs in the period from March 4 to 16,
1997 (see Figure 6.5, for example, green dots). These profiles are characterised
by large beta angles' (see Section 7.1) and were not used in the further analysis.

Deviations from the derived relations O3/HF and O3/CH, are noticeable for
early March (see Figure 6.4, blue and green diamonds) and are stronger at the end
of March (see Figure 6.4, magenta and violet diamonds). The strongest reduction
of ozone appears at the end of March (18-31), when ozone mixing ratios as low
as 0.9 ppmv (at 0.8-0.9 ppbv HF) were observed.

Vertical profiles of long-lived tracers and ozone (employing balloon-borne cryo-
genic whole-air samplers and concurrent ozone sondes from the University of
Frankfurt [Schmidt et al., 1987|) were measured (on February 11, 1997 [Kondo
et al., 1999|) above Kiruna, Sweden, inside the outer vortex. No substantial ozone
loss occurred up to that time inside this outer vortex region (see Figure 6.4, bot-
tom panel). This finding was confirmed by the ILAS observations, as discussed
in Section 5.3, Figure 5.3.

1The beta angle is the angle between the plane of the spacecraft’s orbit, and the line con-
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Figure 6.6: Vertical profiles (potential temperature as vertical coordinate) of O3 mix-
ing ratios (red diamonds) measured by HALOE. The ozone mixing ratios
expected in the absence of chemical change, 05 (green diamonds), and the
difference in mixing ratio between expected and observed Oj (black dia-
monds) are shown for March in winter 1996-97. O3 was derived using HF
(top panel) and CHy (bottom panel) as the long-lived tracers and the early
winter reference functions (see Table C.4) from profiles inside the vortex
core (copyright by AGU).
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Figure 6.6 shows the measured ozone profiles, O3, the proxy for the chemically
unperturbed ozone, Og, and the difference between measured and proxy profiles,
AQg, for the period March 18-31, 1997 over the altitude range of 380-550 K.
Individual ozone loss profiles, AOg, vary from very small up to strong ozone loss
values in an altitude range between the 430-500 K level with a maximum ozone
loss of 2.6 ppmv at ~ 475 K. The derived ozone loss from January to the end
of March 1997 at the 475 K level can be grouped into three types, those with
weak ozone loss (about 0.3 ppmv), those with moderate loss (0.9-1.4 ppmv) and
those with strong ozone loss (2.4-2.6 ppmv). At lower altitudes, below 420 K
(see Figure 6.6) the scatter of the profiles is stronger, especially when HF is used
as the long-lived tracer.

Table 6.1: Column ozone loss (DU) in 380-550 K derived for profiles inside the outer
vortex, the entire vortex and the vortex core for two time intervals in March,
1997 from HALOE observations. HF is used as the long-lived tracer in
Column 2 and CHy4 in Column 3. The error was derived from the uncertainty
of the early winter reference function and the standard deviation o of the
result is shown in brackets.

HALOE (HF) (0) HALOE (CHy) (0)

March 4-16, 1997

Mean Vortex 20.5 + 21.3 (15.1) 23.0 £ 20.5 (23.5)
Mean Core 29.6 + 20.8 (18.2) 26.1 + 20.0 (25.0)
Mean Outer Vortex 29.3 £ 21.6 (13.2) 20.5 + 20.8 (23.3)
Maximum 52.7 £ 23.3 58.6 + 19.7
March 18 to April 4, 1997

Mean Vortex 43.7 + 20.7 (28.1) 44.5 + 19.9 (33.4)
Mean Core 59.0 £+ 20.2 (19.8) 62.6 & 19.4 (22.0)
Mean Outer Vortex 25.7 + 21.4 (25.8) 23.4 + 20.6 (32.2)
Maximum 101.9 + 17.9 112.2 + 17.8

The mean ozone loss inside the entire vortex for the period March 18 to
April 4, 1997, is determined as 44 + 21 DU using HF and 45 4+ 20 DU using
CH, as the tracer in an altitude range 380-550 K (see Table 6.1). The reported
uncertainty (see Tables 6.2 and 6.1) is derived from the uncertainty of the early
vortex reference relation. The calculated ozone loss should be independent of the
tracer utilised, and indeed the values determined for CH, and HF as tracers agree
very well inside the uncertainty introduced by the uncertainty of the reference
function. The ozone loss reported here was calculated as the average of the results
from CH, and HF: entire vortex mean — 44 + 21 DU and vortex core mean —
61 + 20 DU. The reported uncertainty includes the variability introduced by
employing two different tracers. For the altitude range of 450-550 K, the ozone

necting the center of the Earth with the Sun.
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Table 6.2: Column ozone loss (DU) in 450-500 K derived for profiles inside the outer
vortex, the entire vortex and the vortex core for two time intervals in March,
1997 from HALOE observations. HF is used as the long-lived tracer in
Column 2 and CH,4 in Column 3. The error was derived from the uncertainty
of the early winter reference function and the standard deviation o of the
result is shown in brackets.

HALOE (HF) (0) HALOE (CHy) ()

March 4-16, 1997

Mean Vortex 144 £ 7.3 (6.7) 12.6 £ 7.0 (8.4)
Mean Core 15.9 £ 7.0 (7.1) 144 + 6.7 (8.3)
Mean Outer Vortex 131 +£ 7.6 (6.2) 112 + 7.3 (8.7)
Maximum 259 + 7.3 26.3 + 6.2
March 18 to April 4, 1997

Mean Vortex 18.7 £ 7.2 (15.2) 18.8 +6.9 (15.9)
Mean Core 27.8 +£ 6.9 (10.0) 28.1 £ 6.6 (9.6)
Mean Outer Vortex 8.2 + 7.5 (13.3) 7.8 + 7.3 (14.7)
Maximum 46.1 + 6.7 48.3 £ 6.3

loss calculated using the two long-lived tracers is nearly identical (see Table 6.2).
Indeed, in this altitude range the vortex is more stable and thus less permeable
than above and below so that the variability introduced by mixing of air from
outside the vortex is expected to be small. In this altitude range the mean of the
ozone loss inside the vortex core for both tracers is about 34 + 8 %, corresponding
to 28 + 7 DU, and the maximum loss is 58 + 4 % (47 £ 7 DU).

In Figure 6.7, 6.8 the probability distribution of calculated ozone loss in the
vortex core is shown as a solid line, and the probability distribution of calculated
ozone loss inside the outer vortex is indicated as a dashed line. There are two
groups of losses in these probability distributions of the calculated ozone loss of
HALOE observations (see Figure 6.7 and 6.8), a large ozone loss of 90-110 DU
was determined mainly in the vortex core for 380-550 K and 40-45 DU for 450-
550 K. Smaller losses of between 20 and 80 DU for 380-550 K and 15-30 DU for
450-550 K were calculated for the entire vortex.

In May 1997 three profiles were found in vortex remnants with very low ozone
mixing ratios (see Figure 6.9). The ozone loss in the vortex remnants was calcu-
lated as 69 4+ 23 DU in the period May 12-13, 1997, with a maximum of 98 + 22
DU in 380-550 K (the average of the results from CH, and HF). The maximum
column ozone loss is not as large as calculated in March, but the ozone-tracer
relations are much more compact and the mean ozone loss is about 8 DU larger
compared to March. In the altitude range of 450-550 K, the mean ozone loss was
calculated as 38 + 8 DU, which is an increase of 10 DU compared to March.



68 6 Re-analysis of HALOE and ILAS Observations in Winter 1996-97

0.50 ‘ ' ‘
HALOE (HF) HALOE (CH )

0.40- 1 R

0.30- j .

0.20- 1 b

Number of occurrences (%)

0.10r

0.00." g H ( o '
o o0

-2 20 40 60 20 0 20 40 60
Ozone loss (DU) Ozone loss (DU)

Figure 6.7: Probability distribution of ozone loss in an altitude range of 450-550 K for
profiles inside the polar vortex shown as dashed lines and inside the vortex
core shown as solid lines from March 18 to April 4, 1997; HALOE results,
left panel: long-lived tracer is HF, right panel: long-lived tracer is CHy.
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Figure 6.8: As Figure 6.7, but in an altitude range of 380-550 K.
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Figure 6.9: As Fig. 6.4, but for different time periods. Magenta diamonds: March 18-
27, 1997, violet diamonds: March 28 to April 4, orange diamonds: May
12-13, 1997, all inside the vortex (copyright by AGU).
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6.2.2 Ozone Loss Derived From ILAS Measurements

In this section, ozone loss from ILAS measurements was derived for the same
time intervals, for which HALOE measurements are available.

The majority of accumulated ozone loss profiles (see Figure 6.10, black lines)
for the end of March and the beginning of April 1997, show moderate losses (0.5
1.0 ppmv). Only two profiles at the end of March and one at the beginning of
April show strong ozone loss up to 2.0 ppmv in 470-490 K. Strong scatter of the
profiles occurs at altitudes below 500 K (see Figure 6.10).

Table 6.3: Column ozone loss (DU) in 450-500 K derived for profiles inside the outer
vortex, the entire vortex and the vortex core for two time intervals in March,
1997 from ILAS observations. N2O is used as the long-lived tracer. The
error was derived from the uncertainty of the early winter reference function
and the standard deviation o of the result is shown in brackets.

ILAS (N20) (0)

March 4-16, 1997

Mean Vortex 8.3 £ 5.7 (12.2)
Mean Core 15.1 + 5.5 (10.3)
Mean Outer Vortex 1.2 £ 5.9 (9.8)
Maximum 35.4 + 6.0
March 18 to April 4, 1997

Mean Vortex 11.3 £ 6.0 (11.3)
Mean Core 18.8 + 5.6 (8.3)
Mean Quter Vortex 5.3 +£ 6.2 (9.0)
Maximum 39.1 £ 6.2

For the period from March 18 to April 4, 1997, the mean ozone loss in the
vortex core is calculated as 19 + 6 DU with a maximum of 39 4+ 6 DU for the
altitude range of 450-550 K (see Table 6.3). The corresponding percentage values
are 26 % £ 6 % with a maximum of 47 % + 4 %. (The percentage of ozone loss
is calculated as: difference profile A O3 / ozone proxy 05 * 100).

In this time period, a separation of profiles inside the vortex core with large
ozone loss (3040 DU) from profiles with moderate ozone loss (5-25 DU) becomes
apparent (see Figure 6.11, panel a, solid line). In the outer vortex, only profiles
with moderate or with very little ozone loss were observed.

6.2.3 Comparison of HALOE and ILAS Results

HALOE and ILAS measurements are comparable in March 1997 (see Sec-
tions 6.2.1 and 6.2.2), especially at the end of March, where the instruments
made measurements at positions very close to each other. Calculated ozone loss
from both ILAS and HALOE measurements is based on the same ozone-tracer
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Figure 6.10: Vertical profiles (potential temperature as vertical coordinate) of measured
O3 mixing ratios (red lines) by ILAS. The ozone mixing ratios expected
in the absence of chemical change, O3 (green lines), and the difference in
mixing ratio between expected and observed O3 (black lines) are shown
for 18 — 27 March (top panel) and 18 March — 4 April (bottom panel) in
winter 1996-97. O3 was determined using NoO as the long-lived tracer
and the early winter reference functions (see Table C.4) from profiles inside
the vortex core.



72 6 Re-analysis of HALOE and ILAS Observations in Winter 1996-97

0.50 ‘
ILAS (N,0)
0.40r B

0.30-

0.20r

Number of occurrences (%)

0.10

0.00L "~ L

-20 0 20 40 60
Ozone loss (DU)

Figure 6.11: Probability distribution of ozone loss in an altitude range of 450-550 K for
profiles inside the polar vortex shown as dashed lines and inside the vortex
core shown as solid lines from March 18 to April 4, 1997; ILAS results,
N3O is used as the long-lived tracer.

correlation function derived from ILAS data for January 1997 (see Equation 5.1).
The systematic difference between HALOE and ILAS mean ozone mixing ratios
was considered. Here, a comparison is made for the column ozone loss calculated
over an altitude range of 450-550 K (see Tables 6.2 and 6.3). Over the period
March 4 — 16, 1997, the ozone loss of HALOE and ILAS inside the vortex core
is in agreement inside a range of 2 DU. The average of the results obtained with
both instruments is 15 & 7 Dobson units (DU). In this time period, the maximum
ozone loss calculated from ILAS is 9 DU larger than from HALOE. At the end
of March, significantly larger loss values were obtained from HALOE than from
ILAS data considering the vortex core. The difference between the HALOE and
ILAS mean ozone loss is estimated to be about 8 DU.

In summary, HALOE and ILAS ozone mixing ratios are in agreement, except
for the large difference in the calculated ozone loss resulting from the differences
of lowest ozone mixing ratios measured at the end of March. In the first half
of March, moderate ozone mixing ratios were measured consistently by HALOE
and ILAS and the results are in good agreement.

The calculated ozone losses of both sets of satellite data consistently show
an inhomogeneity of ozone loss inside the entire vortex. The mean ozone loss
in the vortex core differs significantly from the mean ozone loss in the outer
vortex, especially in ILAS results (see Table 6.2). Moreover, in the probability
distribution of ozone loss a separation inside the vortex core into two distinct
parts was found. Large values of ozone loss occur mainly inside the vortex core,
while smaller losses were found in the vortex core and in the outer vortex. Model
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calculations of ozone depletion patterns inside the vortex using the Chemical
Lagrangian Model of Stratosphere (CLaMS) show a good agreement with this
pattern of ozone loss derived from HALOE and ILAS observations |McKenna
et al., 2002]. For the end of March, the model simulated a filament of vortex air
out of the core going through the outer vortex [McKenna et al., 2002|. This air
mass is characterised by lower ozone mixing ratios than air masses observed in
the outer vortex but not as low as those in the cold parts of the vortex core. Thus
the outer vortex is also divided into a part with stronger ozone loss and a part
with moderate ozone loss (see Figure 6.8). Larger ozone loss is caused by lower
temperatures and stronger denitrification occurring earlier in the season inside
this region [McKenna et al., 2002]. Ozone loss in March 1996-97 is spatially much
more inhomogeneous than that observed in previous winters [ Miller et al., 1996,
1997a; Schulz et al., 2000]. The range of moderate loss values for 450-550 K
inside the vortex core is 15-30 DU for HALOE and 5-25 DU for ILAS and for
the strong ozone loss about 40-45 DU for HALOE and 30-35 DU for ILAS.

The vortex-averaged ozone loss derived from ILAS observations reached its
maximum for the period May 1 — 15, 1997 (see Table 5.1) for the remnants of
vortex air. A large ozone loss of 33 & 7 DU and a maximum of 45 + 5 DU was
calculated. The HALOE ozone loss in May was derived only from four profiles
with a maximum of 54 + 7 DU. Deviations from the reference function are not as
large as in March (HALOE) (see Figure 6.9) and April (ILAS) (see Figure 5.3),
although the mean ozone loss increases by up to 10 DU (HALOE) and 8 DU
(ILAS) compared to March.

In a previous study of the same winter 1996-97, HALOE observations were
available only in November inside the vortex to derive an early winter reference
function [Miiller et al., 1997b|. This ozone-tracer relationship from HALOE ob-
servations continued to change to larger ozone mixing ratios until January, as
described above. Therefore, the ozone loss determined by Miller et al. [1997b|
was an underestimate. The maximum column ozone loss inside the vortex was
underestimated by up to ~ 20 % for the altitude range of 380-550 K and the local
loss at 475 K was underestimated by ~ 15 % (0.4 ppbv). Further comparison
of the results derived from ILAS and HALOE and other methods is described in
detail in Section 9.2.

The ozone loss calculated from ILAS observations did not reach such large
ozone losses as that calculated from HALOE data. However, HALOE and ILAS
results still agree inside the range of uncertainty for the altitude range of 450-550
K. Also, the results of both data sets consistently show a separation of the ozone
loss into moderate ozone losses and large ozone losses inside the vortex core at
the end of March.

The peculiarity of the polar vortex in this winter is the strong inhomogeneity
of the distribution of the ozone loss inside the entire vortex until March. Further,
the vortex existed for a very long time up to the end of April. Very low ozone
mixing ratios were still observed inside the remaining vortex air during May 1997.






Chapter 7

Development of the Tracer-Tracer
Relation from 1991 to 2002

Measurements made by the HALOE instrument are available from October 1991.
In this chapter, a comprehensive analysis of the development of the relationship
between different tracers is performed for the eleven winters between 1991-92 and
2001-02 based on Version 19 data (see Appendix B.2). The relationship between
the long-lived tracers CH; and HF is described in Section 7.1. Further, the
stratospheric HF growth rate per year is calculated from the CH,/HF evolution
in the eleven-year period.

In the previous chapter, the validated TRAC technique was used to calculate
chemical ozone loss for winter 1996-97 using both ILAS and HALOE data sets.
Here, it is done for all eleven winters. In Section 7.2, the early winter refer-
ence functions are derived. The interactions between chlorine activation, ozone
loss and meteorological conditions are described in Section 7.3. For this, the
relationships between ozone and the long-lived tracer HF and, additionally, the
relationships between HCI and HF are discussed for each winter.

7.1 The CH;/HF Relation for all Winters

The HALOE instrument measures two long-lived tracers, namely HF and CHy.
The relationship between CH, and HF differs for different dynamical isolated
regions (polar vortex, mid-latitudes, and the tropics) |[Luo et al., 1995]. In the
present work, the region of the Arctic polar vortex is investigated. A correlation
function for the CH,/HF relation for each year has been derived, which is valid
for all HALOE profiles inside the vortex core over the whole lifetime of the vortex
(see Table C.1, Appendix C). In Section 6.2.1, this has already been done for
winter 1996-97 (see Figure 6.5). CH,/HF relations for individual profiles are very
close to the derived correlation function (see Figure 7.1, black line). For all years
the standard deviation (o) was less than 0.1 ppmv (see Table C.1, column 7).
Single profiles show a deviation from the correlation function greater than
0.2 ppmv, which cannot occur for such long-lived species [Plumb and Ko, 1992].

75
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Figure 7.1: CH4/HF relationship is shown for the eleven winters between 1991-92 and

2001-02 as measured by HALOE inside the vortex core. Different colours
indicate the different months when profiles were measured (see Figure 6.5).

Black lines indicate the reference function derived for each year (see Ta-
ble C.1).
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These profiles are considered to be uncertain and are thus rejected for the cal-
culation of the ozone loss, e.g. the strong deviation in April 2001. Uncertainties
in data could have arisen due to large beta angles of the measurement line of
the satellite (J. Russell pers. comm., 2002) which is the case at the beginning
of March 1997 (see Section 6.2.1). Further, the HALOE HF channel is the most
sensitive to sunspot occurrence, which may contaminate the HF data. Addition-
ally, although the the Nash criteria (used to decide whether profiles are located
inside or outside the vortex) are applied some profiles may be still influenced
by air masses from outside the vortex. Thus, the elimination of these kinds of
uncertainties permits an improved selection of HALOE profiles.

An evolution of the derived CHy/HF correlation functions over the period
from 1991-92 to 2001-02 is shown in Figure 7.2. These changes of the CH,/HF
correlation arise owing to the increase of CH, and HF mixing ratios in the strato-
sphere.

HALOE 1992 - 2001

— 92
— 93
94
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97

CH, (ppmv)

99
00
01

0.0 0.5 1.0 1.5
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Figure 7.2: CHy/HF reference functions for the eleven years between 1991-92 and 2001-
02, as derived from measurements made by HALOE (listed in Table C.1).
The different colours of the lines indicate the different years.

The tropospheric growth rate (ppbv/year) of CH; was derived from global
tropospheric measurements over 23 years [Simpson et al., 2002]. The mixing ratio
of tropospheric CH, increased by about 60 ppbv between 1991-92 and 1999-2000.
For the first time since 1985 the growth rate for the year 2000 was negative (2.1
ppbv).

The changes of CH, in the troposphere spread out into the stratosphere with
a time lag. Nevertheless, the CH, growth rate in the troposphere can be assumed
to be valid in the stratosphere. The growth rate of 60 ppbv in eleven years is
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only a very small fraction of the observed stratospheric CH, mixing ratios (1.5-0.5
ppmv). Thus, the evolution of the CHy/HF relation over the eleven-year period

is mainly due to the increase of the HF mixing ratio in the stratosphere.

The temporal development of the mixing ratio of HF for different CH, levels
(including the tropospheric growth rate for CH, each year) is shown in Figure 7.3,
top panel. It was calculated from profiles measured by HALOE inside the vortex

core from 1991-92 to 2001-02.
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Figure 7.3: Top panel: Temporal development of the mixing ratio of HF in ppbv for
different CHy4 levels of profiles measured by HALOE inside the vortex core
from 1991-92 to 2001-02. Bottom panel: HF growth rate in ppbv/year.
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HF mixing ratios become constant towards higher altitudes, for low CHy lev-
els (below 0.2 ppmv, which corresponds to altitudes in the mesosphere) (see Fig-
ure 7.1). The mean HF mixing ratio at this altitude is nearly the total amount of
inorganic fluorine. An annual increase of the constant HF value, from 1.2 ppbv
in 1992 up to 1.7 ppbv in 2001-02 (see Figure 7.3, top panel, black line), arises
due to the increasing atmospheric concentration of HF with time (noted by Luo
et al. [1995]). This increase is caused by the increasing CFC concentration (see
Section 1.1). At the CH4 mixing ratio level of 0.5 ppmv the strongest increase of
HF is measured from 1991-92 to 1992-93. Figure 7.3, bottom panel, indicates a
positive growth rate of HF for the 0.2 ppmv and 0.5 ppmv CHy level (black and
red line), except for 2000 and 2001. At lower altitudes at the 0.75 ppmv CHy
level the HF growth rate per year is slightly smaller. A significantly negative
growth rate occurs in 1999-2000 at CH, levels > 0.5 ppmv. This is one year
earlier than the time when the growth rate at CH, = 0.2 ppmv becomes negative
in 2000-01, possibly due to the delay of changes in mixing ratios of the tracers
at higher altitudes. In the tropopause region (CH; = 1.2-1.5 ppmv) the mean
HF value rises more slowly than in the stratosphere (see Figure 7.3, purple and
magenta line). The HF growth rate derived from HALOE measurements seems
to be more variable at high CH, levels than that at low CH, levels (at higher
altitudes).

Allin all, a trend towards a smaller annual HF growth rate is becoming appar-
ent, but at present there is no evidence of a downward trend in the stratosphere.
Further, the derived growth rate is used to calculate the early winter reference
function for those years where no observations are available inside the early vortex
(see Section 7.2).

7.2 The Early Winter Ozone-Tracer Reference
Relation

To calculate chemical ozone loss with the TRAC technique, it is very important
to determine a reliable early winter reference function. A reference relation has
to be derived from profiles inside a mainly isolated early vortex, as described in
Section 4.4.2. Observations made by HALOE inside the early polar vortex are
primarily available for some time between November and January, varying from
year to year due to the variable latitudinal coverage of HALOE measurements.
The development of the early winter reference functions from these measurements
made by HALOE is described first. In some years, no HALOE measurements are
available or only outside the edge of the early vortex and the early winter reference
function has to be derived in another way, as outlined below.

HALOE measurements inside the early vortex are available for the periods
1992-93 to 1995-96 and in 1998-99 and 2001-01: In 1992-93, the early winter
reference function is derived from the available profiles inside the vortex at the
beginning of November and at the beginning of December. The vortex already
starts developing in November and was fully developed at the beginning of De-
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cember.

In 1993-94, HALOE observations are available at the end of November and
at the beginning of January. Profiles from both periods inside the vortex show a
very similar ozone-tracer relation, from which the early winter reference function
was derived. Thus, no ozone loss was identified from HALOE measurements
between November and early January.

In 1994-95, the early winter reference function was derived from measure-
ments available for the middle of January. The vortex developed in December,
as can be seen in meteorological analysis (e.g. UKMO data). Also, a large area
of possible PSC existence was detected in December and at the beginning of
January for this winter (see Figure 7.11). Therefore, the occurrence of a small
amount of ozone loss at this time cannot be excluded. Rez et al. [2003| reported
large ozone loss rates for January 1995.

In 1995-96, measurements are available for the middle of November and for
the end of January. As for 1993-94, the Os-tracer relation for these two months
does not indicate significant differences and, thus, no ozone loss was determined
until the end of January, as described in detail in Section 4.4.2. In this winter,
the early winter reference function was derived from both November and January
profiles.

In 1998-99, the early winter reference function was derived from measure-
ments available well inside the vortex at the beginning of December 1998.

In 2001-02, one profile was available well inside the early vortex at the begin-
ning of January 2002 to derive the early winter reference function.

In summary, these early winter reference functions (O3/CH, and O3/HF),
derived from HALOE profiles only, are listed in Tables C.2 and C.3 (see Ap-
pendix C).

In 1991-92 and 1999-2000, early winter reference functions were derived from
balloon observations. For winter 1991-92, the early winter reference function was
derived from measurements of ozone and N,O made by Cryosampler [Schmidt
et al., 1987] (see Figure 7.4) on 5 and 12 December 1991, respectively |[Miiller
et al., 2001]:

y=—640-10"° -2 —4.84-107° -2 +3.94 , (7.1)

where y describes the ozone mixing ratio jo, in ppmv and the x the NoO mixing
ratio un,o in ppbv. The reference function is valid for the range 10 ppbv <
Un,0 < 260 ppbv. The O3/N,O profiles were transformed to O3/CHy with the
relationship from Engel et al. [1996] (see Section 6.2.1, Equation 6.1).

To derive the O3/HF reference function the O3/CH, relation was converted
using the CH,/HF relation derived for 1991-92 (see Table C.1, Appendix C). The
vortex started forming in November 1991. One HALOE profile was found inside
the early vortex at the beginning of November, with low ozone mixing ratios
compared to profiles inside the vortex measured in January (see Figure 7.4, black
asterisks). At that time the vortex was not well developed and mixing in of
air masses from outside the early vortex was still possible. Therefore, the low
ozone mixing ratios observed in November increased until the vortex became fully
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Figure 7.4: The early winter reference function 1991-92 shown as a black line was de-
rived from balloon measurements from December 1991 (coloured symbols).
Dotted lines indicate the range of uncertainty in the reference function.
Observations made by HALOE within the vortex in November 1991 (black
asterisks) and in January (black squares) are also shown.

isolated. The effect of mixing at the beginning of another winter is described in
detail for the early winter 1996-97 in Section 5.2. The HALOE profiles in January
1992 tend to scatter below the derived reference relation (see Figure 7.4). This
indicates that ozone loss may have already occurred during January 1992, which
was also described by Rez et al. [2003], corresponding to a small detected area of
possible PSC existence at the beginning of January (see Figure 7.11).

In 1999-2000 no HALOE observations were available inside the early vortex
to derive the early winter reference function. Fortunately, during the SOLVE-
THESEO 2000 campaign two balloon flights were conducted inside the early
vortex, the OMS (Observations of the Middle Stratosphere) in-situ flight on 19
November 1999 and OMS remote flight on 3 December 1999. HF measurements
were only available from the MkVT instrument on the OMS-remote flight. Thus,
these data were used to derive the O3/HF reference function for this winter
| Miiller et al., 2002]. Two early winter reference functions were derived using CH,
as the long-lived tracer, one was derived using the OMS-in-situ measurements and
the second using the OMS-remote flight measurements [Miiller et al., 2002 (see
Appendix C, Table C.4).

These two reference functions differ substantially (see Figure 7.5) and they
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Figure 7.5: O3/CHy relations from profiles inside the vortex of the year 1999-2000 from
HALOE measurements are shown. Two different early winter reference
functions for the Oz/CHy relation 1999-2000 were derived from balloon
observations (see text) are indicated as a black solid line and the uncertainty
of the reference function is represented by black dotted lines. Also shown
are the observations of the MkIV instruments on 3 December 1999 in the
early vortex (red squares). Different colours of HALOE profiles indicate the
different time intervals when profiles were observed: February (green), first
part of March (magenta), second part of March (purple), first part of April
(orange).

do not overlap within their ranges of uncertainty. The derived reference function
using the December measurements indicates greater mixing ratios of O3 at a
constant CH, so that greater ozone loss is derived than using the November
reference. In this work, the average of the calculated ozone loss is derived from
the results calculated with the use of the November reference function and the
December reference function (see also Salawitch et al. [2002] and Miiller et al.
[2002]). The derived ozone-tracer early winter reference functions for nine out of
eleven years are shown in Figure 7.6.

In 1997-98 and 2000-01 again no HALOE observations were obtained inside
the early vortex and, unfortunately, no alternative measurements are available.
Therefore, two reference functions for these two years were derived from the
measurement of Oz and the long-lived tracer inside early vortex from all those
years for which HALOE measurements are available (i.e. 1992-93, 1993-94, 1994—
95, 1995-96, 1998-99 and 2001-02).
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Figure 7.6: Early winter reference relations for the nine years between 1991-92 to 2001-
2002 are indicated as coloured lines. O3/HF is shown in the top panel and
O3/CHy is shown in the bottom panel.

The ozone and tracer relation in the early winter has its own characteristics
each year, mainly due to inter-annual differences in polar vortex development
and not due to chemical loss [Manney et al., 1996b]. Thus, it is not possible
to use one single reference function for all years. Year to year variations are
also possible due to the changes of mixing ratios of the long-lived tracer used.
Especially the increase of HF from 1991 to 2000 has an influence on the O3/HF
reference function.

Therefore, two early winter reference functions, one for winter 1997-98 and
another for 2000-01, were constructed from a climatology of all HALOE profiles
that were measured inside the early vortex over the eleven year period 1991-
2002. Actually, measurements inside the early vortex are available for six winters
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(1992-93, 1993-94, 1994-95, 1995-96, 1998-99 and 2001-02).

To obtain the Os-tracer early winter reference function for the winters 1997-98
and 2000-01 from measurements of different winters, CH; and HF mixing ratios
have to be corrected for the annual growth rate of these two tracers. For this
purpose, the CH, growth from each single year to the year 1997-98 (2000-01) was
taken from the tropospheric growth rate derived by Simpson et al. [2002]. HF
mixing ratios are corrected for each CHy level, using the difference, A HF, between
the HF mixing ratio (at each CH, level) of the year 1997-98 (2000-01) and the
corresponding HF mixing ratio of each of the other years (see Figure 7.7, different
coloured lines). These A HF values are interpolated between the different CHy
levels to cover the range from 0.2 to 1.5 ppmv CHy.

The corrected CH; and HF mixing ratios are used to transform the early
winter Os-tracer profiles of different years to the year 1998-99 (2000-01) for each
altitude. The HALOE instrument measures different trace species (CHy, HF,
O3 amongst others) at the same measurement points. Therefore, the CH, value
corresponding to each O3 value can be considered.

The O3/CH, and O3/HF profiles inside the early vortex of the six years trans-
formed in this way are used to construct reference functions for 1997-98 and
2000-2001 determined from all available HALOE measurements inside the early
vortex. Thus, for the winter 1997-98 and 2000—01 in each case two early winter
reference relations were derived, one using HF as the long-lived tracer and one
using CH, (see Figure 7.8, Tables C.2 and C.3).

7.3 Meteorological Conditions and the HCI-Tracer
and Os-Tracer Relation in Arctic Winters
1991-2002

Active chlorine inside the polar vortex causes chemical ozone loss, as described in
Chapter 4. Using measurements made by HALOE, the evolution of the chlorine
chemistry can be inferred from the development of the HCl-tracer relation during
each year. Similar to the chlorine chemistry, ozone loss depends mainly on the
meteorological conditions, in particular, vortex strength and temperature. If
temperatures are sufficiently low (see Section 2.2) PSCs can occur in the polar
stratosphere. The extent of the derived area of possible PSC existence during the
entire lifetime of the vortex, as described in Section 4.4.2, based on meteorological
analysis from the UKMO, is used to analyse the interaction between meteorology
and tracer development for each winter (see Figures 7.9, 7.10 and 7.11). Further,
a division into cold, moderately cold and warm winters is carried out.

e 1991-92:
The cold vortex in winter 1991-92 was disturbed by several warming pulses
between November and February |Naujokat et al., 1992]. The threshold
temperature for PSCs was only reached during January. As described above
(see Section 7.2, Figure 7.4), ozone loss already occurred in January 1992.
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1997-98 (top panel) and 2000-01 (bottom panel) and the corresponding
HF mixing ratio of each of the other years at different CH4 levels, shown in
coloured lines.
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Figure 7.9: HC1/HF relations for the eleven winters between 1991-92 and 2001-02 as
measured from profiles inside the vortex core (diamonds), inside the outer
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crosses) by HALOE are shown. Different colours of profiles indicate the
different time intervals when profiles were observed: November (black), De-
cember (blue), January (cyan), February (green), first part of March (ma-
genta), second part of March (purple), first part of April (orange), second
part of April (dark red).
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Figure 7.10:

O3 /HF relations for the eleven winters between 1991-92 and 2001-02 as
measured from profiles inside the vortex core (diamonds), inside the outer
vortex (large plus signs), inside an outer part of the outer vortex (small
crosses) by HALOE are shown. Different colours of profiles indicate the
different time intervals when profiles were observed: November (black),
December (blue), January (cyan), February (green), first part of March
(magenta), second part of March (purple), first part of April (orange),
second part of April (dark red). Black lines indicate the reference functions
derived for each year with the area of uncertainty (dotted lines).
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Figure 7.11: The area of possible PSC existence in 10° km? over the entire polar vor-
tex, as a function of altitude, is shown for the time period from November
to April for the eleven winters between 1991-92 and 2001-02. The PSC
threshold temperature was calculated with the analysed UKMO temper-
atures and pressures together with typical stratospheric mixing ratios of
HNO3 (10 ppbv) and HyO (5 ppmv) [Hanson and Mauersberger, 1988|.
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During March the temperatures at the north pole steadily increased and
the vortex finally broke down at the end of April [Naujokat et al., 1992|.
In February and at the beginning of March a strong decrease in HCI and
possibly strong chlorine activation (see Figure 7.9) occurred in the lower
stratosphere (below &~ 420 K). This effect is possibly caused by enhanced
abundance of liquid aerosol sulphate in the lower stratosphere owing to
the volcanic eruption of Mount Pinatubo (see Section 2.2.1). By April,
the chlorine chemistry had recovered. The vortex became steadily weaker
during April. From February up to the beginning of April a homogeneous
moderate deviation from O3/HF reference functions occurred.

1992-93:

The vortex in winter 1992-93 was cold and nearly undisturbed until the
end of January. A strong minor warming in February shifted the cold air
(with low ozone values) towards Europe. This, together with a blocking
anticyclone in the troposphere, led to low total ozone values over Europe
in February |Naujokat and Labitzke, 1993|. Conditions for chemical ozone
loss were reached, because of the low stratospheric temperatures (see Fig-
ure 7.11). Unfortunately, no measurements were taken inside the vortex
in February, but HCl measurements inside the outer part of the vortex
boundary region indicate a strong chlorine activation in February at lower
altitudes (see Figure 7.9, small green crosses). Temperatures started rising
in March and the final break-up of the vortex occurred around April 10. At
that time the recovery of the chlorine chemistry had taken place. Strong
(homogeneous) deviation from the Os-tracer reference function occurred in
March and April. Until the end of April, the deviation from the O3/HF
reference function does not further change inside the remaining parts of the
vortex.

1993-94:

The early vortex in winter 1993-94 was slightly disturbed in November,
December and January [Naujokat et al., 1995al. Owing to the warming
over Europe in February, the vortex was split most of the time. At the end
of February and the beginning of March, the vortex air masses cooled down
again and temperatures were below the threshold for the existence of PSCs
for a few days. A small decrease of HCI from the HCI/HF relation chlorine
activation is noticeable in February, afterwards it strongly decreased during
March (HCI mixing ratios were below 0.1 ppbv for HF mixing ratios below
0.7 ppbv). During April the chlorine chemistry quickly recovered while the
vortex became weaker. In March and April moderate deviations from the
O3/HF reference function became noticeable, also the chlorine activation
seemed to be quiet pronounced.

1994-95:
The vortex in 1994-95 formed early and was very cold and strong especially
between mid-December and mid-January. A large area of PSCs was possible
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during the whole of January 1995. After a warming event in February,
record low temperatures were reached in the lower stratosphere in March
| Naujokat et al., 1995b|. In April the vortex split and one part rapidly
weakened and disintegrated over eastern Asia. The main vortex centre
vanished more slowly. As in winter 1992-93, a strong decrease of HCI
mixing ratio in the outer part of the vortex boundary region was observed
by HALOE in February. Although the chlorine activation in March was not
as strong as in the previous winter 1993-94, much stronger deviations from
the Os-tracer reference relation in March were observed, because of the
possibly strong chlorine activation inside the vortex in February. During
April the chlorine chemistry recovered quickly.

e 1995-96:

The winter 1995-96 was the coldest recorded by the US National Meteo-
rology Center (NMC) in 18 years [Manney et al., 1996b]. Since December
1995, the stratospheric temperatures in the Arctic were below the PSC
threshold until March. The final warming began in early March. Mea-
surements taken by HALOE in the vortex are available for the first part
of March and the first part of April. The strongest chlorine activation in
March for this eleven-year overview was observed. The chlorine chemistry
had almost completely recovered in April. The deviation from the early
winter reference function O3/HF is the same for March and April. Thus,
in April no further ozone loss was identified.

e 1996-97:
The meteorology of this winter was described in detail in Section 5.1. De-
viations from the Os-tracer early winter reference function (see Section 5.3)
are separated into two parts. The chlorine activation is also rather inho-
mogeneous with the strongest decrease of HCI inside the vortex core. The
strongest April decrease of HCl mixing ratio was observed in this year,
because the vortex remained intact for an extremely long period.

e 1997-98:

The vortex in 1997-98 was slightly disturbed throughout the whole winter.
The final warming began in the middle of March [Pawson and Naujokat,
1999]. Minimum temperatures were low enough to activate HCl during
December and during January (see Figure 7.11). Moderate chlorine acti-
vation was observed by HALOE in March and small deviations from the
reference function for Os-tracer occurred. In that winter HALOE data are
only available for March inside the polar vortex.

e 1998-99:
The winter 1998-98 was unusually warm due to a major stratospheric warm-
ing in mid-December [Manney et al., 1999]. The vortex in 1998-99 was very
weak and disturbed. Almost no changes in the HCI/HF relation occurred,
owing to a small possible area of PSCs and thus, very little chlorine acti-
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vation at the end of February. However, small deviations from the early
winter reference function were found.

1999-2000:

In 1999-2000 the Arctic stratosphere was very cold from the middle of
November to late March [Manney and Sabutis, 2000]. The lowest values of
the February HCI mixing ratios for any of the observed years were reached,
owing to the largest possible area of PSCs during January in the observed
period. HCI mixing ratios are comparable to the low mixing ratios in March
1996. In March 2000, a slight recovery of chlorine chemistry became notice-
able, with a total recovery at the end of April. The small deviation from
the early winter reference function HF /O3 in February strongly increased
in March up to April.

2000-01:

The vortex in 2000-01 developed during October and November 2000. A
strong Canadian warming at the end of November greatly disturbed the
vortex. An undisturbed cold period followed from late December until
mid-January. Afterwards, a major warming broke down the vortex in mid-
February. During this warming, the vortex drifted over central Europe for
a few days and PSC conditions were reached due to a short-term cooling of
the vortex in the stratosphere. The vortex was re-established in March and
lasted until April. Figure 7.9 displays strong chlorine activation in February
2001. From March to April activated chlorine disappeared. In the ozone-
tracer relation in February 2001 one profile inside the outer vortex indicates
a significant deviation from the early winter reference function. In March
and April the early winter reference function is possibly not valid any more,
owing to the temporary break-up of the vortex in February. Therefore, the
TRAC technique cannot be applied to ozone-tracer profiles inside the late
vortex April that scatter above the early winter reference function.

2001-02:

The winter 2001-02 was very warm winter. Although the temperatures at
the end of November reached a record minimum in 1979-2001, a strong
warming in the second half of December occurred so that the vortex sig-
nificantly weakened. After the vortex was re-established in January, it was
weak and warm until it broke down in May. Very little chlorine activation
is noticeable at the end of March 2002 (see Figure 7.9) and very little de-
viation from the early winter reference relation is apparent at the end of
April.

To summarise the temperature conditions for winters between 1991-92 and

2001-02, five winters are characterised as being cold (1992-93, 1994-95, 1995—
96, 1996-97 and 1999-2000). These winters show a strong decrease of the HCI
mixing ratio in the HCI/HF relation in spring and strong deviations of Oz-tracer
profiles from the early winter reference function. Moderate deviations from the
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O3 /HF reference were found in 1991-92, 1993-94 and 1997-98. These winters in-
dicating a more frequently disturbed vortex are characterised as moderately cold.
The winters 1998-99, 2000-01 and 2001-02 are warm with very little chlorine ac-
tivation and very little deviation from the early winter ozone-tracer reference
function. The determination of the amount of ozone loss based on the Os-tracer
relation is discussed in the next chapter.






Chapter 8

Column Ozone Loss and Ozone Loss
Profiles

The development of the ozone-tracer relation over winter and spring was described
in Chapter 7. Here, the ozone loss in the total column for the eleven years between
1991-92 and 2001-02 is calculated by the vertical integration of ozone loss profiles.
First, the ozone loss profiles are considered (see Section 8.1). For each year, the
ozone loss profiles differ with respect to the altitude range where ozone loss occurs,
the maximum local ozone loss, the altitude where this maximum loss occurs and
the extent of homogeneity of the distribution. In Section 8.2, the column ozone
loss over the eleven-year period is summarised. Differences between the results
using different long-lived tracers are described as well as the differences between
results calculated from profiles inside the vortex core and inside the outer vortex.
At the end of this chapter, a comprehensive discussion of the TRAC technique
is presented. In particular, an error analysis of the chemical ozone loss derived
using the TRAC technique is performed (see Section 8.3).

8.1 Vertical Ozone Loss Profiles in Arctic Winters
19912002

Vertical ozone loss profiles (see Figure 8.1, 8.2 and 8.3, green symbols) are calcu-
lated as the difference between the actually measured ozone concentration O3 (red
symbols) and the corresponding ozone proxy Oj (black symbols), as described in
detail in Section 4.1.

In all winters considered, significant ozone loss arose mainly in an altitude
range between 380 and 550 K. At altitudes below 380 K the uncertainty of profiles
increased in most winters, because of the influence of tropospheric variability, that
is the influence of mixing processes.

The shape of the vertical ozone loss profiles and, therefore, the amount of
ozone destroyed at different altitudes depends on the different meteorological
conditions inside the polar vortex for each winter. The maximum of the verti-
cal ozone loss profile (in mixing ratio) and the corresponding altitude range (in

95
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Figure 8.1: Vertical profiles (plotted against potential temperature) of measured Oj
mixing ratios (red diamonds) by HALOE, the ozone mixing ratios expected
in the absence of chemical change (03, green diamonds), and the difference
between expected and observed O3 (A Og, black diamonds) are shown for
the winters between 1991-92 and 2001-02 in March (2000-01 in February).
O3 was inferred using HF as the long-lived tracer and the early winter
reference functions (see Table C.4), from profiles inside the vortex core
(squares) and inside the outer vortex (plus signs).
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8.2: As in Figure 8.1, but only profiles inside the vortex core are shown.
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Figure 8.3: Asin Figure 8.2, but with CH,4 used as the long-lived tracer and only profiles

inside the vortex core are shown.
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potential temperature) is shown in Table 8.1 for March (or February in the year
2001) of each year. The uncertainty was determined from the uncertainty of the

Table 8.1: Maximum of the local accumulated ozone loss in ppmv in March (February
in 2001) for the winters between 1991-92 and 2001-02 in the altitude range
(in potential temperature), where the loss profile reaches a maximum =+ 0.1
ppmv, is determined employing both the reference relation using HF and
CHy4 as the long-lived tracer, respectively, for the HALOE measurements
inside the entire vortex, with an uncertainty derived from the uncertainty
of early winter reference function. Additionally, the averages between the
maximum derived using HF and CHy as the long-lived tracer are shown.

date tracer altitude tracer altitude tracer
HF range (K) CHy range (K) HF and CHy

March 1992 2.0 £ 0.3 390445 1.9 + 0.3 410-450 20+04
March 1993 2.2+ 0.3 405-460 2.2 +£0.2 390-460 22+0.2
March 1994 1.4 + 0.2 420-460 1.4 + 0.3 400475 1.4 4+ 0.3
March 1995 2.3 £ 0.4 420-470 2.5 4+ 0.4 410-460 24 + 0.5
March 1996 2.2+ 0.1 455515 2.6 £ 0.3 450-500 24 +05
March 1997 2.5 £ 0.2 460-485 2.5 £0.2 460485 2.5 +£0.2
March 1998 1.5+ 0.3 410455 1.4 + 0.4 430-510 1.5+ 0.5
March 1999 0.8 £0.2 400480 1.2 +£0.1 395-415 1.0 £ 0.2
March 2000 2.4 + 0.1 430-455 2.5 £ 0.1 410-455 25 +0.2
February 2001 1.7 0.3 475-535 1.7 +£ 0.4 490-515 1.7+ 0.4
March 2002 0.5 £ 0.2 380-540 0.3 £0.2 380-540 0.4 +£0.3

early winter reference function (see Table C.4, Appendix C). The results of the
two different tracers are inside the uncertainty for each year, except for the year
2000-01. To perform a comparison between the different years, the average of
the maximum ozone loss of the two different long-lived tracers is calculated (see
Table 8.1, column 6). The strongest local ozone loss of all the years considered,
about 2.4 ppmv in 1995-96 and 2.5 ppmv 1996-97, was found in the altitude
range from about 450-490 K. In the winters of 1994-95 and of 1999-2000 the
maximum of local ozone loss profiles was similarly strong in the altitude range
from about 410-460 K. In March 1992 and 1993 local ozone loss is also rather
strong, 2.0 ppmv in 1992 and 2.2 ppmv in 1993 at very low altitudes in 390-460
K. Winters termed moderately cold, in the section above, 1991-92, 1993-94 and
1997-98, show local ozone loss from about 1.5 ppmv, except for the winter 1991-
92. In warm winters, 1998-99 and 2001-02, the local ozone loss is 1.0 ppmv and
0.4 ppmv respectively. In 2000-01 local ozone loss reached 1.7 ppmv from profiles
inside the outer vortex in February only (see Figure 8.1), whereas the local ozone
loss profiles inside the vortex core do not exceed 1.0 ppmv in February 2000-01.

To discuss the homogeneity of ozone loss profiles (see Figure 8.1) the distri-
bution of single loss profiles inside the vortex core and, further, the differences
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between vortex core and outer vortex are presented.

In some years 1991-92, 1992-93, 1999-2000, the ozone loss profiles taken
inside the vortex core are very homogeneous for March (see Figure 8.3). This is
the result of an isolated vortex core with homogeneous ozone loss.

For 1993-94, 1994-95, 1995-96 and 1997-98, a few profiles of ozone loss in-
dicate somewhat smaller deviation from the reference function inside the vortex
core but the majority of profiles inside the vortex core are homogeneously dis-
tributed. In 1993-94 and 1994-95 a warming in February disturbed the isolated
vortex. In 1995-96, the vortex shifted off the pole and the cold region was near
the edge of the vortex. At this time rapid ozone destruction occurred at the
vortex edge [Manney et al., 2003a]. The vortex in 1995-96 and 1997-98 was al-
ready weakening at the end of February and broke down in March. The ozone
loss profiles AO3 in 1996-97 are separated in two distinct parts inside the entire
vortex and the vortex core, as described in Section 6.2.3.

The homogeneity of ozone loss profiles in a particular month in the different
winters corresponds to the extent of isolation of the vortex during winter. The
described meteorological developments during various winters may be responsible
for inhomogeneous temperature distributions inside the vortex and, therefore, are
responsible for the inhomogeneities in ozone destruction inside the vortex core.

Considering the conditions inside the outer vortex (see Figure 8.1) ozone loss
profiles indicate less ozone loss for all years. The temperatures are generally not
as low inside the vortex core in March and, therefore, less ozone loss occurred.
In 1998-99 and 2000-01 small deviations occurred for profiles inside the vortex
core, but slightly stronger deviations are found for the outer vortex. It is possible
that the intensity of solar radiation is stronger inside the outer vortex, which is
generally located more towards lower latitudes. In winter 2001-02 no significant
ozone loss is determined in March. Further discussion of the differences between
ozone loss inside the vortex core and the outer vortex is given in the next section.

8.2 Column Ozone Loss in Arctic Winters 1991—
2002

A measure of ozone loss is derived by integrating the ozone loss profile AO3, as
described in Section 4.1. It can be interpreted as the total amount of destroyed
ozone in a period between the time of the early winter reference function and
the time of the investigated profile. This value constitutes a good approximation
of the total amount of ozone loss over the entire column of ozone if the vertical
integration is extended over a sufficiently large vertical range (= 380-550 K). The
column ozone loss was calculated for different altitude ranges between 350 and
550 K in this work. Further, monthly averages are considered and differences of
the results deduced from two long-lived tracer are discussed.

The column ozone loss averaged over different months, i.e. February, March,
April and May (May only in winter 1996-97), was calculated for each year if
measurements were available (see Figure 8.4 and Tables 8.2 and 8.3). The un-
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Figure 8.4: Mean column ozone loss for February (green), March (purple), April (or-
ange) and May (yellow) in winters between 1991-92 and 2001-02 is shown.
The red error bar indicates the uncertainty of the early winter reference
function, the black error bar the standard deviation. Top panel: CH4 was
used as the long-lived tracer, bottom panel: HF was used as the long-lived
tracer. Ozone loss was derived from profiles inside the entire vortex.
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certainty of the mean column ozone loss is described by two parameters. On the
one hand, the uncertainty which only arose due to the uncertainty of the early
winter reference function, the red error bar, in Figure 8.4. On the other hand, the
standard deviation of the column ozone loss deduced from the individual profiles,
which is a measure of the homogeneity of the ozone loss during the considered
period, the black error bar. Inhomogeneities may be caused by both, the inhomo-
geneity of the ozone loss inside the vortex, and, the random error of the satellite
measurements.

The uncertainty of the early winter reference function is about 15-25 DU
in the altitude range of 380-550 K (see Table 8.2) depending on the scatter of
profiles inside the early vortex from which the reference function was derived (see
Figure 8.4, top and middle panel). If there is very little scatter the error in the
results is smaller than 10 DU as is the case in the year 1995-96 using HF' as the
long-lived tracer and in 1998-99 using CH, as the long-lived tracer. In 1999-2000
the early winter reference was deduced from balloon observations with a rather
small uncertainty.

The standard deviation of the column ozone loss depends on the homogeneity
of single loss profiles, as described in Section 8.1. For March 1997 the standard
deviation of averaged column ozone is larger compared to the other winters and is
much larger than the early winter reference error (see Figure 8.4, top and middle
panel). As described in a previous Section 6.2.3, in March 1996-97 the vortex is
divided into two parts, a part with stronger ozone loss and a part with moderate
ozone loss [Tilmes et al., 2003]. The ozone loss in March 1996-97 is spatially
much more inhomogeneous than the ozone loss observed in all the other winters
investigated here (see Figure 8.1).

The mean calculated column ozone loss differs depending on whether HF or
CH, is used as the long-lived tracer and whether the vortex core or the entire
vortex was considered. At first, the difference between the results derived with
the two long-lived tracers are discussed (see Figure 8.5).

The differences between the results are ~ 10-20 DU for most of the observed
years and are similar for the entire vortex and the vortex core (not shown). In
March 1996 and February 2001, the results differ by more than 30 DU for the
entire vortex. In 1996-97 and 1997-98 differences are insignificant (below 5 DU).
The uncertainty of the early winter reference functions using the two different
long-lived tracer are mostly responsible for the different results. In most observed
years the results obtained using CH4 as the long-lived tracer agree with those
using HF inside the uncertainty introduced by the uncertainty of the reference
function.

In some years, ozone loss calculated employing CH, as the long-lived tracer has
a tendency towards larger ozone loss for April compared to HF (see Figure 8.4).
The CH, mixing ratios inside the Arctic vortex at altitudes below about 450 K
may be problematic in these years, due to signal saturation problems (J. Russell
pers. comm., 2001). Such problems are also discussed for the winter 1999-2000
in [Miiller et al., 2002]. The significant uncertainties in March 1996 and February
2001 may be explained by this effect.
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Table 8.2: Column ozone loss (DU) in 380-550 K derived for profiles inside the entire
vortex and the vortex core for different months and years (Column 1), using
HF (Column 2 and 3) and CHy as the long-lived tracer (Column 4 and 5).
The error was derived from the uncertainty of the early winter reference
function and the standard deviation o of the result is shown in brackets. No
standard deviation is shown if the column ozone loss was calculated from
only one profile.

date HF': entire (o) HF: core (¢)  CHy: entire (¢) CHy: core (o)
1992

February 66 + 18 66 + 18 68 + 17 68 + 17
March 714+ 17 (36) 85+ 17 (30) 58 + 16 (32) 71 + 16 (24)
April 77419 (11)  73+£19(12) 83+ 19 (15) 83 + 18 (15)
1993

March 90 + 25 (25) 104 + 24 (11) 93 +17 (38) 109 + 17 (27)
April 89 + 26 (33) 100 £ 25 (21) 104 + 18 (30) 117 + 17 (23)
1994

February 16 + 19 (21) 4 + 23 (30)

March 40 + 17 (17) 48 £ 16 (11) 28 + 21 (22) 37 + 20 (16)
April 44 +£19 (19) 41 £19(20) 57 +£23(18) 56 + 23 (16)
1995

March 79 + 24 (28) 84+ 24 (21) 79 +24 (27) 83 + 23 (22)
April 63+ 27 (23) 62427 (23) 76+ 26(19) 75+ 26 (19)
1996

March 81 +9(20) 8249 (19) 102+ 22 (24) 102 + 22 (24)
April 84+ 8(18) 87 +£8(13) 116 £20 (20) 119 + 20 (14)
1997

March 41 + 21 (25) 52 + 20 (21) 42 + 20 (31) 56 + 20 (26)
April 42 £ 21 (29) 61 +£20(24) 38+20(36) 59 + 19 (28)
May 69 + 19 (40) 74 + 18 (40)

1998

March 48 + 21 (21) 50 £ 21 (17) 43 £33 (21) 47 + 32 (20)
1999

February 28 £ 13 (9) 26 + 13 (8) 30 £+ 8 (20) 28 + 8 (23)
March 21 + 14 (8) 15 + 13 (4) 40 + 8 (16) 38 £ 7 (28)
2000

February 35 4+ 7 (19) 42 + 7 (7) 41 + 16 (33) 52 + 16 (8)
March 63 +7(27)  83+6(13) 73+15(26) 89 + 15 (17)
April 78 +£ 8 (7) 79 + 19 (19)

2001

February -4 + 21 (30) -0 £ 21 31 + 31 (28) 7+ 39
March 9 + 27 4 4+ 29

April 36 £ 28 (11) -32 £ 27 (10) -18 +40 (17) -6 =+ 39 (9)
2002

March  12+10(4) 5+10(9)  -5+13(13) 0+ 13 (9)
April 16 £13 (9) 14 +13(13) 3+ 16 (7) 2 + 17 (8)
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Table 8.3: Column ozone loss (DU) in the altitude range of 400-500 K derived for
profiles inside the entire vortex and the vortex core for different month and
years (Column 1), using HF (Column 2 and 3) and CHy as the long-lived
tracer (Column 4 and 5). The error was derived from the uncertainty of the
early winter reference function and the standard deviation o of the result is
shown in brackets. No standard deviation is shown if the column ozone loss
was calculated from only one profile.

date HF: entire (0) HF: core (¢) CHy: entire (0) CHy: core (o)
1992

February 50 £ 11 50 £ 11 53 £ 11 53 £ 11
March 54 + 11 (21) 60 & 11 (20) 48 + 10 (21) 55 + 10 (19)
April 53 + 12 (7) 53 + 12 (6) 59 + 11 (6) 60 + 11 (5)
1993

March 68 £ 15 (18) 77 £ 15 (5) 67 + 10 (21) 78 £+ 10 (10)
April 67 + 16 (22) 73+ 16 (13) 74+ 11 (18) 82 4 10 (11)
1994

February 11 £ 11 (17) 6 + 14 (25)

March 27 + 10 (14) 34 +£10(8) 21 +13 (17) 27 + 13 (12)
April 31 £12(13) 30 +£12(12) 42414 (12) 41 + 14 (10)
1995

March 61+ 14 (20) 65+ 15 (14) 61+ 14 (18) 64 + 14 (13)
April 33 +£16 (14) 52416 (13) 62+ 15 (14) 62 & 15 (14)
1996

March 62 £ 6 (19) 62 £ 6 (19) 78 + 14 (20) 78 + 14 (20)
April 64 +5(14)  66+£5(10) 88 +£13(16) 91 + 12 (11)
1997

March 31+ 13 (21) 40 + 13 (18) 35+ 13 (26) 46 + 12 (22)
April 30 + 13 (24) 47 £ 13 (20) 30+ 13 (29) 47 + 12 (22)
May 46 + 12 (32) 50 + 11 (34)

1998

March 39 & 13 (15) 42 + 13 (14) 36 +20 (18) 37 + 20 (16)
1999

February 21 + 8 (6) 20+ 8(7) 24+ 5(19) 22 + 5 (17)
March 19 + 9 (8) 13+8(8) 3145 (8) 28 + 5 (14)
2000

February 27 +5(18) 42+ 7(7)  30+10(22) 3510 (3)
March 50 £4 (22) 67 +£4(10) 55+ 9 (22) 67 £ 9 (12)
April 7+ 5 (5) 80 + 11 (2)

2001

February -2 + 13 (24) -7+ 12 18 + 19 (23) -1 +£17
March 13 +£ 17 26 £ 24

April 19 £17(9) 17 +£17(11) -6 +£25(12) 3+ 25 (5)
2002

March 147 (7) 5+ 6 (5) -6 + 8 (10) 2 4+ 8 (8)
April 10 + 8 (5) 10+8(4) 4410 (5) 4+ 10 (5)
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Figure 8.5: Difference between mean column ozone loss using HF and CHy as the long-
lived tracer (see Figure 8.4 top and bottom panel) for February (green),
March (purple), April (orange) and May (yellow) in winters between 1991—
92 and 2001-02 is shown. Ozone loss was derived from profiles inside the
entire vortex.

The mean column ozone loss, the average between the results calculated using
CH, and HF as the long-lived tracer is calculated for each month/year, in an
altitude range from 380-550 K and 400-500 K (see Figure 8.6). Furthermore, the
mean column ozone loss between the 400-550 K level was calculated to compare
the results with other studies (see Chapter 9). The calculated column ozone
loss between the 400-500 K level for profiles inside the vortex core is showing
the smallest error (see Figure 8.6, bottom right). Here, uncertainties at lower
altitudes between the 380400 K level are excluded, such as the horizontal mixing
of air from outside the vortex into the edge of the vortex. The error which arises
owing to the early winter reference function is significantly smaller in an altitude
range of 400-500 K than in 380-550 K.

The calculated ozone loss for the cold winters 1992-93, 1994-95, 1995-96 and
1999-2000 is 60-80 DU between the 400-500 K level. The maximum of the mean
column ozone loss in this eleven-year study was obtained for the winters 1992—
93 and 1995-96. In 1996-97 the strongest mean ozone loss in May was reached
(48 DU in the 400-500 K level). Although the winter 1996-97 was cold, the
mean column ozone loss for this winter (47 + 17 DU inside the vortex core in
the 400-550 K level in April) is comparable with the results of the moderate
winters, because of the inhomogeneity of the ozone loss in the vortex. Anyway,
the maximum ozone loss of this winter is comparable with results of the cold
winters (see Figure 6.7). The moderately cold winters 1991-92, 1994-95 and
1997-98 reach a mean column ozone loss between 31 DU (in winter 1994-95) and
57 DU (in winter 1991-92) inside the vortex core in March. The warm winter
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Figure 8.6: Mean column ozone loss for February (green), March (purple), April (or-
ange) and May (yellow) in winters between 1991-92 and 2001-02 is shown.
The values are the means between the results using HF and CHy4 as the
long-lived tracers (see Figure 8.4 top and middle panel). The red error bar
indicates the uncertainty of the early winter reference function, the black
error bar the standard deviation. Top panels: ozone loss was derived from
profiles inside the entire vortex, bottom panels: ozone loss was derived from
profiles inside the vortex core. Results were derived in an altitude range of
380-550 K (left panels) and 400-500 K (right panels)
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Figure 8.7: Difference of mean column ozone loss using CHy and HF as the long-lived
tracers between the entire vortex and the vortex core for all winters between
1991-92 and 2000-01. Results were derived in an altitude range of 380-550
K (top panel) and 400-500 K (bottom panel).
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1998-99 ozone loss still reaches 22 = 10 DU derived for an altitude range of 400—
500 K from profiles inside the entire vortex and 21 + 10 DU for profiles inside
the vortex core. In 2000-01 ozone loss from only one profile was calculated inside
the outer vortex as 19 DU. Inside the vortex core in 2000-01 and inside the entire
vortex in 2001-02 no ozone loss is diagnosed with the TRAC technique.

For April 2000-01 a negative ozone loss is calculated. The mixing ratio of
ozone inside the vortex is greater compared to the ozone mixing ratios apparent
in the early vortex (see Figure 7.10). Due to a major warming in February the
vortex broke down and then reformed again with probably a different chemical
composition than for the early winter conditions. Thus, under these conditions
the early winter reference function is unlikely to be a reliable reference function
to calculate ozone loss, as described above.

Inside the outer vortex, the mean column ozone loss is in most cases less than
inside the vortex core (see Figure 8.7). The vortex core usually is colder than the
outer vortex and, thus, the extent of ozone loss is expected to be stronger. In some
years the standard deviation for profiles in the outer vortex is significantly larger
then inside the vortex core (1992-93, 1994-95, 1995-96 and 1999-2000). That
is because the ozone loss inside the outer vortex was much more inhomogeneous
than in the vortex core in these winters. These inhomogeneities may be caused
by inhomogeneous temperature distributions inside the outer vortex, as described
in Section 8.1. The vortex during the winter of 1998-99 was very weak and
disturbed. In this year the vortex core seems to have been less homogeneous
than the outer vortex.

In warm winters the difference of the results in the vortex core and the outer
vortex is rather small. In some years the ozone loss is insignificantly greater
inside the outer vortex than inside the vortex core (in April 1992, 1994 and 1995,
February and March 1999 and February 2001). Only for February 2000 does the
difference reach about 20 DU, which is still inside the range of uncertainty.

8.3 Discussion of the TRAC Technique

The ozone-tracer correlation technique was applied to measurements in the Arc-
tic polar region made by the ILAS instrument for the winter 1996-97 and to
measurements made by HALOE from 1991-92 to 2001-02. The local maximum
of ozone loss at a certain height was derived and the total amount of ozone loss
for different months and years using HALOE observations.

First, the TRAC technique was validated (see Chapter 5). A comprehensive
analysis of ozone loss was performed for the winter 1996-97. ILAS results show
that since the vortex was isolated from the beginning of January 1997 onwards the
Ogs-tracer relation inside the vortex core did not change due to mixing processes.
Thus, deviations of Ogs-tracer profiles from the early winter reference function
that occur later in the season should be interpreted as being due to chemical
ozone loss.

The results derived from HALOE and ILAS observations for the winter 1996
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97 demonstrate that the early winter reference function has to be derived carefully.
A major proportion of the uncertainties in the final results result from the un-
certainty of this reference function. The relationship has to be derived for a time
during the development of the polar vortex. The earliest time that is chosen may
be the turning point from summer to winter circulation. But the time has also to
be late enough so that a strong vortex has formed (that is largely isolated from
the surrounding air masses), and also early enough so that no ozone loss will have
already occurred. Nevertheless, the time that is chosen to derive the early winter
reference function strongly depends on the availability of observations inside the
early vortex. These are, in most years, limited, due to the incomplete temporal
coverage of measurement inside high northern latitudes.

Early winter reference functions for all winters between 1991-92 and 2001-
02 were derived with the TRAC technique and deviations from this reference
function are discussed with respect to the different meteorological conditions in
each winter. Additionally, the connection between the amount of ozone loss that
has occurred and the strength of HCI activation can be discussed with the use of
the TRAC technique.

If the temperatures inside the vortex are low enough strong chlorine acti-
vation is identified through the very small HCl mixing ratios in the HCl-tracer
relation. Available measurements made by the HALOE instrument indicate a
strong ozone loss occurring in the following weeks. On the other hand, strong
chlorine activation during February and March does not necessarily cause strong
ozone destruction. If the vortex is weakening and getting warmer (for example in
1993-94 and 2000-01) a pronounced chlorine activation in February and March
did not result in further ozone destruction and the observed ozone loss is rather
small.

With the recovery of chlorine chemistry, as observed for example in April
1991-92 to 199596, ozone loss comes to a halt. If the vortex or remnants of the
vortex are still isolated in April, deviation from the reference function remains
unaltered from the conditions observed earlier in the year inside the vortex (as
in 1992-93, 1995-96) or additional ozone loss may occur, due to NO, chemistry
(as in May 1996-97, see Section 5.4). Mixing in of air from outside the vortex,
due to the break-up of the vortex results in a decrease of the deviation from the
reference function as observed in 1994-95.

The TRAC technique also permits the homogeneity of ozone loss inside the
vortex to be described for the eleven year period. For example, in winter 1996-
97 the calculated ozone losses of both sets of satellite data consistently show a
strong inhomogeneity of ozone loss inside the entire vortex. The mean ozone
loss in the vortex core differs significantly from the mean ozone loss in the outer
vortex. Moreover, in the probability distribution of ozone loss (see Figures 6.7, 6.8
and 6.11) a separation inside the vortex core into two distinct parts was found.
Large values of ozone loss occur mainly inside the vortex core, while smaller losses
were found in the vortex core and in the outer vortex. Model calculations in high
spatial resolution confirm this result [McKenna et al., 2002].

Very homogeneous distributions of ozone loss inside the vortex core, for exam-
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ple in 1992-93 and 1999-2000, indicate that the vortex core was well isolated up
to the time when the observations were made and the meteorological conditions
inside the vortex were rather homogeneous. A more inhomogeneous distribution
of the temperature inside the entire vortex results in a larger value of standard
deviation of the calculated ozone loss. Thus, inhomogeneous ozone loss profiles
indicate an inhomogeneous temperature distribution inside the entire vortex. The
TRAC technique allows a differentiation to be be made between ozone loss inside
the vortex core and inside the outer vortex.

As described above, the uncertainty of the reference function derived for early
winter conditions is mainly responsible for the uncertainty of the results and
is rather large in some winters. The smallest error of the determined ozone
loss caused by the uncertainty of the reference function is ~ 10 % in the cold
winter 1995-96 and =~ 15 % in the cold winter 1999-2000. In the other cold and
moderately cold winters, the error is 20-40 %. The error for the warm winters
that show only little ozone loss is about 50 %. For example in 1998-99 the mean
column ozone loss is about 30 DU, and the error reaches about 15 DU. In winters
2000-01 and 2001-02 the error is much greater than the result of less than 10 DU
ozone loss so that the results derived here are compatible with zero ozone loss.

Thus, the very small ozone losses occurring in warm winters cannot be deter-
mined with sufficient accuracy by using the TRAC technique. The more reliably
the early winter reference function can be derived, owing to the availability of
measurements inside the early vortex, and the more ozone is destroyed in the
course of the winter, the more certain the calculated ozone loss is.

In summary, the application of the TRAC technique permits chemical ozone
loss to be calculated as a function of the variability of different meteorological
conditions inside the range of uncertainty denoted.



Chapter 9

Comparison of Results With Earlier
Studies

The improved and extended ozone-tracer correlation technique to calculate chem-
ical ozone loss in the Arctic polar stratosphere has been described in detail in the
present work. Two satellite data sets, namely HALOE and ILAS were analysed
using this technique. The measurements made by ILAS, were available for the
winter 1996-97. The HALOE observations are available for the eleven winters be-
tween 1991-92 and 2001-02. The comparison of the calculated ozone loss based,
on the one hand, on HALOE measurements, and, on the other hand, on ILAS
measurements for the winter 1996-97 was discussed above (see Section 6.2.3).

In this chapter, the HALOE results of the years investigated are compared to
HALOE results available from earlier studies, calculated with the previous imple-
mentation of the ozone-tracer correlation technique and using older data versions
of HALOE (see Section 9.1). Moreover, the results of the present work are com-
pared with published results obtained by different methods for the determination
of chemical ozone loss (see Section 9.2). Finally, an analysis of the relationship
between the possible area of PSC existence and the accumulated ozone loss is
performed using HALOE results (see Section 9.3).

9.1 HALOE Results in Comparison With Earlier
Studies Based on HALOE

Ozone loss was calculated with the use of the ozone-tracer relationship applied
to HALOE measurements in several earlier studies [Miiller et al., 1996, 1997a,b,
2001, 2002]. The column ozone loss in the Arctic over six winters from 1991-92 to
1996-97 was calculated from HALOE measurements Version 18 in Miiller et al.
[1996, 1997a, 1999, 2001].

In these earlier studies, the decision whether profiles were considered inside
or outside the early vortex was not based on the maximum gradient in PV, that
is on the Nash et al. [1996] criteria. PV charts were analysed ‘by hand’ to find
measurements inside the polar vortex. In the analysis of HALOE observations
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1996-97 |Miiller et al., 1997b] consistent PV criteria were employed on certain
isentropic layers. Moreover, measurement locations were not transformed to 12
UTC to compare them with the PV fields. The uncertainty whether profiles
belong inside the vortex or not is larger, if the vortex edge is not exactly defined.
Thus, in previous studies the early winter reference function was derived from
profiles that did not all clearly belong to the vortex. Early winter profiles, which
are located too far towards the edge of the vortex or outside the vortex, have
larger ozone mixing ratios in the ozone-tracer space than inside the vortex (see
e.g. Section 4.3). An early winter reference function influenced by profiles that
are located equatorwards of the vortex edge would be shifted towards larger
ozone mixing ratios. This was the case in winters 1993-94 to 1995-96 and most
pronounced in 1993-94 (see Figure 9.1).

The ozone loss calculated here for the years between 1992-93 and 1995-96
is compared in Table 9.1 with results (based on HALOE Version 18) published
previously [Miiller et al., 1997a, 1999] for the altitude range of 350-550 K. Only
CH, was used as the long-lived tracer. The calculation of ozone loss in the altitude
range 350-550 K by Miiller et al. [1997a] and Miiller et al. [1999] causes larger
uncertainties due to the extension of the vertical integration below 380 K. On the
one hand, the early winter reference function will be less reliable and, on the other
hand, vortex air below 380 K is influenced more strongly by mixing processes.
Column ozone loss obtained with the TRAC technique in this altitude range using
the two different long-lived tracers show substantial differences. Therefore, ozone
losses calculated in 380-550 K is also shown in Table 9.1.

The previously published ozone losses are significantly larger for the winters
1992-93 to 1995-96 than those calculated in the present work. Ozone mixing
ratios of the early winter reference functions in the previous studies are larger,
though still inside the range of uncertainty derived in the present work. An
exception is the winter 1993-94, for which a significant difference between the
reference functions arose. The reference function derived for the winter 1993-94 in
earlier studies shows much larger ozone mixing ratios, at CH, mixing ratios of less
than 1.0 ppmv (i.e. at altitudes above ~ 420 K) (see Figure 9.1). The individual
profiles that were originally employed to derive the reference function for this
winter |Miiller et al., 1999] were influenced significantly by air masses outside
the vortex, as discussed above. However, the other “old” reference functions are
inside the range of uncertainty of those derived here and, thus, the results also
agree inside the range of uncertainty.

The early winter reference function for winter 1991-92 in the present work
was taken from Miller et al. [2001]. Here, an O3/N,O relation was derived form
balloon observations in December 1991 made during the EASOE campaign. In
the study by Miiller et al. [2001], HALOE data of Version 18 were used to calculate
the column ozone loss. There, for the end of March 1992 74 DU were calculated
in 400-550 K with HF and CH, as the long-lived tracers. These results agree with
the ozone loss (62 £ 15 DU) derived with the TRAC technique in March 1992
inside the vortex core for the same altitude range (see Table 9.3, Section 9.2).

The results obtained for winter 1996-97 were already compared in detail with
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Figure 9.1: Comparison of early winter Os-tracer relations derived here by HALOE
Version 19 (shown as a black line) with those employed in previous studies
from HALOE Version 18 [Miiller et al., 1999] (shown as a red line).
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Table 9.1: Calculated chemical loss in column ozone loss in the Arctic over 5 winters,
new and earlier studies [Mdiller et al., 1999] are compared

date tracer earlier study new results (core) new results (core)
ozone loss (DU) ozone loss (DU) ozone loss (DU)
in 350-550 K in 380-550 K in 350-550 K

March 1993 CHy 133 £ 14 109 + 17 119 £+ 25

March 1994 CHy 102 £ 10 37 £ 20 32 + 31

March 1995 CHy 116 £+ 20 83 £+ 23 94 + 35

April 1995 CHy 81 £+ 26 75 + 26 97 + 39

March 1996 CHy 140 £ 19 102 £ 22 101 + 33

April 1996 CHy 131+ 9 119 + 14 121 £+ 30

March 1997 HF 53 £+ 23 58 £ 18 67 £ 31

earlier studies (see Section 6.2.3). In summary, in Miller et al. [1997b] the maxi-
mum column ozone loss inside the vortex was underestimated by up to &~ 20 % for
the altitude range of 380-550 K and the local loss at 475 K was underestimated
by 15 % (0.4 ppbv) compared to the results of the present study.

The improved TRAC method was already applied by [Miiller et al., 2002] to
calculate the column ozone loss for the winter 1999-2000. For the years 1997-98,
1998-99, 2000-01 and 2001-02 ozone loss in the Arctic vortex was calculated here
using the ozone tracer correlation technique for the first time.

9.2 Comparison of Ozone Loss Derived Using Dif-
ferent Methods

Chemical ozone loss in the Arctic vortex in the past decade was estimated by
a variety of techniques for different winters |Harris et al., 2002; Newman et al.,
2002]. However, a comparison between the different ozone loss estimates is only
meaningful, if the figures compared are determined for exactly the same condi-
tions [Harris et al., 2002]. In Section 4.2 different techniques were presented and
some results were compare with HALOE results derived in earlier studies (see
Table 4.1). In this section, results obtained in the present work are compared
with results derived using other methods.

The column ozone loss in DU, shown in Table 9.2, was derived form the
SAOZ/REPROBUS and POAM/REPROBUS technique, the Match technique
[Rez et al., 1998; Schulz et al., 2000] and the improved and extended TRAC
technique. A comparison with MLS [Manney et al., 2003a] is made in Table 9.3.

The column ozone loss averaged over the entire vortex in the three winters
1994-95, 1995-96 and 1996-97 determined by SAOZ is much larger than that
derived from HALOE measurements with the correlation technique — the differ-
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Table 9.2: Calculated chemical loss in column ozone loss in the Arctic in winters 1994
95 to 1996-97. Comparison between HALOE results and results from other

methods.
date SAOZ/ Match? HALOE HALOE
REPROBUS® entire vortex  vortex core
in 380-600 K in 370-700 K in 380-550 K in 380-550 K
March 1995 140 127 £ 14 79 + 34 83 £+ 23
March 1996 125 91 + 24 92 + 24
March 1997 110 41 + 29 54 + 28

2 taken from Harris et al. [2002], Table 4.

ence is about 60 DU in 1994-95 and 1996-97 and 30 DU in 1995-96. For 1996-97
the result from SAOZ agrees with the largest ozone loss calculated by HALOE
inside the vortex core (90-110 DU), but averages still do not agree. The ozone
loss derived with the Match technique for 1994-95 is more than 40 DU larger than

that from HALOE for the same winter. Thus, major discrepancies are apparent
between the results of the SAOZ, Match and TRAC technique.

Table 9.3: Calculated chemical loss in column ozone loss (DU) in the Arctic over seven
winters, HALOE results and MLS results [Manney et al., 2003a|, are com-

pared.
date MLS* HALOE HALOE
entire vortex  vortex core
above 100 hPa in 400-550 K in 400-550 K

March 1992 29 56 + 15 62 + 15
March 1993 54 78 £ 19 89 + 19
March 1994 35 29 £+ 18 37 £ 16
March 1995 36 67 £+ 18 71 + 19
March 1996 63 83 + 20 84 + 20
March 1997 35 38 + 16 50 £+ 17
February 1998 22 45 £ 25 47 £ 25

2 taken from Manney et al. [2003a], Table 3

The column ozone loss from UARS microwave limb sounder (MLS) measure-
ments [Manney et al., 2003a| for the winters 1991-92 to 1997-98 was calculated
for above 100 hPa. Therefore, the results should be comparable with HALOE
results in 400-550 K. The results of the two methods are in principle similar,
although the ozone losses determined by MLS are about 20-30 DU smaller than
those derived with HALOE for profiles inside the entire vortex for the winters
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1991-92, 1992-93, 1994-95, 1995-96 and 1997-98. The strongest ozone loss was
found for the winters 1995-96 and 1992-93 with both techniques. In 1993-94
values calculated from HALOE observations are insignificantly smaller (6 DU)
than calculated from MLS observations inside the entire vortex. For 1996-97 the
average value of the entire vortex is in accordance with the MLS observations.

In winter 1999-2000 the column ozone loss inside the Arctic was derived from
various measurements and different techniques, because an extensive measure-
ment campaign was conducted: SOLVE-THESEO 2000 [Newman et al., 2002].
The calculated ozone loss between early January and mid-March by the Match
technique is 71 + 12 DU [Rez et al., 2002]. Results from the OMS balloon mea-
surements [Salawitch et al., 2002] were calculated up to 5 March 2000 as 61 + 14
DU. An extrapolation of the result for 5 March to mid-March (based on Match-
derived ozone loss rates Miiller et al. [2002]) yielded 84 + 13 DU. Ozone loss
from POAM/REPROBUS was determined as 80 DU in 380-700 K, as reported
by Harris et al. [2002]. These results agree well with the column ozone loss found
in the present work (81 = 14 DU in 380-550 K inside the vortex core).

Accumulated losses in the vortex in ppmv were estimated at certain altitudes
for various time periods and for given subsiding layers of air with the Match tech-
nique [Rez et al., 1998; Schulz et al., 2000], from the MLS observations [Manney
et al., 2003a] and Knudsen et al. [1998] using the vortex average approach. The
results should be comparable with the accumulated local ozone loss derived with
the TRAC technique, if the time interval considered is comparable.

The accumulated chemical ozone loss was calculated from MLS observations
for the winters 1991-92 to 1997-98 from December/January to the end of Febru-
ary/March at the 465 K and 520 K level [Manney et al., 2003a| (see Table 9.4).
Local ozone loss at the 465 K level derived from HALOE data is consistently ~
1 ppmv larger than that derived from MLS observations. For the 520 K level,
the deviations are less strong; the difference is ~ 0.3 ppmv. The strongest ac-
cumulated ozone loss was found in 1995-96 from both techniques. Accordingly,
like the estimated column ozone loss, the accumulated ozone loss is in principle
similar when derived by both methods.

For the years 1992, 1995, 1996 and 2000, largely unexplained stratospheric
ozone loss rates during January were found, using a combination of data from
Match, POAM II, POAM III and MLS [Becker et al., 1998, 2000; Rex et al.,
2003; Kilbane-Dawe et al., 2001]. In the present work, ozone loss in January
is apparent in 1991-92 (see Figure 7.4) based on HALOE observations. During
January 1997, very small deviations of the ozone-tracer relation from the reference
function occurred based on ILAS observations. This is in accordance with the
small amount of ozone loss that was calculated by Match [Schulz et al., 2000|.
However, very small ozone losses occurring, for example, in mid-winter and during
warm winters cannot be determined with the sufficient accuracy with the TRAC
technique, as described in Section 8.3.

In winter 1996-97, accumulated ozone loss was estimated in the time period
between the end of January and the end of March by the Match technique (1.1
ppmv) and by Knudsen (0.9 + 0.2 ppmv) at the 455 K potential temperature
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Table 9.4: Accumulated ozone loss estimated by MLS over the calculation period in
465 K and 520 K taken from Manney et al. [2003a], Table 1 and 2. HALOE
results at 465 K and 520 K inside the vortex core were estimated from Fig-
ures 8.2 and 8.3; in February 1997 no HALOE observations are available
and, therefore, no ozone loss could be derived for February.

date ozone loss ozone loss ozone loss ozone loss
465 K (MLS) 465 (HALOE) 520 K (MLS) 520 K (HALOE)

March 1992 0.5 14 0.3 0.6
March 1993 1.0 2.0 0.7 0.9
March 1994 0.5 14 0.7 1.0
March 1995 0.8 2.0 0.2 0.8
March 1996 1.3 2.2 14 1.6
February 1997 0.5 0.9

February 1998 0.4 1.3 0.02 0.6

level [Harris et al., 2002]. Such values are approximately in agreement with
the moderate ozone loss deduced here from ILAS 0.5-1.0 ppmv (£ 0.2 ppmv)
and HALOE 0.9-1.4 ppmv (£ 0.2 ppmv) at the 475 K level (see Figures 6.6
and 6.10). Further calculations of ozone loss were performed with the Match
technique based on ILAS observations for the winter 1996-97 [ Terao et al., 2002].
There, the integrated ozone loss during February and March reached 2.0 £ 0.1
ppmv at 475-529 K levels. This result is in good agreement with the maximum
of the ozone loss profile of 2.0 &= 0.3 ppmv derived from ILAS with the TRAC
technique in a similar altitude range (see Figure 6.10).

However, in winter 1996-97 vortex average losses obtained by different meth-
ods are very difficult to compare, because ozone loss inside the vortex was spa-
tially very inhomogeneous [McKenna et al., 2002; Schulz et al., 2000]. Thus, the
averages derived will greatly depend on what fraction of the data entering the
average originates from the vortex region showing the stronger ozone loss.

In 1999-2000 HALOE local ozone loss in 430-450 K (2.3 £ 0.2 ppmv) is in
good agreement with the accumulated ozone loss in the vortex in mid-March
derived by the Match technique (2.0 & 0.3 ppmv) [Rez et al., 2002]. The ozone
and the tracer measurements between early January and mid-March 2000 from
the ER-2 were used to deduce chemical ozone loss (1.8 + 0.3 ppmv) [Richard
et al., 2001]. Ozone loss deduced from POAM III satellite measurements only
reached 1.5 £+ 0.3 ppmv for mid-March [Hoppel et al., 2002].

The accumulated ozone loss derived using the vortex average approach (see
Section 4.2) is most similar to the results derived using the TRAC technique,
although there are some significant deviations as described in detail in the next
section.
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9.3 The Relationship Between Ozone Loss and the
Area of PSCs

Ozone loss is related to the particular dynamic conditions of the polar vortex
in each year. The eleven-year time series of ozone loss obtained in a consistent
manner in this thesis allows this question to be addressed in detail. Recently,
Rex et al. [2002] reported a similar analysis. They investigated the relationship
between the accumulated ozone loss in mixing ratios between day 15 and day
85 of a particular year — averaged between 400-500 K — and the total area of
possible PSC existence (see Section 4.4.2) in the Arctic polar vortex during this
time period based on meteorological analysis from ECMWF (see Figure 9.2, top
panel, coloured open circles). The ozone loss was calculated with the vortex
average approach (see Section 4.2) inferred from measurements of the Arctic
ozone sonde network.

Here, the ozone loss profile deduced from the TRAC technique for measure-
ments inside the vortex core, which describes the accumulated ozone loss between
January and March, is averaged between the 400-500 K level for each year, ex-
cept for the winter 2000-01. Thus, these values are comparable with the values
deduced from the average approach. For the winter 2000-01 local ozone loss
averaged between 400-500 K is zero for profiles inside the vortex core, because
ozone loss arose in higher altitudes. Nevertheless, an estimate is possible for the
altitute range of 450-500 K in February 2001 (see Figures 8.2 and 8.3).

In the present thesis, the area of possible PSC existence was determined from
the analysis from UKMO in the same altitude range as was done by Rezx et al.
[2002]. For this, the PSC threshold temperature was calculated |[Hanson and
Mauersberger, 1988| for HNO3 mixing ratio: 10 ppbv and HoO mixing ratio: 5
ppmv (see also Section 4.4.2).

Rex et al. [2002] reported that the possible area of PSCs during the lifetime
of the vortex correlates well with the derived accumulated ozone loss with the
use of the average approach in the years between 1991-92 and 1999-2000 (see
Figure 9.2, open circles, top panel).

Results derived with the TRAC technique show that ozone loss and Apgc
are positively correlated and thus support the results obtained using the vortex
average approach. However, the ozone losses deduced with the TRAC technique
indicate more complicated relations. Local ozone loss derived by the TRAC tech-
nique is in good agreement with the results of the vortex average approach (see
Figure 9.2, top panel) especially for the cold winters 1995-96, 1996-97 and 1999—
2000. Differences exceeding the uncertainty are found for the winters, 1991-92,
1992-93, 1994-95 and 1997-98. The analysis for these winters shows significantly
larger ozone loss derived with the TRAC technique.

The calculated loss in ozone (in DU) over the altitude range 400-500 K likewise
also correlates with the Apgc, especially for the cold winters, but there are the
some outliers (the winter 1991-92, 1992-93, 1997-98) as already observed for the
ozone loss mixing ratios (see Figure 9.2, squares and diamonds, bottom panel).
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Figure 9.2: Top panel: relation between the accumulated ozone loss in mixing ratio and
the total area of possible existing PSC (Apsc) in the Arctic polar vortex is
shown for the years 1991-92 to 2001-02 in different colours. Apgc and ozone
loss were calculated from January to March of each year and was averaged
between 400-500 K. Ozone loss derived with the average approach [Rez
et al., 2002] is shown in coloured open circles, ozone loss deduced from the
TRAC technique (from HALOE measurements inside the vortex core) is
shown in coloured solid squares (HF is used as the long-lived tracer) and
solid diamonds (CHy is used as the long-lived tracer)

Bottom panel: as top panel, but the column ozone loss (DU) for the altitude
range 400-500 K derived only from HALOE observations is apparent.
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In 1992-93 and 1994-95, strong chlorine activation was observed in the outer
part of the vortex boundary region and, therefore, stronger ozone loss can be
expected in the outer vortex than in other winters. Such an effect means that the
ozone destruction is not necessarily related to the area of PSC occurrence only,
but also, for example, to the location of the area of PSCs. That is, continuing PSC
activity in vortex regions that are already strongly activated does not enhance the
ozone loss, whereas PSC activity in parts of the vortex that are not yet activated
(e.g. towards the vortex edge) does.

Further, a small Apgc in lower latitudes with stronger solar illumination may
cause the same amount of ozone loss as a larger Apgc in higher latitudes. This
effect may be responsible for the strong ozone loss in the winters 1991-92 and
1997-98. In these winters, the area of possible PSC existence inside the vortex
Apgc was on average located in lower latitudes compared to other winters.

Additionally, in 1991-92, deviations from the linear correlation between Apgc
and ozone loss may be caused by the strong increase in background liquid sulphate
aerosols, after the major volcanic eruption of Mount Pinatubo on 15 June 1991.
Heterogeneous chemical reactions are possible on the surface of these particles,
which increases the chlorine activation and, therefore, the amount of ozone loss
(see Section 2.2.1).

In summary, a comparison of the results derived with the TRAC technique
and the results derive with the techniques using meteorological models to simulate
the transport processes in the stratospheric Arctic vortex was performed. The
calculated column ozone loss and local accumulated ozone loss determined in the
present work are in agreement with the results of previous studies for the cold and
undisturbed vortex in winter 1999-2000. In the other winters results estimated
with the TRAC technique are in principle similar to the results derived from
MLS measurements in the altitude range of 400-550 K, although HALOE results
are consistently larger. The column ozone loss derived from SAOZ/REPROBUS
seems to be problematic insofar as the strongest ozone loss in all the years of
SAQZ observations was detected for March 1995, a result that is in contrast to
the results derived using other methods.

Furthermore, the results of the TRAC technique and of the vortex average
approach agree best for the winters 1995-96, 1996-97, 1998-99, 1999-2000 and
2000-01. Nevertheless, larger differences occur in winters where other influences
than the possible area of PSC occurrence may affect the amount of ozone loss,
as described above. Thus, possibly model simulations cannot properly reproduce
all the complicated transport processes within a strongly disturbed polar vortex.
If this were the case, the TRAC technique would produce more reliable results
than techniques relying on transport calculations, in spite of the fact that the
reported error estimates, especially for the warm winters, are rather large.



Chapter 10

Summary and Outlook

The main objective of this thesis was the deduction of chemical ozone loss with
the use of the ozone-tracer correlation (TRAC) technique.

Relationships between ozone and a long-lived tracer were first considered by
Proffitt et al. [1989, 1990] to deduce chemical ozone loss in the Arctic and the
Antarctic. Later, the method was extended to satellite [e.g., Miiller et al., 1996,
1997b,a] and balloon [Miiller et al., 2001; Salawitch et al., 2002] measurements
and studies were performed for several Arctic winter periods in the nineties.
Although these early studies at that time provided important insights into ozone
loss the methodology was somewhat empirical in some aspects. Moreover, the
available data did not allow several important issues to be addressed. Indeed,
studies were published that questioned the reliability of the technique as a tool
for diagnosing chemical ozone loss.

In the present work the TRAC methodology was improved in a variety of
ways and questions raised about the earlier studies were revisited. These studies
were made possible through the availability of new data sources, in particular,
the ILAS satellite observations that are available over the entire winter 1996-97
in the Arctic. Further, data from field campaigns (e.g. THESEO2000/SOLVE
and EASOE) were employed. Moreover, the existence of comprehensive satellite
observations for the eleven winters between 1991-92 and 2001-02 by the HALOE
instrument permitted a consistent data set to be produced on Arctic chemical
ozone loss over this period and thus relate ozone loss to the very different mete-
orological conditions of these eleven winters.

In this way, the TRAC technique was developed into a reliable tool for cal-
culating chemical ozone loss in column ozone and the local accumulated ozone
loss over an altitude range between 380 and 550 K. Further, the quantification
of the uncertainties has been improved. The connection between ozone loss and
chlorine activation was investigated in this work and moreover, the growth rate
of HF at different altitudes in the eleven-year period was derived.

A division between the results for different parts of the vortex is possible with
the use of the improved method and the extent of the homogeneity of ozone loss
inside different parts of the vortex may be determined.

The relationship between the total area of possible PSC existence in a partic-
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ular year and the calculated ozone loss does not turn out to be a simple, linear
relation. In comparing the results with results obtained by other methods, one
advantage of the TRAC technique becomes apparent. The TRAC technique does
not need to simulate the complicated dynamic situation inside the vortex as other
methods have to.

However, the results and insights obtained in this work still suffer to some
extent from the uncertainty due to the incomplete temporal coverage of mea-
surements within high northern latitudes by HALOE. Especially the scarcity of
observations inside the early vortex causes uncertainties that significantly influ-
ences the accuracy of the results.

In the near future, a wealth of new satellite data will become available that
are well suited for the application of the improved TRAC method derived in this
work. The first data from ENVISAT (launched in March 2002) are now becoming
available; the availability of several independent tracer and ozone measurements
with a good coverage of the polar regions make this data set very attractive for
a TRAC analysis. ILAS-IT aboard the ADEOS-II (launched on 14 December
2002) will provide very similar data to those from ILAS which were successfully
employed in the present work. For ILAS-II, the availability of occultation profiles
with a good vertical resolution and a good coverage of the polar regions are
the most attractive features! Further interesting measurements will be provided
by the HIRDLS (High Resolution Dynamics Limb Sounder) instrument on the
Aura mission, part of the NASA’s earth observing System (EOS) scheduled for
launch in January 2004. HIRDLS will measure the concentration of e.g., Os,
CHy4, N5O, and CIONO, in the upper troposphere, stratosphere and mesosphere
in unprecedented spatial resolution for a long term satellite mission. Finally, it
should not be forgotten that HALOE continues to collect data and so that the
time series of HALOE analyses presented here can be continued in a consistent
manner into the future. The future development of the polar ozone loss will be of
great interest, both to detect the recovery of ozone loss (as is expected owing to
the slowly decreasing atmospheric halogen concentration) and to investigate the
interaction of ozone loss processes with climate change. In summary, in future
years there will be several high-quality satellite data sources available that permit
both further improvements of the technique and the analysis of chemical ozone
loss in a changing stratosphere in future winters.

L After this work was completed, unfortunately, NASDA announced that ADEOS-II began
to miss data-transmission appointments on 25 October, 2003, and ILAS-II ceased collection
data.



Appendix A

Zusammenfassung

Im Rahmen dieser Arbeit wurde der chemische Ozonverlust in der arktischen
Stratosphire iiber elf Jahre hinweg untersucht. Dabei lag der Schwerpunkt auf
der Bestimmung von Ozonverlust im Winter und Friihjahr innerhalb des Po-
larwirbels. Die chemische Ozonzerstorung zwischen Winter und Friihjahr wurde
quantifiziert zum einen durch die Berechnung des lokalen Ozonverlustes in Mi-
schungsverhéltnissen und zum anderen durch die Berechnung des Ozonverlustes
in einer Siule in Dobson Units (DU) ! iiber einen bestimmten Hohenbereich. Die
dazu verwendete Methode, die ,,Ozon-Tracer Korrelationstechnik” (,,ozone-tracer
correlation (TRAC) technique”), konnte in dieser Arbeit deutlich verbessert wer-
den.

Die hier verwendeten Datensétze zur Berechnung des Ozonverlustes stammen
vom HALOE (Halogen Occultation Experiment) Instrument auf dem UARS (Up-
per Atmosphere Research Satellite) der NASA und vom ILAS (Improved Limb
Atmospheric Spectrometer) Instrument auf dem japanischen Satelliten ADEOS
(Advanced Earth Observing Satellite). HALOE und ILAS sind Okkultations-
Instrumente und liefern vertikal aufgeloste Messungen von Ozon und verschie-
denen anderen Spezies, die fiir die Stratosphirenchemie relevant sind. Das HA-
LOE Instrument liefert seit Oktober 1991 kontinuierlich Messungen. Durch die
Umlaufbahn des Satelliten misst HALOE 15 mal pro Tag bei Sonnenaufgang
und Sonnenuntergang. Der Satellit bewegt sich dabei innerhalb von ungefahr 45
Tagen auf einer Bahn zwischen 80°N und 80°S. Daher gibt es, variabel fiir die
verschiedenen Jahre, alle zwei bis drei Monate Messdaten in hoheren Breiten. Fiir
die meisten Jahre stehen Daten im winterlichen Friihwirbel und dann erst wieder
im Spétwinter oder Friihling zur Verfiigung, so dass man jeweils ein ,yorher—
nachher” Bild der Ozonzerstorung erhilt. Das ILAS Instrument lieferte nur im
Jahre 1996-97 Messungen. Trotzdem waren die Messungen dieses Instrumentes
auferst niitzlich fiir die vorliegende Arbeit, da sie kontinuierlich von November
1996 bis Ende Mai 1997 fiir hohe nérdliche (und siidliche) polare Breiten zur
Verfiigung stehen. Damit konnte die zeitliche Entwicklung der Ozonzerstérung

!Unter Ozon in einer Siule versteht man die gesamte Menge Ozon-Molekiile pro Fliche
integriert iiber einen bestimmten Hohenbereich. Die Ozonsdule wird im allgemeinen in Dobson
Units angegeben; eine Dobson Unit ist 2.69 * 10*® molecules/cm?.
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in diesem Winter nachvollzogen werden und die hier verwendete Methode zur
Bestimmung des chemischen Ozonverlustes validiert werden.

Das Ozonmischungsverhéltnis wird einerseits von Transportprozessen und an-
dererseits von chemischen Reaktionen beeinflusst. Daher wurden Methoden ent-
wickelt, um aus den Messdaten den reinen chemischen Ozonverlust abzuleiten.
Im Gegensatz zu Methoden, bei denen zu diesem Zweck Transportprozesse durch
Modellrechnungen nachvollzogen werden, wurde hier eine Technik verwendet (die
TRAC Technik), bei der die Beschreibung der Dynamik im abgeschlossenen Po-
larwirbel unnétig ist. Diese TRAC Methode macht sich zu eigen, dass zwei im
Polarwirbel gemessene Spezies, wie Ozon und ein langlebiger Spurenstoff (“Tra-
cer”) ins Verhéltnis gesetzt werden kénnen. So konnten Transportprozesse implizit
eliminiert werden: es wird bei dieser Methode ausgenutzt, dass Transportpro-
zesse (wie das Absinken des Wirbels) auf alle Konstituenten im gleichen Mafe
wirken. Die Beziehung zwischen Ozon und einem anderen langlebigen Spuren-
gas (wie CHy, HF und N,O) wird sich somit in einem hinreichend abgeschlossen
Wirbel nicht dndern, solange keine chemischen Verinderungen stattfinden. Eine
Referenzfunktion kann aus dieser Relation fiir chemisch ungestorte Bedingun-
gen berechnet werden. Nur eine Verringerung des Ozonmischungsverhiltnisses
durch chemischen Ozonverlust kann demnach eine Abweichung von der Referenz-
funktion, d.h. eine Verédnderung des Ozon-Tracer Verhéltnisses bewirken. Ebenso
wie Ozon, kann auch HCI mit einer langlebigen Substanz ins Verhiltnis gesetzt
werden. Verandert sich im Laufe des Winters diese HCl/Tracer Relation zu nied-
rigeren HCI Mischungsverhéltnissen, kann man auf eine chemisch bedingte Ver-
ringerung der HC1 Mischungsverhaltnisse schlieffen und damit auf die Aktivierung
von Chlor.

Nach diesem Prinzip wurde in der Vergangenheit u.a. der Ozonverlust fiir ei-
nige Winter seit dem Winter 1991-92 aus den HALOE Daten berechnet. Jedoch
war die Methodik fiir die Auswertung bei diesen frithen Studien noch nicht genug
ausgefeilt. Auerdem waren die verwendeten Daten noch nicht hinreichend prézi-
se, es gab spiter mehrerer Anderungen der Datenversionen. Die frithen Ergebnisse
waren daher mit verschiedenen signifikanten Fehlerquellen behaftet.

Vergleiche von chemischen Ozonverlusten, die mit unterschiedlichen Metho-
den abgeleitet wurden, zeigten teilweise starke Abweichungen voneinander. Dies
fiihrte dazu, dass das Prinzip der TRAC Technik in den letzten Jahren von meh-
ren Seiten kritisiert wurde. Dabei wurde besonders auf den moglichen Einfluss
von horizontalen Mischungsvorgingen am Wirbelrand eingegangen. Es wurde er-
ortert, ob starke Mischungsprozesse einen Ozonverlust vortduschen konnten. Da
die TRAC Methode auf der Annahme der Abgeschlossenheit des Wirbels basiert,
wiirde sich diese Technik als nur bedingt brauchbar erweisen. In der vorliegenden
Arbeit wurden die Einfliisse von horizontaler Mischung untersucht und es konnte
gezeigt werden, dass eine geringfiigige Unterschitzung des Ozonverlustes durch
diesen Effekt moglich ist, nicht aber eine Uberschitzung, wie es von Kritikern
beschrieben wurde.

Dariiber hinaus wurden im Rahmen in dieser Arbeit wesentliche Verbesserun-
gen der Methodik durchgefiihrt. Zunichst wurde eine meteorologischen Analyse
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zur Bestimmung bestimmter Wirbelregionen eingefiihrt, die es ermoglicht, die
Grenzen des Polarwirbels eindeutig festzulegen. Die richtige Zuordnung der Po-
sition von Messdaten beziiglich dieser Wirbelregionen ist sehr wichtig, um zuver-
lassige und konsistente Ergebnisse zu erhalten, da innerhalb und aufterhalb des
Wirbels deutlich andere Verhéltnisse vorherrschen. Da das HALOE Instrument
zwei langlebige Tracer misst (CH, und HF), war eine weitere Qualitatskontrolle
der gemessenen Profile moglich: Das CH,/HF Verhéltnis zeigt sich, wie sich in
dieser Arbeit herausstellte, wihrend des gesamten Jahres im Wirbel konstant.
Profilmessungen im Wirbel, bei denen eine starke Abweichung von diesem Ver-
héltnis zu beobachten war, wurden bei der Ozonverlustberechnung vernachléssigt,
da solche Profile nicht die Charakteristik aufwiesen, die Wirbelluft auszeichnet.

Eine moglichst genaue Bestimmung der Referenzfunktion fiir chemisch un-
gestorte Verhéltnisse im Wirbel ist mafgeblich fiir eine exakte Berechnung des
Ozonverlustes. Daher wurden zur Bestimmung der Referenzfunktion die vorhan-
denen HALOE und ILAS Daten sowie Daten von Ozonsonden und Ballonmes-
sungen verwendet. Weiterhin sollte die Referenzfunktion eines Jahres moglichst
fiir einen Zeitpunkt ermittelt werden, an dem noch keine chemischen Prozesse zu
erwartet sind, was im Friihwirbel der Fall ist. Im weiteren wird daher auch von
der , Friihwinter-Referenzfunktion“ gesprochen. Den friihest méglichen Zeitpunkt
fiir die Ermittlung so einer Referenzfunktion stellt der Wendepunkt zwischen
Sommer und Winterzirkulation in der arktischen Stratosphire dar, welcher mit
dem Minimum der gesamten Ozonsdule iibereinstimmt. Andererseits sollte der
Zeitpunkt der Bestimmung der Referenzfunktion so gewéhlt werden, dass der
Friihwirbel hinreichend abgeschlossen ist. Aus den ILAS Daten ergibt sich, dass
sich das Verhéltnis zwischen Ozon und einem langlebigen Tracer, hier N,O, im
November und Dezember deutlich zu héheren Ozonmischungsverhéltnissen ver-
schiebt. Das lasst auf horizontale Mischungsprozesse und damit auf einen nicht
geniigend isolierten Wirbel schlieften. Die Friihwinter-Referenzfunktion in dem
Winter 1996-97 wurde daher aus Messdaten ermittelt werden, die Anfang Ja-
nuar gemessen wurden. Tatsdchlich hingt der Zeitpunkt der Bestimmung der
Friihwinterreferenz mafsgeblich von den vorhandenen Messdaten im Friihwirbel
ab, welche in den meisten untersuchten Wintern sehr begrenzt sind.

Die Anwendung der TRAC Technik auf den ILAS Datensatz ergab weiter-
hin, dass horizontale Mischungsvorgénge nach Isolation des Wirbels im Januar,
vernachlissigt werden konnen. Die zeitliche Entwicklung der Ozonzerstérung im
Winter 1996-97 wurde ausfiihrlich mit Hilfe der ILAS und den vorhandenen HA-
LOE Daten (von Mérz bis Mai) untersucht. Der chemische Ozonverlust beginnt
Mitte Februar mit ansteigendem Ozonverlust bis Mitte Mai, gemittelt {iber den
gesamten Wirbel. Ende Mirz wird ein stark inhomogener Ozonverlust, mit den
starksten Verlustraten im Wirbelkern, festgestellt. Der Wirbel ist unterteilt in
einem Bereich mit hohem Ozonverlust (HALOE 40-45 DU, ILAS 30-35 DU) und
einem Bereich mit mittlerem Ozonverlust (HALOE 15-30 DU, ILAS 5-25 DU) in
450-550 K. Die Zweiteilung des Wirbels wird fiir HALOE und ILAS Daten konsi-
stent gefunden, obwohl der berechnete Ozonverlust aus den HALOE Messungen
besonders Ende Mérz deutlich grofer ist, als der aus ILAS Daten berechnete.
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Ein moglicher Grund fiir die Differenzen ist die Tatsache, dass die Ozonprofile
Ende Mérz 1997 von HALOE ein deutlich geringeres Minimum (0.6 ppmv) in 475
K aufweisen, als die ILAS Profile. AuRerdem liegen im Méarz/April die HALOE
Ozondaten im Wirbel durchschnittlich ca. 0.2 ppmv niedriger als die gemesse-
nen ILAS Ozondaten. Ab April werden die Ozonprofile innerhalb des Wirbels im
Vergleich zu Ende Marz wieder einheitlicher. Die Verringerung von Ozon in den
immer noch vorhandenen Wirbelteilen im April und Mai wird durch NO, Chemie
hervorgerufen.

Die verbesserte Methode wurde dariiber hinaus konsistent fiir elf Winter
(1991-92 bis 2001-02) auf Daten der aktuellsten HALOE Version 19 angewendet.
Zunichst wurde fiir alle Winter jeweils eine CHy/HF Funktion ermittelt, die, wie
sich herausstellte fiir die gesamte Lebenszeit des Wirbels gilt. Damit konnte die
oben beschriebene CH,/HF Korrektur durchgefiihrt werden. Weiterhin konnte
aus der jahrliche Entwicklung der einzelnen CH,/HF Funktionen, in Richtung
hoherer Mischungsverhiltnisse der beiden Tracer, das jahrliche Wachstum von
HF in Abhéngigkeit von der Hohe in der Stratosphire bestimmt werden.

Zur Berechnung des Ozonverlustes konnten Frithwinterkorrelationen in sechs
Wintern direkt aus HALOE Daten ermittelt werden, fiir drei weitere Winter aus
Daten von Ozonsonden, Ballonmessungen und aus der ILAS Friihwinterreferenz.
Fiir zwei Winter, fiir die weder HALOE noch andere Messungen im Friihwirbel
vorliegen, wurde jeweils eine Referenzkorrelation bestimmt. Dazu wurden HA-
LOE Messdaten aller der Winter verwendet, welche im Frithwinter vorliegen.
Auferdem wurde der jahrliche Anstieg von CH, und HF in der Stratosphére in
die Berechnung mit einbezogen.

Aufgrund der Analyse iiber elf Jahre hinweg, konnte der Zusammenhang
zwischen meteorologischen Verhiltnissen im Polarwirbel und dem berechne-
tem Ozonverlust aufgezeigt werden. Sind die Temperaturverhéiltnisse eines Win-
ters kalt, so zeigt sich eine starke Abweichung der Osz-Tracer Verhiltnisse im
Marz/April von der Frithwirbel Referenzfunktion. Das ist der Fall in den Wintern
1992-93, 1994-95, 1995-96, 1996-97 und 1999-2000. In den nicht ganz so kalten
Wintern, 1991-92, 1993-94, 1997-98, ist entsprechend die Abweichung von der
Referenzfunktion geringer. Die warmen Winter zeigen sehr geringe Abweichun-
gen und damit einen geringen Ozonverlust. Besonderheiten konnten herausgestellt
werden, wie zum Beispiel fiir den warmen Winter 2000-01. Dieser Winter zeichnet
sich durch eine sehr kurze Periode von mittlerem Ozonverlust ausschliefslich im
Februar aus. Eine kurzzeitige Verschiebung des Wirbels nach Mitteleuropa sorgte
fiir eine Abkiihlung des Wirbels und damit fiir die starke Chloraktivierung, was
die Ursache fiir den auftretenden Ozonverlust sein kann.

Die Betrachtung der HCI-Tracer Relation deutet auch darauf hin, dass im all-
gemeinen eine starke Chloraktivierung zeitlich verzogert hohen Ozonverlust mit
sich bringt, wenn es die meteorologischen Bedingungen nach der Chloraktivie-
rung zulassen. Jedoch gibt es nicht allzu viele HALOE Daten, die dies bestétigen
kénnen. 1992-93 und 1994-95 gab es nur in einem &dufserem Bereich der Wir-
belgrenzregion Messungen im Februar, die eine starke Chloraktivierung zeigten.
Andererseits bedeutet eine starke Verringerung von HCI, wie im Mérz 1994 beob-
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achtet, nicht notwendig das Auftreten von hohem Ozonverlust. Die Verringerung
der HC1 Werte erreichte in diesem Winter vergleichbare Werte, wie sie in den sehr
kalten Wintern gemessen wurden. Bedingt durch eine Erwiarmung des Wirbels im
April, wurden nur méfkige Ozonverlustwerte erreicht.

Der zwischen Winter und Friihling in einer Héhe zwischen 380-550 K ermit-
telte Ozonverlust zeigt ein Maximum, dessen Wert und Hohenposition mit den
Jahren variiert. Dieses Maximum im Ozonverlust im entsprechenden Hohenbe-
reich wurde fiir jedes Jahr ermittelt. Besonders starke Verlustraten wurden fiir
die kalten Jahre berechnet. So liegt der maximale Ozonverlust im Mérz (bzw.
im Jahr 2001 im Februar 2001) iiber 2 ppmv in den kalten Jahren und fiir die
mittelméRig kalten Winter wurden 1.3-1.6 ppmv maximaler Ozonverlust ermit-
telt. Fiir die warmen Winter waren die Abweichungen von der Friihwinterreferenz
noch geringer. Diese Werte konnen zuverldssig innerhalb der Fehlergrenzen (ma-
ximal £ 0.4 ppmv) angegeben werden, da abgesehen von der Unsicherheit der
Friihwinterreferenz keine weiteren Unsicherheiten auftreten. Mit Hilfe der Ozon-
Verlustprofile kann auch auf die Homogenitidt des Ozonverlustes z.B. in einem
bestimmten Monat geschlossen werden. Der Winter 1996-97 zeigt sich als ein
Winter mit besonders inhomogener Ozonverlustverteilung.

Bei der Berechnung des Ozonverlustes in der Saule iiber ein bestimmtes Ho-
henintervall, im Mittel iiber einen Monat, konnen die Ergebnisse von weiteren
Fehlern beeinflusst sein. Zum Beispiel konnen Mischungsvorginge in niedrigen
Hohen unterhalb von 400 K neben der Unsicherheit der Friihwinterreferenz zu
weiteren Unsicherheiten fiihren. Mit einer ausfiihrlichen Fehleranalyse zeigt sich,
dass die Integration des Ozon-Verlustprofiles zur Berechnung des Ozonverlustes
in DU fiir ein Intervall von 400-500 K und fiir Profile im Wirbelkern, die ge-
ringsten Unsicherheiten besitzt. In dieser Arbeit wurden ebenso Ergebnisse fiir
350-550 K, 380-550 K und 400-550 K ermittelt, um Vergleichsmoglichkeiten mit
anderen Studien zu schaffen.

Fiir die kalten Winter wurden im Hohenbereich zwischen 380-550 K im April
1993 und 1996 iiber 100 DU Ozonverlust, im April 2000 78 DU, vorwiegend
im Wirbelkern ermittelt. Der Ozonverlust in den mittelméfig kalten Wintern
erreichte 40-60 DU im gleichen Hohenintervall. Der Winter 1991-92 zeigt deutlich
héhere Verlustwerte, bis zu 80 DU. Dies lésst sich durch eine deutlich erhéhte
Anzahl fliissiger Sulfataerosole in der Atmosphire erkliren, die als Folge des
Mount Pinatubo Ausbruchs 1991 in die Stratosphére gelangt sind.

Die Grofe des Unterschiedes zwischen dem berechneten Ozonverlustes fiir
den Wirbelkern und den duferen Wirbel lédsst auf die Kompaktheit des Wirbels
schliefen. Die Homogenitat des Ozonverlustes im Wirbel wird auch an einer ge-
ringen berechneten Standardabweichung des Ozonverlustes iiber eine Sdule im
Mittel iiber einen Monat deutlich. Der kalte Winter 1996-97 zeigte sich als sehr
inhomogen, die Standardabweichung des Ozonverlustes in DU ist deutlich grofer
als in den anderen untersuchten Wintern. Durch seine Inhomogenitit wurde in
diesem Winter der Ozonverlust, im Mittel iiber den Wirbelkern mit 60 DU als
deutlich geringer berechnet, als fiir die anderen kalten Winter. Der Unterschied
zwischen dem Ozonverlust im Wirbelkern und dem im duferen Wirbel zeigt, dass
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im Maérz 1997 im Kern mehr Ozon abgebaut wird, da dort niedrigere Tempera-
turen auftreten. Ein moglicher Einfluss von Einmischung ozonreicher Luft aus
niedrigeren Breiten auf den Ozonverlust im Wirbelkern ist zu vernachléssigen.

Aus den Ergebnissen der Datenanalyse von ILAS und HALOE lésst sich schlie-
Ren, dass die grofite Unsicherheit der Methode aus der Unsicherheit der Referenz-
funktion resultiert. In sehr warmen Wintern liegt der berechnete Ozonverlust zum
Teil im Bereich der Unsicherheit der Referenzfunktion. Trotzdem liegen diese Er-
gebnisse in zu erwartenden Wertebereichen.

Der mit der vorgestellten TRAC Technik fiir elf Winter konsistent berechne-
te Ozonverlust kann den meteorologischen Verhéltnissen des jeweiligen Winters
gegeniibergestellt werden. Es zeigt sich, dass es einen Zusammenhang zwischen
den iiber die gesamte Lebensdauer des Wirbels auftretenden moglichen PSC-
Flichen ? und mit den akkumulierten Ozonverlusten gibt. Anders als in jiingsten
Studien beschrieben, ist dieser Zusammenhang aber nicht linear. Die Ergebnisse
dieser Arbeit deuten darauf hin, dass der Ozonverlust von deutlich mehr Einfliis-
sen als nur der Fliache von PSCs bestimmt ist, sondern zum Beispiel auch von
der Starke der Sonneneinstrahlung. Zum Beispiel wird fiir die Winter, in denen
der Wirbelkern in niedrigere Breiten verschoben war, ein stirkerer Ozonabbau
gefunden. Aufierdem lassen sich Auswirkungen von Vulkanausbriichen, wie zum
Beispiel 1991 des Mount Pinatubo, identifizieren.

Vergleiche mit anderen vertffentlichten Studien zeigen dariiber hinaus, dass
fiir sehr kalte Winter mit einem homogenen Wirbel, wie z.B. 1999-2000, einheit-
liche Ergebnisse durch verschiedene Techniken ermittelt werden. In méfig kalten
und in warmen Wintern mit komplizierten Transportprozessen im Wirbel gibt
es dagegen grofere Unterschiede. Die Ursachen fiir diese Diskrepanzen sind zum
jetzigen Zeitpunkt ungeklart. Ein wichtiger Vorteil der hier eingesetzten TRAC
Technik ist die Unabhéngigkeit von Modellrechnungen zur Berechnung der Trans-
portprozesse, was bei allen anderen Methoden zur Bestimmung des chemischen
Ozonverlustes notwendig ist.

Weiteren Aufschluss giben Satelliteninstrumente, die wie ILAS kontinuierlich
wahrend eines Winters in hohen Breiten messen wiirden. Solche Messdaten sind in
naher Zukunft von ILAS IT und den atmosphérischen Instrumenten des ENVISAT
zu erwarten.

2Die moglichen PSC (Polar Stratospheric Could)-Fliichen sind die — mit Hilfe meteorologi-
scher Analysen — ermittelten Flachen im Wirbel, welche die wahrscheinliche Bildungstemperatur
von PSC (= 195 K) nicht iiberschreiten.
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Satellite Measurements

The basis for the enhanced TRAC technique applied in the present work are obser-
vations obtained by two solar occultation satellite instruments: ILAS (Improved
Limb Atmospheric Spectrometer) aboard the ADEOS satellite (Advanced Earth
Observing Satellite) and HALOE (Halogen Occultation Experiment) aboard the
UARS, the Upper Atmosphere Research satellite |Russell et al., 1993; Suzuki
et al., 1995; Sasano et al., 1999).

The principle of a solar occultation instrument measuring concentrations of
chemical trace species in the stratosphere and above is to integrate the absorption
in the infrared along a tangential path through the atmosphere between the sun
and the instrument over the tangential ray path. A vertical scan is obtained by
stepwise tracking the position of the sun during each occultation, that is during
each sunrise and sunset. This yields high vertical resolution data profiles of
chemical compounds in the stratosphere.

B.1 1ILAS

The ILAS instrument is designed to take measurements in high latitudes of both
hemispheres. Unfortunately, the instrument was only able to deliver measure-
ments in one year, 1996-97. However, an 8-month record of data for trace species
from November 1996 to June 1997 was obtained [Suzuki et al., 1995; Sasano et al.,
1999|. The instrument took measurements about fourteen times per day in the
high latitude region of both hemispheres. Vertical profiles of O3, NO,, NyO,
HNOj, CH,, CFC11, CFC12, HyO, N5O5 were measured in the range from ~ 10
km or cloud-top up to 60 km. In the present work, the focus is on O3, NoO and
CH,. The spatial and temporal coverage of ILAS data in the northern hemisphere
is shown in Figure B.1 (green symbols).

In the present work measurements of the Version 5.20 ILAS retrieval algorithm
[Yokota et al., 2002] were used. For this data version the estimated root-sum-
square of the total uncertainties in ozone values are 14 % at 15 km, 9 % at
20 km and 7 % at 23 km on average in the northern hemisphere during the
entire measurement period |Yokota et al., 2002; Terao et al., 2002]. Numerical
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Figure B.1: Temporal and spatial coverage of ILAS and HALOE observations in north-
ern latitudes from November 1, 1996 to May 1, 1997 (copyright by AGU).

simulations show that the ozone values may have a large positive bias of 1.11 ppmv
at 20 km when observing ice PSCs. During the entire winter, ILAS ozone mixing
ratios are on average ~ 8 % greater than HALOE for the altitude range between
380-550 K Sugita et al. [2002]. In the present work, substantial discrepancies in
the very low ozone minimum measured at the 475 K potential temperature level
were found at the end of March comparing HALOE and ILAS observations (see
Section 6.1).

B.2 HALOE

Measurements by the HALOE instrument [Russell et al., 1993] began on October
11, 1991. HALOE provides measurements of vertical profiles of ozone, methane,
hydrogen chloride, hydrogen fluoride, water vapour, NO, and NO. The altitude
range of measurements extends from the lower stratosphere (upper troposphere
in some cases) to the mesosphere and is thus similar to ILAS observations. The
HALOE instrument makes measurements fifteen times per day at sunrise and
sunset along two latitude lines that move between 80°N and 80°S in about 45
days (see Figure B.2). Therefore, measurements in high northern latitudes are
available every two or three months, depending on the year. Thus, HALOE
data are available usually inside the early vortex and afterwards later in spring.
For example, for 1996-97 HALOE observations are available inside the vortex in
spring (March, April and May 1997) only (see Figure B.1, blue symbols).

The analysis presented here is based on Version 19 HALOE data processing
algorithm with accuracies shown in Table B.1. Owing to the algorithm improve-
ments between Version 18, and even more more so Version 17 and Version 19
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Figure B.2: Temporal and spatial coverage of HALOE observations from 1991 to 2001.

HALOE data, results based on the Version 19 are more reliable compared to ear-
lier studies (see Section 9.1). Major modifications were made between Version 17
and 18, which clearly influenced the ozone loss [Harris et al., 2002| determined.
In the present work, the Version 19 data employed have a better accuracy for the
retrieved species at altitudes below 70 hPa and show substantial improvements
in sunrise and sunset differences, as described in more detail on the HALOE web-
site. Ozone shows minor differences from Version 18 values throughout the entire
profile.

Table B.1: Accuracy of HALOE V19 Data, J. M. Russell, pers. comm., 2003.

Pressure, hPa 1 5 10 50 100 || NO cloud to 25 km 102 %
03, % 8 9 12 18 30 25 km to 40 km 14 %
CHy, % 6 9 11 15 19 > 40 km 101 %
HClL, % 15 12 14 21 24 NOs; cloud to 25 km 100 %
HF, % 15 14 15 21 27 25km to 40 km 10 %
H>0, % 14 14 17 24 27 > 40 km 100 %

Some remaining uncertainties in HALOE Version 19 data can not be excluded
(J. M. Russell III pers. comm., 2002), there may be problematic data at large
beta angles (beta angle is the angle between the plane of the spacecraft’s orbit,
and the line connecting the center of the Earth with the Sun). This is the case
at the beginning of March 1997 (see Section 6.2.1). Further, the quality of a few
HALOE HF measurements may be reduced owing to sunspot occurrence. In some
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years (for example 1999-2000, the CH, mixing ratios inside the Arctic vortex
at altitudes below about 450 K may be problematic, due to signal saturation
problems (J.M. Russell III, pers. comm., 2001).



Appendix C

Tracer-Tracer Reference Relations

In this chapter a summary of the mathematically formulated relations of different
tracers is given. Polynomial functions of the form: [y] = Y1 a; - []° with
n < 4 are reported and the standard deviation of the observation points from the
fitted reference function o. In Table D.1 CH,/HF relations were derived from
measurements made by HALOE inside the vortex core. Reference relations Oz
to tracer were derived from measurements made by HALOE for the early vortex
(Table D.2 and D.3). Table D.4 summarises all tracer-tracer reference relations
used in this work derived from measurements made by HALOE, ILAS or balloon
observations (M-IV). These reference relations derived from the HALOE profiles
available in the early vortex of all investigated years are indicated as “HALOE
all”.

The empirical relations are valid for mixing ratios of CH, in ppmv, HF in
ppbv, O3 in ppmv and N5O in ppbv, respectively.
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Table C.1: CH4/HF reference relations from HALOE observations inside the vortex core: 1991-92 to 2001-02.

valid [z] ao ai as as a4 o

1991-92

0.1-1.1 1.83 —249 2.72 —3.31 1.63 9.03-1072 R1
1992-93

0.1-1.3 1.64 —1.71 7.33-100! —191-1072 —-1.55-10"! 9.95-102 R2
1993-94

0.1-1.35 1.85 —2.75 3.70 -3.15 9.31-10~1 1.04-107! R3
1994-95

0.1-14 1.76  —2.71 4.18 -3.711 1.10 8.98-1072 R4
1995-96

0.1-1.5 1.65 —1.16 1.77-107' —3.63-1072 811-1072 R5
1996-97

0.1-1.5 1.76  —1.88 2.25 —2.00 5.87-1071  7.92.1072 R6
1997-98

0.1-1.55 1.71 —147 875-107! —491-107! 8.44-.-1072  8.14-1072 R7
1998-99

0.2-1.6 1.98 —3.44 4.84 —3.40 8.07-10~1 8.46-1072 RS
19992000

0.1-1.65 1.72 —1.89 1.53 —8.55-10"1 1.73.107! 8.67-1072 R9
2000-01

0.1-1.7 2.05 —2.99 4.10 —3.05 7.54-1071 7.27-1072  RI10
2001-02

0.1-1.6 1.89 —2.54 2.90 ~1.93 440-10"'  7.39.1072 RI11

VEL
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Table C.2: O3/HF reference relations from HALOE observations: 1991-92 to 2001-02.

valid [z]  ag a1 as as ay o

1992-93

0.01-1. -9.82-1072 5.93 1.47 - 10" —3.19-10" 1.55-10* 3.46-10"1 R12
1993-94

0.01-1.1 260-107*  3.81 8.16 —1.27-10" 4.42 2.49-10"! R13
1994-95

0.01-1.1 —1.03-10"' 5.80 —-3.04-107 —-1.73 479-1073%  3.77-107! R14
1995-96

0.01-1.0 —1.70-10"' 7.93 —6.08 1.92 1.24-10"! R15
1997-98

0-1.3 3.66-1072  5.87 5.91 —1.35-10" 5.37 2.89-10~!  R16
1998-99

0.01-1.2 3.30-10"'  3.23 1.10 - 10! —1.74-10" 6.91 1.86-10"t R17
200001

0-1.3 7.27-107%  1.36-10"' 1.50-10! —1.60-10' 4.66 3.02-10°!  R18
2001-02

0.1-1.5 —4.83-10"' 1.03-10' —1.09-10' 4.98 —7.06-10"1 1.48-10"! RI19

Gel



Table C.3: O3/CH, reference relations from HALOE observations: 1991-92 to 2001-02.

valid [x] ao ay as as ay o

1992-93

0.45-1.65 8.77 —2.39-10' 4.51-10! —3.59-101 934 231-107% R20
1993-94

0.4-1.7 4.72 —6.55 1.73 - 101 —1.75-10" 5.12  3.09-10"! R21
1994-95

0.45-1.6 4.19 —3.51 1.14 - 10! —1.38-10' 4.44  3.56-107! R22
1995-96

0.6-1.7 —2.98 2.55 - 10! —3.00-10' 1.24-10! —1.68 3.09-107" R23
1997-98

0.6-1.7 3.70 —2.09 1.00 - 10* —1.19-10' 3.55  4.40-107! R24
1998-99

0.6-1.7 4.55-10"1 1.27-10! —1.27-10" 3.11 1.04524 -10~!  R25
2000-01

0.6-1.7 5.00 —8.95 2.14 - 10! —-1.92-10' 516  4.43-107! R26
2001-02

0.6-1.7 4.49 —6.35 1.36 - 101 —1.26-10" 3.55  1.85-107! R27
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Table C.4: Overview of all tracer-tracer reference relations: 1991-92 to 2001-02.

Ref. valid [z] ag aq as as ay o
1991-92

Balloon O3 N,O  10-260 3.94 —4.84-107%  —6.40-10"° 2.64-10" 1
1992-93

HALOE CH,; HF 0.1-1.3 1.64 —1.71 7.33-10" 1 -1.91-1072 —1.55-107' 9.95.1072
HALOE O3 CHy  0.45-1.65 8.77 —2.39 - 10! 4.51 - 101 —3.59 - 10t 4 2.31-1071
HALOE O3 HF 0.01-1. —9.82-1072 5,93 1.47 - 10! —3.19 - 10t 1.55 - 101 3.46 - 101
1993-94

HALOE CH,; HF 0.1-1.35 1.85 —2.75 3.70 —3.15 9.31-10" 1 1.04-1071
HALOE O3 CHy  0.4-1.7 4.72 —6.55 1.73 - 101 —1.75 - 10t 5.12 3.09-10"1
HALOE O3 HF 0.01-1.1 2.60 - 1071 3.81 8.16 —1.27 - 10t 4.42 2.49 .1071
1994-95

HALOE CH, HF 0.1-1.4 1.76 —2.71 4.18 —3.71 1.10 8.98 - 1072
HALOE O3 CH;  0.45-1.6 4.19 —3.51 1.14 - 10! —1.38 - 10t 4.44 3.56- 101
HALOE O3 HF 0.01-1.1 —1.03-10"!  5.80 —3.04-10"% —1.73 4.79 1073 3.77 .10 1
1995-96

HALOE CH, HF 0.1-1.5 1.65 —~1.16 1.77 1071 —3.63-1072 8.11-1072
HALOE O3 CH;  0.6-1.7 —2.98 2.55 - 10" —3.00 - 10t 1.24 - 10" —1.68 3.09-10" 1
HALOE O3 HF 0.01-1.0 —1.70-10"!  7.93 —6.08 1.92 1.24.10"1
1996-97

HALOE CH,; HF 0.1-1.5 1.76 —1.88 2.25 —2.00 5.87 - 101 7.92.1072
HALOE O3 CHy 0.6-1.5 3..26 —3.33 —9.30 2.41 2.27 - 10t 2.8-10"1
ILAS O3 NoO  20-250 3.83 —1.71-1072  3.47.10"% —250-10"% —484.107° 2.76-10"!
1997-98

HALOE CHy HF 0.1-1.55 1.71 —1.47 8.75-10"1 —4.91-10"'  8.44.1072 8.14.10 2
HALOE all  Os CH; 0.6-1.7 3.70 —2.09 1.00 - 10! —1.19 - 10* 3.55 4.40 1071
HALOE all  Og HF 0.-1.3 3.66 - 102 5.87 5.91 —1.35 - 10* 5.3 2.89-10" 1
1998—99

HALOE CH, HF 0.2-1.6 1. —3.44 4.84 —3.40 8.07 - 10 L 8.46-10 2
HALOE O3 CHy 0.6-1.7 4.55-10" 1 1.27 - 10T —1.27 - 10T 3.11 1.04524 - 10~ T
HALOE O3 HF 0.01-1.2 3.30-10" 1 3.23 1.10 - 101 —1.74 - 10" 6.91 1.86- 101
1999-2000

HALOE CH,; HF 0.1-1.65 1.72 —1.89 1.53 —8.55-10"%  1.73.107! 8.67-1072
M-IV Dec O3 CHy 0.1-1.7 3.63 —5.15 1.29 - 101 —1.07 - 10t 2.49 1.39 - 1071
M-IV Nov O3 CHy 0.4-1.85 4.82 —9.13 1.52 - 101 —1.02 - 10t 2.06 1.78 - 1071
M-1V O3 HF 0.01-1.3 1.03 - 1071 6.39 —1.43 —3.31 1.53 1.01-10"1
200001

HALOE CH; HF 0.1-1.7 2.05 —2.99 4.10 —3.05 7.54 .10 1 7.27-10—2
HALOE all  Oj CHy  0.6-1.7 5.00 —8.95 2.14 - 10t —1.92 - 10" 5.16 4.43-10~1
HALOE all  Oj HF 0.-1.3 7.27 1073 1.36- 1071 1.50 - 101 —1.60 - 10* 4.66 3.02.10"1
2001-02

HALOE CH; HF 0.1-1.6 1.89 —2.54 2.90 —1.93 4.40 - 1071 7.39-1072
HALOE O3 CH;  0.6-1.7 4.49 —6.35 1.36 - 10" —1.26 - 10t 3.55 1.85-10"1
HALOE O3 HF 0.1-1.5 —4.83-10"'  1.03-10" —1.09 - 10" 4.98 —7.06-10"'  1.48.10"!
all winter

Engel1996 N,O CHy; 0.5-1.7 —1.36 - 102 2.62 - 102

LET
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Chemical and Physical Compounds

2-d two-dimensional (latitude, height)
BrO Bromine Oxide

CCl, Carbon Tetrachloride

CFCs Chloroflurocarbons

CFC-11 CFCls

CFC-12 CF,Cl,

CH,4 Methane

ClO Chlorine Monoxide

CIONQO, Chlorine Nitrate

Cp Specific heat for dry air [JK~'mol™!]

DU Dobson Units [1 DU = 2.69 * 10'® molecules/cm?|
f Coriolis Parameter

g Acceleration of Gravity [9.81 ms™!]

HCl Hydrogen Chloride

HNO; Nitric Acid

hv Photon (energy) with frequency v

H,0O Water Vapour

HO Hydroxyl Radical

HO, Hydroperoxyl Radical

HOCI Hydroxyl Acid

HF Hydrogen Fluoride

LT Lagrangian Transport

my, Molecular Mass of dry Air [29 g/Mol]

Ny Molecular Nitrogen

Na Avogadro Number [6.02205 * 10%* molec/mol]

NAT Nitric Acid Trihydrate
NAD Nitric Acid Dihydrate

NO Nitric Oxide

NO, NO + NO; + NOj

NO, Nitrogen Dioxide

NOg3 Nitrogen Trioxide
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T Temperature

P pressure
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ppb parts per billion

ppm parts per million

PV Potential Vorticity [I PVU = 107°% K m?/(kg s)]
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SAD
TTL
UTC
UV-B
Ca

Co

D229 >F QO

Universal Gas Constant [8.314 JK 'mol ]

Surface Area Density
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