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Abstract

This thesis addresses the issue of the long-term evolution of stratospheric ozone in
relation to the halogen loading. To that aim, long-term records of satellite and ground-based
(GB) ozone profile measurements at six lidar stations, of the Network for the Detection of
Stratospheric Change, are examined to find the bias and drift in the measurements. The
stratospheric ozone trends are then estimated from the ozone profile and total column
measurements using the Equivalent Effective Stratospheric Chlorine time series and two
linear trend functions (before and after 1997) called as piecewise linear trends (PWLTS),
to account for the change in the trends of ozone depleting substances, at Northern mid-
latitude stations. The analysis uses GB measurements from lidar, Umkehr, ozonesondes and
the Dobson and SAOZ spectrometers, and satellite observations from SBUV(/2), SAGE
II, HALOE, UARS MLS, Aura MLS and GOMOS. First of all, a sensitivity analysis is
performed to diagnose the effect of using different ozone absorption cross-section data sets
(Bass and Paur and Brion-Daumont-Malicet) on the retrieved lidar ozone profiles. The
relative ozone differences computed using those two cross-section data are less than +1%
from 10 to 35km at all latitudes, except a —1.5% deviation at 15km in the tropics. Above
35km, the deviations increase with a maximum of 1.7% in the tropics and a minimum of
1.4% in the high latitudes. The stability of various GB and satellite ozone profile time
series is then evaluated by comparing with the ozone lidar data for each station. All
ozone profile measurement techniques show their best agreement (£3%) with lidars in the
20-40km altitude range and the estimated drifts are less than +0.3%yr~! at all stations.
Comparatively large biases and drifts are computed below 20 and above 40 km. A combined
time series of the relative differences of SAGE II, HALOE and Aura MLS with respect to the
lidar measurements at the six lidar sites is constructed to obtain long-term data sets from
1985 to 2010. The relative drifts derived from these combined data of ~27 years are very
small, within +0.2%yr~!. Then, stratospheric ozone trends are estimated at Meteorological
Observatory Hohenpeissenberg (MOHp) using Dobson, and at Haute-Provence Observatory
(OHP) using Dobson and SAOZ total column measurements and various GB and satellite
ozone profiles. For that a multiple regression model is developed using different explanatory
variables such as Quasi Biennial Oscillation (QBO), North Atlantic Oscillation (NAO),
solar flux, eddy heat flux, aerosols and trend. The PWLTs computed from the ozone
column at OHP and MOHp show significant negative (—1.4 4+ 0.29 DU yr~!) and positive
(0.55 £ 0.29 DU yr~!) values before and after 1997, respectively, indicating a clear signal
of ozone recovery at these latitudes after 1996. Vertical distribution of ozone trends based
on PWLT model, estimated using the all instrument average at OHP exhibit about —0.5 £+
0.1%yr~! in the 16-22km range and about —0.8 £ 0.2%yr~! in the 38-45km region
before 1997. Significant positive trends (0.2 4+ 0.05-0.3 £ 0.1 % yr—!) are estimated in the
15-45 km altitude region after 1996. These significant ozone profile trends in the respective
periods corroborate those derived from the ozone total column and hence, provide signs of
ozone recovery in the northern mid-latitudes. The trends based on both PW and EESC
regressions are similar and significant before 1997 while they differ slightly after 1996, with
the largest value in the PW regression. In addition, the most recent increase in ozone after
1996 is due to the increase in QBO and planetary wave drive. For instance, QBO, NAO
and heat flux contribute about 20-26 DU to the large total ozone anomaly of 25-30 DU in
the winter/spring months in 2010. Therefore, this thesis presents some new and interesting
results on the mid-latitude stratospheric ozone recovery.
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Résumé

Cette thése a pour objet I’étude de 1’évolution a long terme de I'ozone stratosphérique,
en liaison avec la variation dde 'abondance des composés halogénés dans la moyenne at-
mosphére. Dans ce but, les longues séries de mesures sol et satellitaires de la distribu-
tion verticale d’ozone obtenues depuis les années 1980 sont évaluées dans six stations du
Network for the Detection of Atmospheric Composition Changes (NDACC - réseau inter-
national de surveillance de la composition atmosphérique), pour déterminer les biais et
dérives éventuelles entre les mesures. Les tendances d’ozone stratosphérique sont ensuite
évaluées dans deux stations de moyenne latitude de I’hémisphére nord a I'aide d’un modéle
statistique utilisant deux types d’indicateurs pour représenter 1’évolution des substances
destructrices d’ozone dans la stratosphére: (1) I'Equivalent Effective Stratospheric Chlo-
rine (EESC - paramétre quantifiant U'effet des composés chlorés et bromés stratosphériques
sur 'ozone) et (2) deux fonctions linéaires avec changement de pente en 1997. L’étude
de tendance est effectuée pour les mesures du contenu intégré d’ozone dans les deux sta-
tions et les mesures de distribution verticale a ’Observatoire de Haute-Provence. L’étude
utilise les mesures sol d’ozone obtenues par lidar (profil d’ozone), spectrométre Dobson
(contenu intégré et profil d’ozone par la méthode Umkehr), ozonosondage (profil d’ozone)
et spectrométre UV-Visible SAOZ (contenu intégré). Les observations satellitaires utilisées
proviennent des instruments SBUV(/2), SAGE II, HALOE, UARS MLS, Aura MLS et
GOMOS. Tout d’abord une étude de la sensibilité des mesures lidar aux sections efficaces
d’ozone utilisées dans ’algorithme de restitution est effectuée. La différence relative d’ozone
obtenue & partir des mesures restituées a ’aide de différents jeux de données de section ef-
ficace reconnues par les instances internationales, est inférieure & +1% entre 10 et 35 km
a toutes les latitudes (& lexception de -1.5 % & 15 km aux tropiques). Au-dessus de 35
km, I’écart s’accroit, avec un maximum a 45 km de 1.7 % aux tropiques et un minimum
de 1.4 % aux hautes latitudes. La stabilité des différentes séries de mesures satellitaires
et sol de la distribution verticale d’ozone est ensuite évaluée a partir de la comparaison
avec les mesures lidar dans les six stations NDACC considérées au cours de la thése. Le
meilleur accord (£3%) entre les mesures issues des différentes techniques et les mesures
lidar est obtenu entre 20 et 40 km. Dans ce domaine d’altitude, la dérive entre les dif-
férentes mesures est inférieure & +£0.3%yr~!. Des dérives et des biais comparativement
plus importants sont calculés en dessous de 20 km et au-dessus de 40 km. Par ailleurs, la
stabilité a plus long terme des mesures d’ozone est étudiée & partir de séries temporelles
combinant les différences relatives entre les mesures lidar et les mesures SAGE II et HALOE
d’une part avec les différences relatives entre les mesures lidar et les les mesures Aura MLS
d’autre part. Les dérives estimées & partir de ces séries composites couvrant 27 années de
mesure sont trés faibles, de I'ordre de £0.2%yr~!. Enfin les tendances évolutives du con-
tenu intégré d’ozone sont évaluées a 1’Observatoire Météorologique de Hohenpeissenberg
(MOHp - Allemagne) a partir des mesures du spectromeétre Dobson et & I’Observatoire de
Haute-Provence (OHP - France) a partir des mesures des spectrométres Dobson et SAOZ. A
I’OHP, les tendances de la distribution verticale d’ozone sont calculées & partir des mesures
obtenues par différentes techniques de mesures, sol et satellitaires. Pour ce faire, un mod-
éle de régression multilinéaire est développé, fondé sur l'utilisation de différentes variables
telles que Poscillation quasi-biennale (QBO), Poscillation Nord-Atlantique (NAO), le flux
solaire, le flux de chaleur turbulent, I’épaisseur optique des aérosols stratosphériques et les
tendances & long terme. L’estimation des tendances calculées a partir des mesures de con-
tenu intégré d’ozone dans les deux stations fournit des valeurs significatives, de 'ordre de
—1.440.29DUyr~!) et 0.554-0.29 DUyr~! respectivement avant et aprés 1997. Les valeurs
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positives de la tendance aprés 1997, significatives pour un intervalle de confiance de 95 %,
montrent clairement un début de rétablissement de ’ozone stratosphérique a ces latitudes.
Concernant la distribution verticale d’ozone, les tendances calculées & partir de la moyenne
des différentes séries de données & ’OHP montrent des valeurs maximales en valeur absolue
de 'ordre de —0.5 4 0.1 %yr—! entre 16 et 22 km et de —0.8 £ 0.2 %yr~! entre 38 et 45 km
avant 1997. Des tendances positives significatives (0.2 +0.05-0.3+0.1 %yr~!) sont évaluées
entre 15 et 45 km aprés 1996. Ces tendances significatives du profil vertical d’ozone avant
et aprés 1997 corroborent les résultats obtenus a partir du contenu intégré d’ozone et con-
firment le début de rétablissement de I'ozone stratosphérique. Par ailleurs, dans les deux
cas (contenu intégré d’ozone et distribution verticale), les tendances post-1997 restituées
par le modéle utilisant les fonctions linéaires sont plus élevées que celles issues du modéle
utilisant 'EESC, indiquant ainsi que d’autres paramétres contribuent a ’augmentation du
contenu en ozone. Enfin, il a été constaté que les contenus intégrés élevés d’ozone observés
ces derniéres années étaient liés a 'influence de la QBO et des processus dynamiques. Ainsi
la QBO, la NAO et le flux de chaleur turbulent expliquent environ 80 % de I'importante
anomalie positive de 25 - 30 DU mesurée entre février et avril 2010.
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Preface

Since the discovery of the Antarctic ozone hole in 1985 (Farman et al., 1985), several
additional ground-based (GB) and satellite sensors have been employed globally for intense
and constant monitoring of stratospheric ozone in the framework of World Meteorological
Organisation - Global Atmosphere Watch (WMO-GAW) programme. The identification of
the role of chlorofluorocarbons in ozone loss process leads to drafting the Montreal Protocol
and related amendments for limiting the production of such ozone depleting substances
(ODSs) (WMO, 1992). It resulted in the reduction of atmospheric concentration of ODSs
(Méader et al., 2010) and (Jones et al., 2011). Recently, ODSs has decreased to such an
extent that the ozone shows stabilisation from 1997 onwards in the lower (WMO, 2011)
and upper stratosphere (Steinbrecht et al., 2006) of the mid-latitudes.

Since, several factors affect the long-term evolution of ozone, it is important to assess the
real reason for changes in ozone to identify the effects of reduction in ODSs on ozone and
thus, to assess the effectiveness of the Montreal Protocol. To address this issue, highly stable
ozone measurements spanning over several decades are necessary. Satellite measurements
are usually prone to degradation at the end of their life span (WMO, 2007). All long-term
satellites that started in late 1970s and early 1990s (SAGE and HALOE) have stopped
measurements in the mid-2000s. Even though new satellites have been launched since the
early 2000s (ODIN, ENVISAT, Aura and MetOp), their observation records are too short to
be used for ozone trend studies. In addition, some measurements are yet to be thoroughly
validated for such kind of analysis.

The Network for the Detection of Atmospheric Composition Change (NDACC), another
international network, which relies on worldwide measurements from GB stations using
various instruments was established in 1991. It was designed initially for the simultaneous
monitoring of various atmospheric parameters that play a key role in the stratospheric ozone
depletion, with the primary aim of validating satellite measurements. Since any significant
drift in the data produces inaccurate trends, a careful evaluation of these data is inevitable.
As the main goal of this thesis is the assessment of ozone trends, a stability analysis of
the ozone measurements is necessary. Therefore, we first analyse the stability various GB
(lidars, ozonesondes, Umkehr, Dobson and SAOZ) and space-based (SBUV(/2), SAGE II,
HALOE, UARS MLS, Aura MLS and GOMOS) measurements at the NDACC lidar sites.
Then, these measurements are used for the estimation of stratospheric ozone trends.

Chapter 1 presents an overview of the general features of stratospheric chemistry and
dynamics to follow the discussions presented in this thesis. The formation, transport,
destruction and recovery of ozone in the stratosphere are reviewed in this chapter.

Since ozone lidar measurements are integral part of this study, a detailed description of
lidar characteristics, data retrieval of ozone lidar and the general features of different lidars
are given in Chapter 2. Moreover, a sensitivity test is performed to find out the differences
in retrieving ozone number density when using different ozone absorption cross-sections and
meteorological data, with the aim of improving ozone lidar algorithm.

The next step is to assess the quality of these ozone lidar measurements for validating
other GB and satellite data sets. To this end, we have performed the comparison of all
available GB and satellite data at OHP. A thorough statistical analysis is carried out to
find any bias or drift in the ozone measurements of the GB and satellite data records at
this mid-latitude station and the results are presented in Chapter 3.

This analysis is further extended to all mid-latitude and subtropical lidar stations in
Chapter 4. Several statistical analyses are carried out for the accurate evaluation of relative
drifts. This chapter also assesses the possibility of extending the terminated satellite data
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with the new satellite measurements (for e.g., SAGE II/HALOE and Aura MLS) to obtain
a long-term data set spanning over several decades for ozone trend studies.

Since the ultimate goal of this thesis is to diagnose the trends in stratospheric ozone,
these well validated and bias corrected data sets from GB and satellite instruments are used
for the computation of ozone trends and the results are given in Chapter 5. A regression
model using various explanatory variables is developed for this purpose and is applied to
the GB and satellite data for the discussion of the derived trends. Further, response of
ozone at different latitudes and seasons with respect to several explanatory variables are
also investigated here.

Finally, Chapter 6 concludes with the main findings from the three years of study.
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This thesis discusses the evolution of stratospheric ozone measured from various ground
and space-based observations over the middle and subtropical NDACC (Network for the
Detection of Atmospheric Composition Change) lidar (Light Detection And Ranging) sta-
tions. Therefore, a brief introduction of the chemical and dynamical processes that affect
the distribution of ozone in the stratosphere is presented in this chapter, to follow the later
sections and discussions on the ozone evolution. Section 1.1 describes different layers of
the atmosphere and the temperature distribution. A detailed description of stratospheric
chemistry and dynamics involved in the production, distribution and destruction of strato-
spheric ozone is given in Section 1.2. The chemical and dynamical processes associated
with the rapid destruction of ozone is discussed in Section 1.3 followed by the measure-
ments of the stratospheric ozone destruction in Section 1.4. Section 1.5 presents a review
of stratospheric ozone column and profile trends and described the different stages of ozone
evolution. Then, a link between ozone and climate is discussed in Section 1.7. Finally,
Section 1.8 concludes the general description and presents the objectives of the study.

1.1 Vertical structure of the atmosphere

The atmosphere is divided into different layers from the ground to 100 km based on the
distribution of temperature. Figure 1.1 illustrates a schematic representation of various
layers in the atmosphere, namely the troposphere, stratosphere, mesosphere and thermo-
sphere. Each layer is distinct with respect to its temperature distribution. The tropopause
separates troposphere and stratosphere, stratopause divides stratosphere and mesosphere
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and mesopause is the boundary between mesosphere and thermosphere. The temperature
decreases with altitude in the troposphere and the tropopause decreases in altitude from
the tropics to the poles and varies with respect to seasons. On average, it ranges between
8km in the polar latitudes, 15km in the mid-latitudes and 17km in the tropics. The
tropopause varies from ~7km in winter to ~9km in summer in the poles, from ~12km in
winter to ~18km in summer in the mid-latitudes and from ~15km in winter to ~20km
in summer in the tropics. All weather phenomena (e.g. clouds, rains etc.) take place in
the troposphere. The region above tropopause to about 50 km is called the stratosphere,
where temperature increases with height and is the focus of the present study. So the re-
gions above the stratopause are not discussed here. The region above the tropopause until
~110km is termed as the middle atmosphere (Andrews et al., 1987).

1.2 Stratospheric ozone

Ozone, made up of three oxygen atoms is a minor constituent (0.000004 %) in the atmo-
sphere. The ozone was first identified in the laboratory by Christian Fredrich Schénbein
in 1840 and the presence of ozone in the air was first detected by André Houzeau in 1858
(Brasseur, 2008). Since then, routine research has been going on to measure the atmo-
spheric concentration of ozone. Studies revealed that most of the ozone is confined to the
stratosphere. Maximum ozone concentration and mixing ratio are found near 22 and 35 km
respectively, depending on latitude and season. Ozone absorbs the harmful ultraviolet ra-
diation (UV), particularly UV-B (280-315nm) and UV-C (100-280nm), and thus acting as
a heat source responsible for the temperature positive gradient in the stratosphere. This is
the only gas in the atmosphere that absorbs UV-B radiation and hence, it is considered as
a vital atmospheric constituent that helps to keep life on the Earth.

Stratospheric ozone can be measured as both vertical profile and total column. General
form of the measured quantities are volume mixing ratio (VMR) in parts per million by
volume (ppmv), number density in molecules/ cm®, partial pressure in mPa and Dobson
Unit in DU, depending on the characteristics of the measuring instrument. Total column is
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equivalent to the thickness of the ozone layer at standard temperature (0°C) and pressure
(1013.25mb). It is about 3mm or 300 DU (8x 10?2 molecules/ m?) for a column containing
the global mean amount of ozone (Andrews et al., 1987), where 1DU=10"?mm and
1DU=2.69x10'% molecules/ cm?.

The mathematical formulations of the units are :

dAx103x 104 xV

1D =
U N

1VMR

3 _
1molecules/em® = T % 1.38 x 10-19

1PP

1 molecules/ecm® = 1.38 x 10— 14

where mm is millimeter, dA is difference in altitude in meter (m), O3 is ozone in molecules/m?,

V is volume of ideal gas at standard temperature and pressure (22.4m?*/kmol), N4 is Avogadro’s
Number (6.022x10%% /kmol), VMR in ppmv, P is pressure in hPa, T is temperature in Kelvin (K)
and PP is ozone partial pressure in milli-Pascal (mPa).

1.2.1 Stratospheric chemistry

The stratospheric ozone chemistry involves both production and natural destruction of
ozone. In the stratosphere, these processes are dominated by photochemical reactions. A
photochemical model for the vertical distribution of ozone in the stratosphere was first
formulated by Chapman, known as the Chapman mechanism (Chapman, 1930). According
to Chapman reactions, ozone is produced by the photodissociation of oxygen molecule (O3)
by UV-radiation. That is,

Oy +hv — O+0 A< 242nm (1.1)
O+0s+M — O3+ M (1.2)
where M is an inert air molecule stabilizing the reaction by removing excess energy.

The photochemical production of ozone is balanced by its loss through the photolytic pro-
cess.

O3 +hv — Oy+O(P) A < 1100 nm (1.3)
Os+hv — Oy+0('D) A < 320nm (1.4)
O+03 — 20, (1.5)
O+0+M — O+ M (1.6)

However, Chapman’s ozone chemistry was not sufficient to explain the actual amount of
ozone present in the stratosphere, which is lower than that predicted in Chapman mecha-
nism. Later, it is reported that the stratospheric ozone was destroyed not solely by atomic
oxygen, but several catalytic mechanisms are also involved in the natural ozone removal
process, i.e.,

X405 — XO+0, (1.7)
X0+0 — X+0; (1.8)
Net:0+03 — 20, (1.9)
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where X is a catalyst, which is not consumed in the process. The catalysts are hydrogen (H),
hydroxyl radical (OH), nitrogen oxide (NO), chlorine (Cl) and bromine (Br).

The catalytic reactions caused for the destruction of ozone are:

a) Hydrogen catalytic cycle : Bates and Nicolet (1950) discovered that the oxidation of
water vapour produces OH, which plays a critical role in destructing ozone as a direct
reactant or helps other ozone destruction reactions.

H,O+0('D) — 20H (1.10)
O+0H — Os+H (L.11)
H+O0,+M — HOy+ M (1.12)
O+HOy — O,+O0H (1.13)
Net:0O+O0+M — O3+ M (1.14)
OH + 03 — HOs+ 0, (1.15)
HOs+ 03 — OH +20, (1.16)
Net:2035 — 30, (1.17)

b) Nitrogen catalytic cycle : The reaction with nitrogen oxides could represent a significant
sink for ozone in the stratosphere (Crutzen, 1971) .

NO+03 — NO;+ O, (1.18)
O+ NO;y — NO+0, (1.19)
Net:0+03 — 20, (1.20)

c) Chlorine catalytic cycle : Stolarski and Cicerone (1974); Molina and Rowland (1974)
pointed out that the rising atmospheric concentrations of chlorofluoromethanes produces a
significant amount of Cl in the stratosphere. It undergoes a catalytic reaction that destructs
ozone.

Cl+05 — ClO+0; (1.21)
CIO+0 — Cl+0, (1.22)
Net: 0+ 03 — 20, (1.23)

The reaction 1.22 is faster than the reaction 1.19. So reaction 1.22 is more efficient in
destroying ozone.

The destruction rate of ozone by different catalytic cycles varies depending on altitude
and latitude. Figure 1.2 illustrates the relative contribution of different reactions in de-
stroying ozone at various latitudes and altitudes. The Figure shows that the NOx cycle is
dominant in the middle stratosphere and amounts to >50% at all latitudes. The contri-
bution of HOx cycle is the largest (50-90 %) in the lower and upper stratosphere without
any latitudinal difference. The Cl cycle plays an important role in 20-30 and 3545 km,
contributing to about 30 % while Br cycle provides its maximum (20-50 %) in the lower
stratosphere at high latitudes in the southern hemisphere (SH) and ~10% in the lower
stratosphere of the equator and in the northern hemisphere (NH).

So ozone equilibrium is a consequence of creation and destruction processes. The pho-
tochemical production of ozone is favourable in the 200-242 nm range, the wavelength that
can penetrate up to the lower stratosphere. Since UV radiation is highest in the tropics,
maximum ozone is produced there, with the expected maximum in summer and minimum
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Figure 1.2: Vertical distribution of the relative contribution of various reaction cycles in depleting ozone
at various latitudes (from Brasseur et al., 1999).

in winter. Nevertheless, the observed behaviour is very different from this theoretical frame-
work since most ozone is found in the mid to high latitudes with the highest levels in spring
and the lowest in autumn while the lowest values are located in the tropics, as shown in
Fig. 1.3.

Hence, it is clear that although ozone is produced from the photochemical reactions, its
global distribution in the atmosphere is driven by atmospheric motions transporting ozone
from its source region in the tropics to the high latitudes. These processes are described in
the following section.

1.2.2 Dynamical processes

The discrepancy between the photochemical theory and observations in the distribution
of ozone can be explained by the transport processes in the atmosphere. The transport of
ozone from the tropical source regions to the middle and high latitudes is mainly responsible
for the observed high ozone amounts in those regions. The transport processes are sensitive
to temperature and pressure. Because of the high solar radiation in the tropical regions, the
air warms, converges and rises through the tropical upwelling and creates a low pressure
system in the equator. When it reaches upper part of the troposphere (10-15km), it is
forced to turn and moves horizontally toward the north and south poles. A portion of the
air cools and sinks at about 30°N/S, resulting in a high pressure system in the subtropics.
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Figure 1.3: Monthly mean ozone total column abundance in DU from the TOMS observations averaged
in 1979-1986 as function of latitude and season (from Brasseur et al., 1999).

Because of this pressure gradient (the subtropical high and equatorial low), air close to the
surface moves from the subtropics to the equator. This circulation pattern of air is known
as Hadley cell. The portion of air moving from the subtropics to the equator is deflected
towards the west from east by the Coriolis force and is called tropical easterlies. The other
portion of air close to the tropopause moving from the subtropics to the poles produces
westerlies.

Air parcels from the troposphere enters the stratosphere in the tropics, moves towards
the winter pole over a period of years and returns to the troposphere in the extratropics.
This vertical transport controlled by the large-scale diabatic circulation is referred to as the
Brewer-Dobson (BD) circulation in honour of the eminent atmospheric scientists, Brewer
and Dobson. Because, using this mean meridional circulation Brewer explained the observed
low water vapour mixing ratios in the stratosphere (Brewer, 1949) and Dobson pointed out
the observed high ozone concentration in the polar lower stratosphere (Dobson, 1956).
Schematic outline of the BD circulation is shown in Fig. 1.4. BD circulation consists of two
meridional cells in each hemisphere with rising motion in the tropics, poleward flow at mid-
latitudes and sinking motion in the polar regions. The summer stratosphere is characterised
by the mean easterly flow while the winter stratosphere by mean westerly flow. During
winter, the tropospheric wave disturbances propagate upward into the stratosphere, where
they break and dissipate due to wave breaking processes (Haynes, 2005). This dissipation
leads to a drag acting in the opposite direction to the westerly flow. Since the Earth is
rotating, the Coriolis force, which is maximum in the poles, balances this drag and produces
a poleward motion.
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Figure 1.4: Schematic representation of the stratospheric circulation (from Holton et al., 1995).

1.3 Ozone depletion issue

Apart from the natural destruction of ozone, as mentioned in Sect. 1.2.1, the stratospheric
ozone depletion is further enhanced by the higher levels of Cl and Br containing compounds
emitted by the human activities. These halogen source gases of anthropogenic origin con-
trolled under the Montreal Protocol are referred to as ozone depleting substances (ODSs).
They include chlorofluorocarbons (CFCs), hydrochlorofluorocarbons, (HCFCs), brominated
CFCs (halons), carbon tetrachloride (CCly), methyl chloroform (CH3CCl3) and methyl bro-
mide (CH3Br) (WMO, 2007, 2011). These emissions accumulate in the troposphere and
are transported to the stratosphere, where they convert to reactive halogen gases by UV
radiation and increases the ozone depletion. The degradation of ODSs in the stratosphere
releases Cl and Br atoms, which are readily combined to form inorganic Cl (Cl,) and inor-
ganic Br (Br,) compounds. Since CFCs and halons are more stable and are not decomposed
in the troposphere, their use leads to an increase in the concentration of Cl and Br in the
stratosphere. The most abundant Cl, reservoirs are HCl and CIONO, and Br, reservoirs
are HBr and BrONQOs. These reservoirs are transformed to active Cl or Br and thus deplete
stratospheric ozone. The studies (Daniel et al., 1999; Sinnhuber et al., 2009) reveal that
the potential for ozone depletion by Br is significantly larger (~40-100) than that by Cl as
the Bry, reservoirs are less stable than their Cl, counterparts.

1.3.1 Antarctic ozone loss

In 1985, a path-breaking study by Farman et al. (1985) announced a dramatic loss of ozone
column in spring at the Halley-Bay station, in the Antarctic. It was later confirmed by
satellite measurements and in other Antarctic regions too. The ozone profile measurements
by ozone sounding (Chubachi, 1984) revealed that the loss was severe in the 12-21km
altitude range. A complete loss of ozone (saturation of ozone loss) at this altitude region
was observed since early 1990s too. This ozone layer having less than 220 DU was termed
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as the Antarctic ozone hole. Figure 1.5 demonstrates the Antarctic ozone hole in 2006,
the largest one (~56 %) ever observed in the Antarctic stratosphere, in comparison with
that in 1981. The ozone loss chemistry, described previously, was not sufficient to explain
very rapid loss in the Antarctic. Because in the low light conditions the concentration of
oxygen atoms (O) is very low. Therefore, the reactions requiring O were no longer effective
there. Several theories including dynamics and chemistry were put forward for explaining
this ozone loss in the polar lower stratosphere.

Figure 1.6 shows different steps leading to the depletion of ozone in the Antarctic. First,
chemically active clouds in the stratosphere called polar stratospheric clouds (PSCs) are
formed inside the extremely persistent Antarctic polar vortex during very cold condition,
when temperature reaches below 195 K. Second, heterogeneous reactions occur on the sur-
faces of PSCs releasing active Cly from its reservoirs (Solomon et al., 1986) and produces
HNOj3 from NO and NO,. The removal of NO and NOs reduces the possibility to reform
CIONOg or BrONQ,. Third, Cly undergoes photolysis and produces Cl when sunlight
returns. Fourth, ozone destruction occurs through catalytic reactions with Cl. First and
second processes need darkness while third and fourth steps occur in the presence of sun-
light. A detailed description of these processes are given below.

Formation of polar Formation of ClO,:

- In the light of the
n darkness rising spring sun
stratospheric clouds: E

Cl, + hy —=2Cl
HOCI + hv —> OH + CI
Cl+0;—Cl0+ 0,

Catalytic E
ozone depletion:

HNO,

E Activation of Cl:

iy = GIO + GI0 —C1,0,
HoCl cold, isolated i 22
polar vortex ) Gl,0, + hv—>2Cl + O,
NOs . Cl+0y—=Cl0+0,
Cl,HOC!I
SiratosPNe'® S

Figure 1.6: Schematic diagram showing various chemical and dynamical processes involved in the destruc-
tion of ozone in the Antarctic polar vortex (source : Brasseur et al., 1999).

Several cycles not involving oxygen atoms were proposed after the discovery of ozone
hole for explaining the chemical polar ozone loss. One mechanism involves Br radicals, as
reported by McElroy et al. (1986).

BrO+ClO — Br+Cl+ 0, (1.24)
BrO+ClO — BrCl+ 0, (1.25)
BrCl+hv — Cl+ Br (1.26)
Cl+03 — ClO+ O, (1.27)
Br+03 — BrO+ 0q (1.28)
Net:203 — 30, (1.29)
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Another catalytic cycle found to be important for the ozone destruction in the Antarctic
lower stratosphere is the one involved with chlorine monoxide (ClO) dimer proposed by
Molina and Molina (1987). High amount of ClO triggers a new catalytic reaction involving
a self reaction of ClO, which is caused for the significant ozone loss.

ClO+CIO+M — ClbOy+M (1.30)
ClyOs + hv — Cl+ ClOs (1.31)
ClO;+M — Cl+03+M (1.32)
2[Cl+ 035 — ClO + 05] (1.33)
Net:203 — 309 (1.34)

The net reaction in the two cases is the destruction of two ozone molecules forming
three oxygen molecules. Studies have shown that contribution of the chemical cycles ClO x
and BrOx to the ozone loss is about 40-45 and 35-40 %, respectively in June—mid-October
(Marchand et al., 2005; Kuttippurath et al., 2010). These reactions occur in the pres-
ence of visible light only. So ozone destruction due to these reactions takes place in the
winter/spring, when sunlight returns to the polar stratosphere. During the term, late
winter/early spring, the UV radiations are weak and hence, ozone production does not
happen. Hence, if sufficient amount of ClO is generated in the atmosphere, these reactions
can explain most of the ozone loss found over Antarctica. Large amount of ClO has been
originated from the reactions taking place on the PSCs and are described below.

Figure 1.7: Schematic view of PSC in the Antarctic stratosphere (source : NASA).

1.3.1.1 PSCs and heterogeneous chemistry

Normally, the stratosphere is very dry and cloudless even though a thin layer of aerosol
(liquid-phase binary HoSO4/H50O droplets) is present in the lower stratosphere. But during
polar night, when temperatures reach below 195K in 15-25km the background aerosols
take up HNOj3 and H5O and evolve into ternary HNO3/HySO,4/H20 droplets, referred to
as PSCs (Carslaw et al., 1994). Figure 1.7 shows a photograph of the PSCs in the Antarctic
stratosphere. PSCs are classified into three types, Type Ia, Type Ib and Type II, according
to their physical state or optical properties and chemical composition. This classification
is based on air-borne lidar measurements (lidar backscatter and depolarisation ratios for
PSCs) as the instrument is sensitive to the state of polarisation of the backscattered light
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(Browell et al., 1990; Felton et al., 2007). Type Ia PSCs are made up of crystals of ni-
tric acid trihydrate [NAT - (HNOj. 3H20)] and Type Ib consists of supercooled ternary
solutions (STS) of HNO3/H5S0,/H>0. Type II PSCs are frozen water ice non-spherical
crystalline particles. During austral winter heterogeneous reactions occur on the surface of
PSC particles and convert the reservoir species such as CIONO3 and BrONO5 into more
active species. The principal heterogeneous reactions are given below.

HCI(s)+ CIONO2(g) — HNOs(s)+ Cly (1.35)
BrONOs(g) + H2O(l) — HNO3(g) + HOBr(g) (1.36)
HCI(s) + BrONOs(g) — HNOs(g) + BrCi(g) (1.37)
HCI(l)4+ HOBr(g) — HO(l)+ BrCli(g) (1.38)
Other heterogeneous reactions occurring on the surfaces of PSCs releasing Cl, are
CIONOs(g) + HyO(s) — HNOs(s)+ HOCI(g) 1.39)
HCI(s)+ HOCl(g) — H20(s)+ Cla(g) 1.40)

Another heterogeneous reaction releasing photolytically active Cly by the photolysis of
CINOQ is

NyOs(g) + HCl(s) — CINO2(g) + HNO3(s) (1.41)

However, for the production of Cl atoms sunlight is required. When the sun starts
to shine on the polar stratosphere at the beginning of austral spring, Cls; is photolysed
to Cl, that enters into catalytic destruction of ozone. This is the reason why ozone is
depleted in spring, when sunlight returns. Thus, above reactions accumulate the ClO
concentration in the polar lower stratosphere, which then initiate the ozone destruction
cycle (Reactions 1.30-1.34).

1.3.2 Arctic ozone loss
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Figure 1.8: Total ozone average in March and October in the northern and southern hemispheres, respec-
tively. The horizontal Gray lines are the average total ozone prior to 1983 in March (NH) and October
(SH) and the symbols represent the satellite data in different years.
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The ozone depletion was observed in the Arctic also, but not as large as in the Antarctic
(Hofmann et al., 1989). The reasons outlined above for the Antarctic ozone depletion are
applicable in the Arctic too. Figure 1.8 shows the differences in the total ozone averaged
between 63-90° latitudes in both hemispheres. It is clear that the springtime total ozone
in the NH is always larger than that in the SH. The Arctic stratosphere is warmer than the
Antarctic stratosphere and thus the formation of PSCs is less frequent. The Arctic vortex
is less stable because of the land mass and associated stronger wave activities in the NH. As
a result, the Arctic polar vortex tends to mix with the surrounding air and does not attain
complete isolation and very low temperatures. Also, wintertime transport of ozone from
the tropics to the north pole is stronger. All these factors limit the Arctic ozone depletion.
A diagram showing arctic ozone loss in 2011 can be found in Fig. 1.9. The ozone loss
estimated from SAOZ (Systéme d’Analyse par Observation Zénithale) ozone total column
observations by using the passive tracer method shows a range of values between 5-7 % in
the warm Arctic winters and 25-30 % in the very cold Arctic winters. However, during the
Arctic winter 2011 Hurwitz et al. (2011), a record ozone loss of about 2.4 ppmv at a broader
altitude range of about 450-500K or a total column loss of about 140 DU are estimated
(Manney et al., 2011; Hurwitz et al., 2011; Kuttippurath et al., 2012).

{?\'UJ'd'Cﬂ E{}

Figure 1.9: Arctic ozone loss in mid-March 2011 at an altitude of ~20km (Taken from Manney et al.,
2011).

1.3.3 Mid-latitude ozone loss

By the discovery of springtime polar ozone depletion linked to the heterogeneous reactions
on the cloud surfaces, ozone amount in other latitudes were also analysed carefully and
significant ozone loss over mid-latitudes were found (WMO, 1992), although not so large
as in the polar regions. In the mid-latitudes also, gas phase and heterogeneous chemistry
as well as the dynamical processes are tied with the ozone reduction. Regarding chemical
processes, the ClOx gas phase catalytic cycle (Reactions 1.21-1.23) is most effective in de-
pleting ozone in the upper stratosphere (35—45km). The heterogeneous reactions occurring
on the sulfate aerosols (Tolbert, 1996) are the main source of ozone depletion in the lower
stratosphere (Hofmann and Solomon, 1989) following major volcanic eruptions. The most
important heterogeneous reaction occurring on sulfate aerosols is the hydrolysis of NoOj5 to
a stable HNOg3.

N2Os(g) + HoO(aerosol) — 2HNOs3(g) (1.42)
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This hydrolysis of NoOjs reduces the amount of NOx in the lower stratosphere and hence
the impact of NOx catalytic cycle on ozone destruction (Fahey et al., 1993). In contrast,
formation of CIONOQs is also decreased by the reduction of NO x, which indirectly enhances
the ClOx and HOx catalytic ozone destruction cycles (Brasseur et al., 1999). Another het-
erogeneous reaction predominant in the colder conditions of the mid-latitude stratosphere
is Reaction 1.39. This reaction provides a path to produce Cly from an active HOCI (Reac-
tion 1.40). Another most efficient ozone loss cycle in the lower stratosphere is the BrO-ClO
cycle (Reactions 1.24-1.29) (Daniel et al., 1999).

The dynamical processes also strongly influence mid-latitude ozone. They include the
advection of polar air activated within the vortex mixed with the mid-latitude air and
the spreading of ozone depleted air from the polar vortex to the mid-latitudes in spring,
referred to as the dilution (Andersen and Knudsen, 2006). That is, when vortex breakup the
filaments of ozone poor air move to the low latitudes and dilute the ozone concentration in
the mid-latitudes, as demonstrated in Fig. 1.4. Hadjinicolaou and Pyle (2004) also pointed
out that maximum ozone depletion in the mid-latitudes coincides with the date of polar
vortex breakdown and the abundance of ozone depleted polar air in the mid-latitudes. The
ozone loss in the mid-latitudes thus depends on the strength and persistence of the polar
vortex and severity of ozone loss.

1.4 Equivalent Effective Stratospheric Chlorine

As seen in Sect. 1.3, Cl, and Bry originated from the CFCs and halons are the main cause
for the stratospheric ozone depletion. The quantification of the combined impact of Cl,, and
Br, to destroy ozone is defined as the Equivalent Effective Stratospheric Chlorine (EESC).

EESC = Cly + aBry (1.43)

where « is the weighting factor that accounts for the greater effectiveness of Br in destructing
ozone compared to that of Cl on a per-atom basis. It varies with latitude, altitude and time.

As described in Sect. 1.3, even though the amount of Br, compounds is less than that
of Cl,, the Br catalytic cycle is more efficient in destroying ozone eventhough PSC surface
is not required for the activation of Br catalytic cycle. In order to account for this, Br,
contribution is scaled by a factor & (WMO, 2007). The value of column « varies in a range
from 50 to 130 from the equator to the poles depending on season. The global annual mean
value of « is about 66. In the mid-latitudes, « is estimated to be about 60 in the lower
stratosphere and 5 in the upper stratosphere (Sinnhuber et al., 2009).

Stratospheric EESC at different regions is calculated from the surface measurements
of tropospheric ODS abundances and taking into account for the transit times (or ages)
and conversion of Cl, and Br,. The extent of degradation of ODSs in the stratosphere
is described by considering the mean stratospheric age of an air parcel (Newman et al.,
2007). The mean age of air in the lower stratosphere is ~3 years in the mid-latitudes and
~5.5 years in the polar latitudes (Waugh and Hall, 2002; Newman et al., 2006). Therefore,
EESC values are directly linked with the ODS emissions in the atmosphere. The discovery
of the cause of polar ozone depletion led to the implementation of the Montreal Protocol in
1987 for controlling the vast emission of human-produced CFCs. Studies by Rinsland et al.
(2003) and Lary et al. (2007) reported that levels of Cl and Br radicals are decreasing from
the past decade onwards, which is clear from the EESC values too.

Figure 1.10 illustrates the values of EESC in ppt (top panel) and % (bottom panel) as a
function of time in the mid-latitude and polar stratosphere. Even if the pattern of EESC is
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same, its growth and declining amount varies at different regions, i.e., in the mid-latitudes,
the EESC values are smaller than those in the polar latitudes. Because, in the mid-latitudes
the amount of inorganic halogen is lower while in the polar stratosphere, as air ages ODSs
photochemically decompose so that a higher fraction of inorganic halogen is available. From
the Figure, it is obvious that the EESC values increased from the 1980s and showed its peak
value in 1996 and 2000 in the mid and polar latitudes, respectively and started to slowly
decrease afterwards. This difference in the EESC peak year at different latitude regimes is
due to the difference in the transit time or mean stratospheric age of air.

1.5 Present state of the ozone layer

1.5.1 Ozone total column measurements

The analysis of ozone measurements revealed a significant reduction in ozone total column
at all latitudes. For example, a study by Stolarski et al. (2006) found negative ozone trends
of —3.7+0.5DU/decade in 1978-1996 using TOMS-SBUV merged data in the latitude band
of 60°S—60°N. Similarly, Fioletov et al. (2002) reported statistically significant ozone trends
varying from about —0.5 to —3 %/decade from 20° to 60° latitudes in both hemispheres
in 1979-2002. Recent evaluation of stratospheric ozone total column observations shows
that total ozone was no longer decreasing and remains in a constant level since the mid or
late 1990s (WMO, 2011). Figure 1.11 shows the total ozone deviations for different latitude
bands (60°S—60°N, 90°S-90°N, 35°N-60°N and 35°S-60°S). From the figure, it is clear that
the total ozone was decreasing and showed a minimum value in the mid 1990s followed by
an increase, which is stabilised afterwards.

Because of the non-linearity in the evolution of ODSs after the mid-1990s, ozone trends
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Figure 1.11: The deseasonalised total ozone deviations in 1964-2009 for the latitude bands (60°S—60°N,
90°S-90°N, 35°N-60°N and 35°S—60°S) estimated from different data sets. The zero line indicates the
pre-1980 level (Taken from WMO, 2011).

were estimated using piecewise linear trend (PWLT) model in which different linear fits
before and after a turning point are used and EESC time series (more detailed discussion
can be found in Chapter 5). Vyushin et al. (2007) analysed ozone trends in such a way
(using piecewise linear and EESC time series) from 60°S to 60°N in 1979-1995 and 1996—
2008 and is shown in Fig. 1.12. The Figure shows that the PWLTs and EESC based trends
in 1979-1995 (top panel) are similar in the SH while they vary slightly in the NH. The
trends derived from the PWLT and EESC fits in 1996-2008 (bottom panel) differ only
slightly in the SH, but largely in the NH. This discrepancy between the PWLTs and EESC
based trends in the latter period can be explained using the residual circulation (Dhomse
et al., 2006; Harris et al., 2008). These studies showed that the residual circulation is the
cause of the recent increase in the northern hemispheric total ozone. In addition, Yang
et al. (2006) found that the observed rapid increase in the ozone total column is driven
by the the changes in atmospheric transport in the lowermost stratosphere. Vigouroux
et al. (2008) showed significant positive trends of 2.8 £ 2.2 %/decade in Europe from the
FTIR measurements. Similarly, Yang et al. (2009) evaluated a significant positive trend
of 1.24 % /decade in 1996-2007 from SBUV (Solar Backscatter UltraViolet) measurements
averaged in 50°S-50°N.

1.5.2 Ozone vertical profile

As for the ozone total column observations, a significant decrease of upper stratospheric
ozone in the 1979-1995 period was also reported in the mid-latitudes (SPARC, 1998; WMO,
2007). For instance, Randel et al. (1999) found statistically significant trends of —7 to
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Figure 1.12: Ozone total column trends in 1979-1995 (top panel) and 1996-2008 (bottom panel) at all
latitudes (Taken from WMO, 2011).

—8%/decade at 15 and 40km in 1979-1996 from SAGE (Stratospheric Aerosol and Gas
Experiment) I/1I, SBUV(/2), Umkehr and ozonesonde measurements in the northern mid-
latitudes. A study by Li et al. (2002) confirmed these values, and led to estimates of
about —8 and —10 %/decade in the upper stratosphere of the northern and southern mid-
latitudes respectively, using SAGE I/II measurements in the same period. Logan et al.
(1999) found —10 %/decade at ~17km by analysing sonde measurements. A similar trend
(~ —0.8%yr~!), in the upper stratosphere (~40km), was also estimated by Newchurch
et al. (2000) from SAGE I/II, SBUV(/2) and Umkehr measurements.

Steinbrecht et al. (2006) estimated ozone trends of about —6, —8 and —4.5 %/decade
in the northern and southern mid-latitude sites and at subtropical station respectively be-
fore 1997 and a change in trend of about 7, 11 and 7 %/decade at the respective latitude
regimes from the average of various ground-based and satellite ozone profile measurements.
Statistical analyses using SAGE I/IT and HALOE (Halogen Occultation Experiment) mea-
surements indicate a decrease in the stratospheric ozone loss at 35-45km since 1997 and
shows signs of ozone recovery in the extra polar regions (Newchurch et al., 2003). The
analysis over Tsukuba showed a significant trend of —6.0 %/decade at 30-40 km from lidar
and SAGE II observations for the period 1988-1997 and a statistically insignificant trend
of —0.8 %/decade after 1998 (Tatarov et al., 2009). Further, the Umkehr measurements at
Belsk estimated a trend of 3 to 5%/decade in 1996-2007 (Krzyscin and Rajewska-Wiech,
2009). The study by Jones et al. (2009), using ozone measurements from SBUV /2, HALOE,
SMR, OSIRIS and SCIAMACHY, also revealed a significant trend of —7.2%/decade in
1979-1997 and an insignificant trend of 1% /decade in 1997-2008 in the two mid-latitudes
and about —4.1+0.6 and —0.5+1.5 %/decade for the respective periods in the tropics at 35—
45km. The levelling off of ozone in the last decade reported by the above-said works is also
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confirmed by Steinbrecht et al. (2009), who utilised a series of satellite and ground-based
observations for the analysis.

1979-1995 1996-2008
(a) | ——eescsauv 62 (b) | ——eEscsBUvY 62
0.2 T~ —— EESC Umkehr 0.2f T —— EESC Umkehr
I = ==-PWUmkehr 458 I} = ==-PWUmkehr 458
0.4F EESC sondes 0.4} | EESC sondes
PWsondes {54 PW sondes {54
1k 150 1 150
ok 46 of 46
T 142 __ T 142 __
o L 1 o L 1
s 4 s £ = 1 lss £
o ] ® o ] P
<t / = [} ] =
o 20f 7L < a 20 =
26 126
40} AN . o5 40 ; T 1o
1 1 T
100F ! 18 100f : 18
1 14 1 14
2001 ! 200F 1
! 110 ! 110
400F, . . . a 400F, . ! .
-10 -5 0 5 10 -10 -5 0 5 10
Trend (%/decade) Trend (%/decade)

Figure 1.13: Vertical profile of ozone trends estimated from ozonesondes, Umkehr and SBUV(/2) mea-
surements using regression made with Quasi Biennial Oscillation (QBO), solar cycle and EESC curve and
converted to %/decade in 1979-1995 (left panel) and 1996-2008 (right panel) (Adapted from WMO, 2011).

Figure 1.13 represents the ozone trends in the northern mid-latitudes estimated from
ozonesondes, Umkehr and SBUV(/2) for the two periods in 1979-1995 and 1996-2008 de-
pending on the value of EESC. SBUV(/2) trends were derived from the 40-50°N zonal
mean data, Umkehr trends were computed from the average ozone anomalies at Belsk,
Arosa, Haute-Provence Observatory (OHP) and Boulder and the ozonesonde trends were
the average of ozone trends from nine northern mid-latitude stations. In the middle and
upper stratosphere, the observed decline in ozone loss is consistent with the levelling off of
the ODS abundances (WMO, 2011).

1.6 Ozone recovery : different stages of ozone evolution

The satellite and ground-based observations showed a clear decrease in ozone before the
mid-1990s, a stabilisation and an increase afterwards. Figure 1.14 presents the temporal
evolution of ozone showing the past, present and future ozone levels between 60°S and
60°N in 1960-2100. Because of the successful implementation of the Montreal Protocol and
its amendments, the observations showed a slowing of stratospheric ozone decline and is
considered as the first stage of ozone evolution. This first stage of ozone evolution is already
revealed in several studies, referred in Sect. 1.5. The second stage of ozone evolution is
considered as the onset of increase in ozone due to the reduction in ODSs. Since the mid-
1990s, the decline of ozone has completely stopped in the considered latitude regimes and
the ozone levels start to stabilise. More recently, the ozone levels show a slight increase
reflecting the second stage of ozone evolution. Now the main issue is to identify whether
this increase in ozone is related to the ODS decrease or not.
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Figure 1.14: Schematic picture showing the evolution of ozone column between 60°S and 60°N in 1960—
2100. The red curve shows the ozone observed to date and projected to future and the shaded region
represents the simulation results of the ozone level for the future. The green circles denote different stages
of ozone evolution (courtesy : WMO, 2011).

1.7 Ozone and climate

Variations in climate is caused by several parameters in which greenhouse gases (GHGs) are
the most important ones. The GHGs absorb the outgoing thermal infrared (IR) radiations
from the surface and thus warm the troposphere. In addition, they emit IR radiations out
to space, thus cooling the stratosphere. Therefore, a change of GHG concentration warms
the troposphere and cools the stratosphere (Ramaswamy et al., 2006). The most important
GHGs are carbon dioxide (CO3), water vapour (H30), ozone, methane (CHy), nitrous oxide
(N2O) and ODSs. Among the GHGs, CO2 and H>O play important roles in the climate
change in which H5O is more powerful and more prevalent than COs in the atmosphere.
Because, in the presence of ODSs, the stratosphereic HoO, enhances ozone loss and thus
slow down the ozone recovery due to the reduction in ODSs (WMO, 2011).

The increased emission of CO5 and H5O cools the middle and upper polar stratosphere
by about 2K /dec from the late 1970s (Shepherd, 2008). The balloon-borne stratospheric
H50 measurements over Boulder showed an increase from 0.444+0.13 ppmv at 16-18km to
0.07£0.07 ppmv at 24-26 km in 1980-1989 and increased by an average of 0.5740.25 ppmv
in 1990-2000. The HO decreased by an average of 0.35+0.04 ppmv in 2001-2005 and
increased by an average of 0.49+0.17 ppmv in 20062010 (Hurst et al., 2011).

Change in stratospheric ozone affects climate through radiative effects and the resulting
temperature and circulation changes. For instance, ozone depletion due to the increase
in ODSs cools the lower and upper stratosphere. Because of the ozone depletion, the
lower stratosphere cools by about 1K /dec, as computed from the Microwave Sounding
Unit (MSU) measurements. This cooling in the tropical lower stratosphere affects the BD
circulation (Thompson and Solomon, 2009). Even if the stratospheric ozone depletion is
not the principal cause of the climate change, the aspects of ozone loss and climate change
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cannot be isolated.

In the same way as the change in ozone impacts climate, the variations of climate affect
ozone in addition to the changes due to atmospheric ODS concentrations and other factors.
Indeed, production and loss of ozone are dependent on temperature, chemical composition
and circulation, which are affected by climate change. The additional stratospheric cooling
can lead to the persistence of PSCs for a longer period and thus, enhances winter polar
ozone depletion in the lower stratosphere (WMO, 2007, 2011). Further, climate change
can alter the strength of the BD circulation and hence the distribution of ozone in the
stratosphere. So changes in ozone and climate are two important factors that cannot be
separated.

1.8 Conclusions

The WMO (2007, 2011) reports conclude that the stratospheric ozone depletion has stopped
completely in the mid-latitudes and ozone level is stabilised. An onset of ozone recovery
has already been detected in the mid-latitudes even though the polar regions are still in
a state of approaching to the onset of recovery. Therefore, accurate estimation of ozone
trends requires highly stable and long-standing ozone measurements. The aforementioned
facts indicate the necessity of the analyses of ozone trends with new or additional data sets
and also warrant to diagnose the validity of current ozone measurements to detect ozone
recovery due to the recent decrease in halogen abundances. Here is the importance of our
study, as we use highly resolved ozone lidar profiles in conjunction with well-validated six
different satellite observations in addition to the available ozonesonde measurements. Apart
from the profile measurements, a good cluster of ozone total column observations are also
used to diagnose the long-term ozone trends. This thesis mainly focuses on dynamical,
teleconnection and anthropogenic parameters to distinguish the cause of ozone recovery
and how much increase can be attributed from the decrease in ODS abundance.
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Ozone lidar measurements
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This thesis mainly deals with the estimation of stratospheric ozone trends. Before
estimating trends a thorough analysis on the quality, consistency and stability of the data
is essential for improving the accuracy in the estimated trends. The consistency of the data
is checked considering ozone lidar measurement as the reference, assuming that it is stable.
That means, majority of the work is based on the lidar measurements and hence, a detailed
discussion of lidar instrument and its features are necessary. So this chapter deals with a
brief description of lidar and the general characteristics of ozone lidar measurements, its
retrieval, precision and the error analysis in Sects. 2.1 and 2.2 respectively. In the following
section, the OHP ozone lidar system and the retrieval algorithm is presented in detail. Since
all lidar stations use a similar technique for measuring ozone, the general principle of the
measurement and retrieving algorithms are similar even if there are slight differences. Even
though a special focus is given to OHP lidar, some important features of other station lidars
are also described in Sect. 2.4. We have also performed some sensitivity tests using different
absorption cross-sections and temperature and are discussed in Sect. 2.5. Application of
their sensitivity analysis to OHP ozone lidar is described in Sect. 2.6. The final section
summarises the main findings from the study.
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2.1 LIDAR

Lidar is an active remote sensing instrument operating in the optical range of 100-1000 nm.
It emits laser pulses of specific wavelengths into the atmosphere, which interact with the
atmospheric particles and molecules and a small part of the radiation is reflected back by
those objects. This backscattered radiation is collected by a telescope and transmitted to
the detector, generally a photomultiplier tube, where it is converted to electrical current
that is analysed by an electronic acquisition system. Lidar measures different atmospheric
parameters like temperature, wind speed, densities of clouds, and the concentration of
aerosols, ozone, water vapour, methane, nitrous oxide, sulfur dioxide, etc. The use of laser
makes the lidar an active instrument, where the time delay between emission and return of
the radiation can be measured precisely, yielding a very high vertical resolution. Depending
on the desired species to be measured it uses various light matter interactions such as
Rayleigh, Mie elastic scattering, Raman inelastic scattering, absorption and fluorescence.

The simplified lidar equation for a monochromatic laser pulse emission at wavelength A
considering elastic scattering is

N(\z) = Ne()\)A%ﬁ()\,z)exp —27(\, 2) (2.1)

where N(J, z) is the number of photons backscattered during the integrating time At from the
atmospheric layer situated at an altitude z in m (meter), Ne(\) is the number of photons emit-
ted by the laser, A is the surface area of the collector (telescope) in m?, Az in m is the initial
vertical resolution corresponding to cAt/2, B(A, z) is the total atmospheric backscatter coeflicient
(Rayleigh and Mie) in m™!, and 7()\,2) is the atmospheric optical depth. 7()\,z) depends on
various parameters and is given by

T\, 2) = /Oz[am()\, 2+ ap(\,2) +oc(Nne(2') + Z ge(N)ne(2")] dz’ (2.2)

where am (), 2') and o, (), 2’) are the molecular (Rayleigh) and particle (Mie) extinction coefficients
respectively. o.(\) and n.(z') are the absorption cross-section coefficient and the concentration of
the measured species, respectively, and o.(\) and n.(z’) are the absorption cross-section coefficient
and the concentration of other trace gases, respectively.

From equations 2.1 and 2.2, the optical thickness due to absorption by the measured
species can be derived as

Te(\, 2) = % [—InN(X, 2)2% + In N (M) AAz + In B(A, 2)] —

/0 om0 ) + oy )+ 3 oe(Wne(2)] d (2.3)

Since our species of interest is ozone, the differential absorption method employed for mea-
suring atmospheric ozone measurements is described in detail in the following section.

2.2 Ozone DIAL system

Ozone lidar measurements are performed using the DIAL (Differential Absorption Lidar)
technique. It requires the simultaneous emission of two laser beams at different wavelengths
characterised by different absorption cross-sections. That is, one being in the region of high
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absorption, specific to the measured parameter, and the other one being less absorbed,
considered as the reference wavelength. In the case of ozone, spectral range is chosen in
the UV region (200-400nm), where its absorption is most efficient. The choice of wave-
length pair differs depending on the altitude range of the measurement. For example, in
the troposphere a strong UV absorption is needed to detect small ozone VMRs while in
the stratosphere the radiations must reach the stratosphere and measure the high ozone
concentration. Additionally, in the upper stratosphere the simultaneous measurement of
low ozone number density and the decrease in atmospheric number density which provides
the backscatter radiation have to be considered.

The tropospheric ozone measurements are performed using various wavelengths ranging
between 266 and 316 nm wavelengths. For stratospheric ozone measurements the absorbed
wavelength is selected at 308 nm, generated from a Xenon Chloride (XeCl) excimer laser.
Different techniques are available for obtaining the non-absorbed wavelength and depend-
ing on the method it varies from 351 to 355 nm. The XeF laser provides the wavelength at
351 nm, first Stokes radiation by stimulated Raman scattering in a cell filled with hydrogen
generates 353nm and the third harmonic of a Nd:YAG (Neodymium-doped Yttrium Alu-
minum Garnet) laser gives light at 355nm. Another important requirement for the ozone
lidar measurement is the presence of clear sky since the laser radiation is rapidly absorbed
by clouds and only cirrus can be tolerated for accurate stratospheric ozone measurements.

2.2.1 Retrieval

Now we need to retrieve ozone number density from the detected lidar signal as described
in Eq. 2.1. For that we use the following procedure, as described in Godin (1987). The
ozone number density n,3(z) is retrieved at an altitude z from the lidar signals as (Godin
et al., 1989)
-1 d P(/\17Z)—Pb1
o —In| =——"———-— 0N 24
Pos(2) ! <P(>\272) — Py - 0mos (2) 24

- 2A0,,(2) dz
where P(A1,z) and P()\2,z) are the number of photons detected at wavelengths A1 (absorbed)
and A2 (non-absorbed) respectively, Py,1 and Py are the background radiation at wavelengths
A1 and A2 respectively and Ao, (2z) represents the differential ozone absorption cross-section
(003 (A1, 2) — 0oz (A2, 2)). dnos(z) is the correction term considering the absorption by other atmo-
spheric constituents, Rayleigh and Mie differential extinction and scattering, and can be expressed

as
1 1d, B(\,2)
6 = | =—In—F——"< - A - A — A 2.5
n03(z) A003(Z) 2 dZ nﬂ(A2az) (Xm(Z) ap(z) ze: O'Ene(Z) ( )
where ﬁa(z) [%dizlng&;z;] is the differential atmospheric scattering with (A, z) as the sum

of Rayleigh and Mie backscatter coefficients. A, (z) is the difference between Rayleigh extinc-
tion coeflicients and Aau,(z)/Aoco,(2) is the differential Rayleigh extinction. Similarly, Aay(z)
is the difference between Mie extinction coefficients and Aap(z)/Aco,(2) is the differential Mie
extinction. ZAaene(z)/AJOS (z) is the differential absorption extinction by other atmospheric

constituents. ‘

Hence ozone number density can be deduced from the difference in slope of the logarithm
of the returned lidar signals. There is no need of instrument calibration with this technique
as it does not require any instrumental constant for ozone retrieval and hence, it is a self-
calibrated technique. The laser wavelengths used for the ozone measurements are chosen
such that the term dn,3 is less than 10% of the derived ozone (n,3).
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2.2.2 Precision

The precision of the retrieved ozone number density is defined by the statistical error in
the detection process because the signals detected by photomultipliers follow the Poisson
statistics. So the statistical error in ozone is calculated from the Poisson statistics as

B 1 Z C?Pi’j
o 27103(Z)A0'03(2)AZ id Nz(R,j — Pbi)Q

es(2) (2.6)

where £5(z) is the statistical error, Az is the initial vertical resolution of the acquisition system,
P; ; is the lidar signal at wavelength A; from altitude z;, c¢; are the coefficients of the derivative
filter used to differentiate the signals and P,; and N; are the background radiation and the number
of laser shots at wavelength \;, respectively.

Statistical error is larger in the upper stratosphere due to the rapid decrease in the signal-
to-noise ratio, and so, the vertical resolution of the measurement is degraded to reduce the
error. So the final statistical error depends on various factors such as experimental system
characteristics, the duration of the measurement (Tj,), the final vertical resolution (Azy),
the telescope area (A) and the laser power (P,) and are linked through the relation

es(2) ox (AAZIP,T,) /2 (2.7)

Commonly, low pass filters differing in number of points with respect to altitude is used
to derive the vertical resolution of the measurements (Godin et al., 1999). i.e., the ver-
tical resolution is estimated from the cut off frequency of the numerical filter that varies
with the number of points used. Hence, the vertical resolution of the DIAL stratospheric
ozone measurements varies from several hundred meters in the lower stratosphere to several
kilometers in the upper stratosphere.

2.2.3 Error analysis

The accuracy of the DIAL ozone measurement depends on the accuracy of the ozone ab-
sorption cross-section, the estimation of dn,3, the laser line width and on linearity of the
acquisition device (Godin-Beeckmann et al., 2003). The laser line width introduces a small
error of +0.8%, which can be reduced to less than +0.2% by monitoring laser spectral
emission. The term dn,3 corresponds to less than 10% of the measured ozone. The ozone
absorption cross-section and the evaluation of Rayleigh extinction term in dn,3 depend on
the temperature profile. So the accuracy of ozone measurements in turn depends on the
pressure and temperature (P/T) profiles used for the ozone retrieval.

Interferences of other minor constituents on the ozone absorption also induces some
errors to the ozone retrieval. The main trace gases influencing the ozone absorption in
the 300-350 nm range are SO and NOs because of their similar absorption cross-sections
as that of ozone. However, SO5 does not interfere much the stratospheric ozone if there
is no massive ejection from any process such as volcanic eruption. In the case of high
stratospheric aerosol loading conditions ozone measurements could be perturbed by the
presence of SO5, but do not last for more than 40 days as its life time is about 3040 days.
In the same way, NO; also causes errors to the ozone measurements and is estimated to be
of 0.4% at 25-30 km.

The most important error source associated with the ozone measurement in the lower
stratosphere is the presence of volcanic aerosols. Under high aerosol loading conditions,
aerosols at the volcanic cloud altitude perturb the ozone profile locally and the correspond-
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ing error is expressed as

__ v (rd, Bz
ca(2) = Ac,3(2) <2dzl B(A2,2) Aay( )) (2:8)

So €4(z) is related to the spectral variation of atmospheric backscatter and extinction
coefficients. In the presence of aerosols £,(z) is dominated by the backscatter term, directly
linked to the aerosol profile. In the case of very strong aerosol loading, this term can exceed
100% in the layers affected by aerosol. This problem is solved by detecting additional
lidar signals corresponding to the first Stokes vibrational Raman scattering by atmospheric
nitrogen of the laser beams. The Raman wavelengths corresponding to 308 and 355 nm are
331.8 and 386.7 nm respectively. These wavelengths allow an ozone profile to be observed,
much less perturbed by the presence of volcanic aerosols (McGee et al., 1993). The ozone
number density from the lidar signals received at the Raman wavelengths Af* and ¥ can
be determined as

R 1 d (P(Af%z) - B

= —771 P(\R .\ _ PR
noB(Z) AO'(%(Z) dz " P()\gvz) - Pbg

> +onk(2) (2.9)
where Acli(2) = 003 (A1, 2) — 0o3(Aa, 2) + 0o3( A, 2) — 0o3(AF, 2), P(AE, 2) and P are the lidar

and background signals received at Raman wavelength AF, respectively and the correction term

onl(z) is given as

Ca(M,2) — oA 2) + a(\ 2) —a(\E, 2) AcE

ACE(2) 7Ao£(z)ne(z) (2.10)

dngs(2) = -
e
where Acl = g.(M1) — gc(A2) + (M) — o (AF)
The advantage of this method is the removal of aerosol contribution to the backscatter
component and its disadvantage is the loss of accuracy of ozone measurement due to smaller
Raman scattering efficiency and hence, the measurement based on Raman signals is not

possible above 30 km. The error on the Raman ozone profile linked to the aerosol extinction
is found to be less than 5%.

2.3 The ozone lidar system at OHP

The ozone lidar system at OHP (43.93°N, 5.71°E) uses DIAL technique for measuring
stratospheric ozone since 1986. Since then, various improvements have been made in the
experimental set-up among which the most important one is the implementation of a new
optical and electronic detector in 1993. The schematic picture of OHP ozone lidar system
is shown in Fig. 2.1 and a detailed description of the new experimental set-up is discussed
in the following sections.

2.3.1 Transmitter

The lidar system includes a Lambda Physik EMG 200 excimer laser for the ozone absorbed
laser radiation at 308 nm and the third harmonic of a continuum Nd:YAG laser for the
reference wavelength at 355 nm. Excimer laser operates at 100 Hz and the output energy
is 200 mJ/pulse. The Nd:YAG laser operates at 50 Hz and its output energy is adapted to
provide a return signal equivalent to the on-line signal at 40 km altitude, which results in
an emitted pulse energy of ~60mJ. Additionally, two beam expanders are used to reduce
the divergence of both lasers to 0.2 and 0.1 mrad at 308 and 355 nm respectively.
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Figure 2.1: Schematic view of the OHP lidar system (Reproduced from Godin-Beekmann et al., 2003).

2.3.2 Optical receiver

The back scattered radiations of the emitted laser pulses is collected by an optical receiver
consisting of four Newtonian telescopes having F/3 mirrors of 0.53 m diameter. These mir-
rors collect a fraction of the backscattered light that is transmitted to the optical analysing
device through the optical fibers mounted on the focal plane of the mirrors, which can be
moved vertically for focusing and horizontally for the alignment. As the transmission of
the emitted laser beams is in the center of the mirrors, the system can be considered as
quasi-coaxial. The optical device includes the imaging optics, a mechanical chopper and
a spectrometer. The chopper consists of a 40 W cooled motor, rotating at 24000 rpm in
primary vacuum.

The spectrometer comprises a collimated mirror for the incoming light, a holographic
grating having 3600 grooves/mm providing a dispersion of 0.3 nm mm~! with an efficiency
of 52%. The spectrometer separates the backscattered radiations into the emitted laser
beams at 308 and 355 nm (Rayleigh signals) and at 331.8 and 386.7nm (Raman signals).
To account for the high dynamic range of the lidar signals the elastically scattered Rayleigh
signals are separated into a high and low energy channels so that the lidar set up consists
of 6 optical channels.

2.3.3 Detection and acquisition

The 6 optical channels are detected by bialkali Hamamatsu photomultiplier tubes (PMTs),
characterised by a quantum efficiency of ~20% in the 300-400 nm spectral range. The PMT
provides current pulses when photons strike the photocathode. They are amplified by a
250 MHz bandwidth amplifier resulting in its broadening up to 5ns and the current signals
are converted to voltage signals. In addition to the chopper, electronic gating of the PMT
is used for the high energy Rayleigh signal detection that reduces the signal-induced noise
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in these channels.

These signals are then directed to the acquisition system that uses photon counting
method to process the electronic lidar signals. For that, high speed counters (250 MHz)
operated with 1024 time gates of 1us corresponding to a sampling vertical resolution of
150 m are used. Each channel is equipped with two counters in parallel to avoid the dead
time between two memory bins. The overlap between the pulses of finite duration restricts
the linearity of the counter, which mostly affects the Rayleigh signals. It is managed by
the use of two optical channels for Rayleigh signals. All these processes are controlled by a
computer program and the master clock is set at 800 Hz and is provided by a mechanical
chopper or a quartz crystal. The trigger of the counter is set by the laser light pulse, which is
detected by a fast photodiode and converted to a transistor-transistor-logic signal. The six
counting channels are transferred simultaneously to the computer with the acquisition time
of 1024 us. The data are averaged over 1000 shots corresponding to a temporal resolution
of 200s.

2.3.4 Ozone retrieval algorithm

The retrieval algorithm is generally based on the differential lidar equation formalism. First,
to increase the signal-to-noise ratio, the lidar signals are time averaged during the measure-
ment period (3—4 h in general), taken as the temporal resolution of the measurement. Then,
a certain number of corrections such as background correction and dead time correction are
applied to the averaged signals. The former term is related to the estimation of background
light using linear or polynomial regression in the 80-150 km altitude range, where the lidar
signal is negligible. The latter term is linked with the saturation of photon counting used
for the signal acquisition in the lower ranges. In addition to the differentiation, a low pass
filter is used in the DIAL technique to account for the rapid decrease of signal-to-noise ratio
in the higher altitudes (above 40km). Generally, the ozone number density is computed
from the difference in the derivative of the logarithm of each lidar signal fitted to a straight
line, or to a second order polynomial or to higher order polynomials. At OHP, the second
order polynomial fit is used to derive the ozone number density (Godin et al., 1999).

The Rayleigh high and low energy and Raman signals optimise the accuracy of the
ozone profile in the upper, middle-low and lower stratosphere respectively. In background
aerosol loading conditions, the low energy Rayleigh signals provide more vertically resolved
profiles than the Raman signals in the lower stratosphere, but the use of these signals in
the lowermost stratosphere is prevented by the saturation of the photon counters. Hence,
a correction called pulse pile-up correction is applied to correct for this saturation. The
equation used to compute the true photon count rate from the observed count rate is

P.=1+4[(1-2)P. — 1] exp(—zP,) (2.11)

where P, is the observed photon count rate, P, is the true count rate and = 1/Pmas With Pras
is the maximum observed count rate.

For high energy Rayleigh signals, x is adjusted for each wavelength in order to obtain
the best agreement between the slopes of both low and high energy Rayleigh signals. For
the low energy Rayleigh signals, Raman signal is used by computing reference Rayleigh
slopes from the Raman slopes, the derived Raman ozone profile and the Rayleigh extinction
correction. So the final ozone profile is retrieved by combining the slopes of low and high
energy Rayleigh signals at first and then by combining the Raman and the composite
Rayleigh ozone profiles. The altitude range, where both profiles are combined depends on
the aerosol content. It is around 14—15 km in the case of background aerosol conditions while
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high energy Rayleigh channels are used from 18 to 22km. At the end, both Raman and
composite Rayleigh profiles are corrected from the Rayleigh extinction using the pressure-
temperature profiles obtained from nearby radio soundings performed in Nimes in the lower
stratosphere and the COSPAR International Reference Atmosphere 1985 (CIRA-85) model
in the upper stratosphere.

2.3.5 Features of OHP lidar measurements

The optical receiver installed in 1993 enabled the ozone lidar system to measure in the
lowermost stratosphere even in the presence of volcanic aerosols. The simultaneous acquisi-
tion of all lidar signals improved the observational capacity in terms of temporal resolution
and accuracy. Thus, the average number of measurements per year increased from ~40
in 1986-1993 to ~110 from 1994 onwards, with a maximum of 190 in 1997. The typical
duration of an ozone measurement in the whole stratosphere with the present DIAL system
at OHP is 4 hours. The precision and vertical resolution of ozone measurement is shown
in Fig. 2.2. The precision ranges from about 5% below 20km to more than 20% above
45km. The vertical resolution ranges from 0.5km at 20km to about 2km at 30km, and
it increases to ~4.5km at 45km. The average accuracy ranges from ~5% below 20 km to
more than 10% above 45km and the best accuracy of 3% is found in the 20-45 km altitude
range (Godin-Beekmann et al., 2003). The altitude range of each profile varies depending
on the presence of clouds in the lower stratosphere and varied signal-to-noise ratio in the
upper stratosphere. The profiles are cut when 80% statistical error is reached.

2.4 Features of other NDACC lidar measurements

The NDACC lidar stations considered in the study include the lidars from Meteorologi-
cal Observatory Hohenpeissenberg (MOHp: 47.8°N, 11°E), Tsukuba (36°N, 140°E), Ta-
ble Mountain Facility (TMF: 34.5°N, 117.7°W), Mauna Loa Observatory (MLO: 9.5°N,
155.6°W) and Lauder (45°S, 169.7°E). All lidar stations use DIAL method for measuring
stratospheric ozone with 308 nm as the ozone absorption wavelength. The main differ-
ence among the lidars is in the selection of reference wavelength. Most lidar stations use
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355 nm as the reference wavelength except MOHp and Lauder lidar, which use 353 nm over
the whole period and, TMF and MLO lidars used this configuration until 2000 and then
changed to 355 nm (Leblanc and McDermid, 2000). Other differences among the lidars are
in the receiving system and the number of channels used to detect the lidar signal in order
to increase their dynamical range. At Tsukuba (Tatarov et al., 2009) and Lauder (Brinksma
et al., 2000), 6 channels (4 Rayleigh and 2 Raman) are used to measure ozone. However,
only 2 receiving channels (Rayleigh) are used at MOHp (Steinbrecht et al., 2009a) and, 8
channels at TMF (4 at 308, 332num; 4 at 355, 387nm) and MLO (3 at 308, 332nm; 5 at
355, 387nm). The precision of lidar ozone measurements decreases generally from 1% up
to 30km, 2-5% at 40km and to 5-25% at 50 km.

2.5 Sensitivity tests

2.5.1 Ozone absorption cross-section

Absorption cross-section is a measure of the probability of a molecule to absorb photon at a
particular wavelength. It is proportional to the intensity of absorption or emission between
the two energy levels and is expressed in cm?/molecule. The absorption cross-section of a
substance can be determined from the Beer-Lambert law as

I(A) = Ip(A) exp(—a(A)NI) (2.12)

where Iy and T are intensities, in W/m?, of the incident and transmitted light, respectively, o()) is
the absorption cross-section in cm?, N is the number density of absorbing particles in molecules / cm?®
and | is the cell optical path in cm or the distance the light travels through the material.

There are different groups performing experiments for the determination of ozone cross-
sections. Most commonly used cross-sections are the Bass and Paur (BP) and Brion-
Daumont-Malicet (BDM) cross-sections. The BP cross-sections are measured over 230-
350 nm wavelength range for temperatures 203, 223, 246, 273, 276 and 280 K based on the
assumption that the ozone cross-section at 253.65 nm mercury line is temperature indepen-
dent (Bass and Paur, 1984). BDM ozone cross-sections are provided at 218, 223, 243, 273
and 295K in the spectral range 195-345 nm except for the measurements at 273 K which
are limited to 300-345nm (Daumont et al., 1992). BDM cross-sections at 295K are now
available in the 345-830 nm wavelength range too (Brion et al., 1998).

2.5.2 Temperature and wavelength dependence of cross-section

Figure 2.3 shows the spectral variations of BDM (top) and BP (bottom) ozone cross sec-
tions with wavelengths, in the Hartley (200-310nm) and Huggins (310-345nm) bands, at
different temperatures. The wavelength ranges used for the DIAL ozone measurements in
the troposphere and stratosphere are also shown on the Figure. It is clear that the cross-
section decreases as wavelength increases. That is, ozone cross-section at 355 nm is less than
that at 308 nm. The cross-sections at different temperatures show a strong continuity and
are identical until 310 nm, indicating a weak temperature dependence in the Hartley band.
Above 310 nm or in the region of Huggins bands, the cross-section varies with temperature.
In the 305-315 nm range, temperature dependence is almost linear and ~15% difference is
observed between the cross-sections at 218 and 295 K. However, above 315 nm the temper-
ature effect becomes prominent and increases progressively as wavelength increases, where
the difference in cross-section at the extreme temperatures reaches more than 50%. The
features are the same for BP too.
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Figure 2.3: Spectral variation of the temperature dependence of ozone cross-section from BDM (top) and

BP (bottom). The wavelengths used for the DIAL ozone measurements in the troposphere and stratosphere
are also marked.
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2.5.3 Comparison between BP and BDM cross-sections

A sensitivity study is performed to find out the differences in the derived ozone number
density using BP or BDM ozone absorption cross-sections. We have seen that the ozone
cross section decreases largely as wavelength increases, i.e. the ozone cross-section in the
non-absorbed wavelength regions (355 and 387 nm) is about 3 orders of magnitude less than
that in the absorbed wavelength regions. The emission range of the XeCl excimer laser is
between 307.9 and 308.2nm. However, the variations in the ozone cross-sections over this
range is very small. Because of these reasons, the ozone absorbed Rayleigh wavelength
at 308 nm and the corresponding Raman wavelength at 331.8nm are used for the present
sensitivity analysis.
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Figure 2.4: Variation of ozone absorption cross-sections (BDM, original BP and the parameterised BP)
with respect to temperature, at 308 (top) and 331.8 nm (bottom).

BP and BDM ozone cross-sections are available at different temperatures. So for com-
parison BDM temperatures are taken as the reference and BP cross-sections at BP temper-
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atures are converted to the BDM temperatures by performing a second order polynomial
parameterisation as proposed in (Bass and Paur, 1984)

003 = Co + 10 + 0292 (213)

where 6 is the BDM temperature in °C and cg, ¢1 and c2 are the quadratic coefficients computed
from all the available spectra (archived from the ACSO website: http://igaco-03.fmi.fi/ACSO/).

Figure 2.4 presents the ozone absorption cross sectional differences among BDM, BP
(at BP temperatures) and the parameterised BP (at BDM temperatures) with respect to
temperature, at 308 (top panel) and 331.8nm (bottom panel). The BP cross-section at
203 K is also included in the parameterised BP cross-section because in the stratosphere
temperatures can reach below 218 K particularly in the tropics above tropopause. From the
Figure it is clear that the BP ozone cross-sections are always larger than the BDM cross-
sections at 308 nm while they are lower than the BDM cross-sections at 331.8 nm until 273 K
and are slightly higher above this temperature. Also, the ozone absorption cross-section
is more variable with temperature at 331.8 nm than at 308 nm. To better understand the
difference between BP and BDM cross-sections, the relative difference between them is
calculated at 308 and 331.8 nm and is shown in Fig. 2.5. It shows a large difference between
the wavelengths. The relative differences at 308 nm is always negative and do not exceed
+1.8%, while the differences at 331.8 nm are larger and positive at 203-273 K with values
ranging from 4.2 to 0.4% respectively, and negative (—0.4%) at 295 K.

2.5.4 Comparison between BP and BDM ozone number densities

The ozone number density is inversely proportional to the ozone cross-section. To find out
the effect of change in cross-section to the derived number density, relative differences in
ozone from the BP and BDM cross-sections are calculated using the following equation
AUBP
Ang = —2 _ 1 (2.14)

BDM
Aoty

Because of the very small ozone cross-section at 355nm, the Rayleigh (308 nm) and the
combined Rayleigh-Raman (308+331.8 nm) wavelengths are taken into account for the com-
parison. Figure 2.6 displays the relative difference in ozone retrieved using BP and BDM
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Figure 2.6: Relative differences of ozone number densities derived from the BP and BDM cross-sections
at Rayleigh (308 nm) and combined Rayleigh-Raman (308+-331.8 nm) wavelengths.

ozone cross-sections for the measurements at 308 and 308+331.8 nm wavelengths in the
range 200-300 K. Since the BDM cross-sections are not available at 203 K, a polynomial
fit is applied to the BDM data to extrapolate to the lowest BP temperature (203 K). The
differences are nearly the same at the two DIAL retrievals. It is clear from Fig. 2.4 that
the ozone cross-sections at 331.8 nm is 2 orders of magnitude less than that at 308 nm. So
the combined Rayleigh-Raman cross-section is predominant by the Rayleigh cross-sections.
The differences increase from —1.6% at 203K to 1.8% at 273K and decrease to 0.5% at
295 K.

2.5.5 Temperature dependence of ozone retrieval

The effect of change in cross-section on the derived ozone number densities is evaluated
at various latitudes and at different altitudes using temperature data from CIRA-85 atmo-
spheric model (Godin-Beekmann and Nair, 2012). The analysis is performed at the 65, 45
and 20° latitudes on both hemispheres, representing the locations of NDACC lidar stations.
The BP and BDM cross-sections at BDM temperatures and at 203 K are interpolated to the
CIRA temperatures (at different altitudes) in each month for those latitudes. The CIRA
temperatures are less than 203 K below 25km in the tropics (20°N&S) and below 20 km in
the mid-latitudes (45°N&S). In such case the lowest temperature is taken as 203 K.

The relative difference between the ozone number densities computed from the two cross-
sections at 308 nm is calculated at all altitudes and at different latitudes for 12 months.
Then, the annual mean of the differences is estimated as in the following equation and is
presented in Fig. 2.7. The same is calculated at 308+331.8 nm also, but the differences are
nearly the same as at 308 nm. So the discussion is made only for the classical Rayleigh

signals.
212 ”stM(Zéﬂ;)*nfsp(z,m)
Bngy(z) = T
12

where n2%” (2, m) and nZP™ (2, m) are the BP and BDM ozone number densities, z is altitude and

(2.15)
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m is the month.
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Figure 2.7: Vertical distribution of the annual mean of retrieved ozone from BP and BDM cross-sections
at different latitudes. The error bars represent one sigma standard deviation.

The Figure shows that the differences in ozone between both cross-sections are relatively
small and do not exceed +2%. The deviations are less than +£1% below 35 km at all latitudes
except in the tropics at 15km. However, above 35km the differences are slightly higher
and positive with a maximum of 1.8% in the tropics at 45km. The difference in ozone
number density due to the change in cross-section is increasing with respect to altitude or
temperature. That is, the differences are larger in the upper stratosphere than in the lower
stratosphere. Large discrepancies are observed below 35 km, with the largest in the tropics
and smallest in the mid-latitudes. The higher deviations in the tropics around 15-20 km
are due to the very low temperatures observed in the lowermost stratosphere in the tropics.

2.6 OHP lidar ozone retrieval using NCEP data

We have already found that the temperature has a great influence on the cross-section and
hence on the ozone number density. So it is necessary to check the effect of temperature
on the OHP ozone lidar. The ozone cross-section used in the OHP ozone lidar algorithm
has been calculated using radiosonde data in the lower stratosphere and CIRA climatology
(Randel et al., 2003) in the upper stratosphere. But it has been reported that the CIRA
climatology has a warm bias of 5-10K in the stratosphere (SPARC, 2002). So to account
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Figure 2.8: The relative difference between the old (radiosonde+CIRA) and the new (NCEP) retrievals
for ozone, temperature and pressure. Error bars represent twice the standard error.

for this temperature effect on the cross-sections, the OHP ozone lidar measurements are
recalculated using pressure and temperature profiles from NCEP (National Center for Envi-
ronmental Prediction) and using BP ozone cross-sections. The DIAL ozone measurements
can easily be recomputed from the raw data. For that, BP cross-sections are calculated for
lidar and NCEP temperatures (NCEP data are interpolated to the lidar altitudes) using a
polynomial parameterisation and the number density is derived as

no3ncp(z) = :’ZZ,((ZZ))TLO?)Md(Z) (216)

where 0;4(2) and onep(2) are the BP cross-sections at lidar and NCEP temperatures, nosiiq(z) is
the original lidar ozone number density at altitude z.

The relative difference between the retrieved ozone using the old (radiosonde and CIRA)
and the new (NCEP) data is calculated. Figure 2.8 shows the average deviation over the
period (1985-2010). The mean difference in ozone is within £0.05% below 30km and is
less than 0.5% above 30 km. Similarly, the mean difference in temperature between the old
and new retrievals is within +0.5% below 30km and less than —1.2% above 30km. The
same difference is found for pressure too.

In the same manner, the OHP ozone lidar measurements are recalculated using the
NCEP data and the BDM ozone cross-sections. The difference in ozone retrieved from the
BP and BDM ozone cross-sections are also evaluated for the OHP ozone lidar retrievals.
Figure 2.9 presents the mean difference in ozone, retrieved using the two cross-sections, over
the period (1985-2010). It is found to be within +0.08% in 10-50km. Since the difference
in ozone from the two cross-sections is very small, the present work uses the ozone number
density derived from BP cross-sections.
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2.7 Summary

This chapter describes the general characteristics of ozone lidar measurement technique,
retrieval, accuracy and precision of the retrieved ozone profiles. Additionally, within the
frame of this thesis, we have performed some important sensitivity analyses to diagnose the
effect of using different ozone absorption cross-sections and various meteorological data on
the retrieved ozone profiles. The main results from these studies are presented here.

We used the BP and BDM cross-sections to find out the effect of temperature on
ozone cross-sections. The analysis implies that the BP cross-sections are always larger
than that of BDM at Rayleigh wavelength (308 nm) at 218-295 K. While at Raman wave-
length (331.8nm) BP cross-sections are lower, same and higher than the BDM ones at
temperatures below 273, at 273 and at 295 K respectively. The relative differences between
BP and BDM ozone cross-sections also show a large difference between 308 and 331.8 nm
at 218-273 K, and is nearly zero at 295 K. In the 218-273 K range the differences are all
negative at 308 nm, differing from -0.03 to -1.8%, and positive at 331.8 nm varying from
3.6 to 0.2%. The differences in the ozone number densities from two cross-sections are
analysed to find out the effect of change in cross-sections on the derived number density.
The relative ozone differences computed from the BP and BDM cross-sections at Rayleigh
and combined Rayleigh-Raman (308+331.8 nm) wavelengths are very small and are within
+2%. The differences increase from -1.6 to 1.8% from 203 to 273 K and reduce to 0.5% at
295 K.

The temperature dependence of ozone concentration is studied using CIRA-85 atmo-
spheric model at 6 different latitudes from the tropics to high latitudes, to match the
locations of NDACC lidar stations. The relative ozone differences of the two cross sections
are less than +1% below 35km at all latitudes, except -1.5% deviation at 15km in the
tropics. Above 35km the deviations increase until 45km with the maximum of 1.7% in
the tropics and minimum of 1.4% in the high latitudes. So the difference in ozone number
density due to the change in cross-sections is larger in the upper stratosphere than in the
lower stratosphere.

To account for the temperature dependence of ozone absorption cross-section, the OHP
ozone lidar time series in 1985-2010, which have been retrieved using radiosonde and CIRA
model, are recalculated using pressure and temperature profiles from NCEP making use of
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both the BP and BDM ozone cross-sections. These recalculated lidar data are further used
for the whole analysis performed in the thesis. With BP cross-sections, an average ozone
difference of 0.5% is observed above 30 km between the old (radiosonde+CIRA) and new
(NCEP) retrievals. Below 30 km the differences are less than +0.05%. The mean difference
in temperature and pressure between old and new retrievals is found to be less than +0.5%
below 30 km and less than -1.2% above 30 km. The average relative difference in OHP ozone
lidar from the BP and BDM cross-section over the period (1985-2010) is found to be within
+0.08% in 10-50 km.
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This chapter deals with the evaluation of the coherence of ground-based and satellite
measurements of the ozone vertical distribution above OHP to diagnose the signature of
ozone recovery in the northern mid-latitudes. The consistency is evaluated by the in-
tercomparison of collocated ozone profiles from various instruments with the ozone lidar
measurements, as lidar provides a long-term data record of ozone from 1985 to 2010. Both
the ozone partial columns and profile measurements, having very low and high vertical
resolutions, retrieved using entirely different techniques are used for the comparisons. The
compared data include the ground-based Umkehr and ozonesonde measurements performed
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at OHP and the satellite instruments like, SBUV(/2), SAGE II, HALOE, MLS (Microwave
Limb Sounder) on board UARS (Upper Atmosphere Research Satellite) and Aura satellites
and GOMOS (Global Ozone Monitoring by Occultation of Stars). A short description of
these data are given in Sect. 3.1. The method of analysis is presented in Sect. 3.2. The
average biases and the time series of the relative differences are described in Sects. 3.3 and
3.4 respectively. The relative drifts deduced for both the long and short-term data sets
from the comparison with lidar are discussed in Sect. 3.5.

3.1 Ozone Measurements

3.1.1 Umkehr

Umkehr observations at OHP are performed using an automated Dobson spectrophotome-
ter, measuring the ratio of transmitted zenith sky radiance at a wavelength pair in the UV
(311.5 and 332.5nm), with the former strongly and the latter weakly absorbed by ozone.
The general procedure of the Umkehr ozone retrieval is that the ozone measurements are
partitioned into 10 Umkehr layers which are divided into equal log pressure vertical inter-
vals between ~1013 and ~1hPa. It is assumed that the pressure at the top of an Umkehr
layer is half of the pressure at the adjacent bottom layer. However, layer 1 is a double
layer containing information of layers 0 and 1 (1013-250hPa). Based on averaging kernels
(AKs), Umkehr has independent ozone information in layers 4-8 while other layers are
inter-dependent and are combined to 4= (layers 0, 1, 2, 3) and 8% (layer 8 and above)
to provide useful information. We use ozone profiles retrieved with the UMKO04 algorithm
(Petropavlovskikh et al., 2005). The vertical resolution of UMKO04 is ~10km and the esti-
mated accuracy is better than 10 % for layers 4-8 (64-2hPa) (WMO, 2007). The UMKO04
algorithm was designed to produce ozone profiles optimised for monthly averaged long-
term trends. Although the Umkehr ozone profiles tend to have biases relative to other
measurements, the data are useful for studies of the long-term ozone evolution.

It should be noted that Umkehr ozone retrievals are influenced by the out-of-band (OOB)
stray light of the Dobson instrument. The stray light is defined as extraneous light that
enters the slit due to incomplete rejection of the light outside of the core-defined band-pass.
Evans et al. (2009) noted that the OOB contribution is dependent on the total ozone and
solar zenith angle. Evans et al. (2009) developed a method to reduce the OOB contribution
to the Umkehr retrievals. This OOB correction to Umkehr measurements prior to the
retrieval reduces the noise in the retrieved data (Petropavlovskikh et al., 2009). So in our
study we used both the original and the stray light corrected Umkehr data.

3.1.2 Ozonesondes

Ozonesonde measurements are characterised by a higher vertical resolution (~0.2km)
compared to other measurements. The main ozonesonde types are Brewer-Mast (BM)
(Brewer and Milford, 1960), Electrochemical Concentration Cell (ECC) (Komhyr, 1969)
and Japanese ozonesonde (KC). The measurement principle of sondes is that ambient air is
pumped into a chamber containing a potassium iodide (KI) solution, where it gets oxidised
by ozone and a current is produced. In the Japanese KC sondes, the concentration of potas-
sium bromide (KBr) is higher than that of KI and it plays an auxiliary role for the above
reaction. The amount of ozone in the air sample can be derived from the measurement of
the electron flow together with the air volume flow rate delivered by the sonde pump.
Generally, correction factor (CF) is used to screen the sonde profiles (Tiao et al., 1986).
It is the ratio of total ozone provided by a nearby column measuring instrument to the sum
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of total ozone integrated up to the burst level of sonde measurements and a residual total
ozone value evaluated above that level (Logan et al., 1999). The profiles having CF of 0.8-1.2
for ECC and KC and 0.9-1.2 for BM sondes are considered of good quality (SPARC, 1998)
and are selected in this study. ECC sonde measurements have an uncertainty of about +5—
10% and provide accurate measurements up to ~32km (Smit et al., 2007). Ozonesoundings
performed at MOHp, OHP, Tateno, Hilo and Lauder are considered here.

Recent studies have analysed the differences in ozone measurements from various types
of sondes (Johnson et al., 2002; Smit et al., 2007; Deshler et al., 2008; Stiibi et al., 2008).
These studies report that ENSCI-Z ECC sondes overestimate ozone by ~5 % below 20 km
and 5-10% above 20km as compared to SPC-6A ECC sondes, when both operate with
1% KI full buffer cathode solution. The decrease in pump efficiency at reduced pressures
is corrected by a pump CF that increases with the decrease in air pressure. It affects
predominantly the upper part of the ozone profile. In the middle stratosphere, the measured
uncertainties are larger due to inconsistent pump efficiency and increase in cathode sensor
solution concentration by evaporation. In general, sonde profiles are good up to ~32km
with an accuracy of about £5-10 % (Smit et al., 2007).

At OHP, the ozone soundings were performed by BM sondes from 1985 to 1991 and
afterwards by ECC sondes, using the standard 1% KI cathode sensor solution. In order
to avoid inhomogeneity due to different ozone sensors we consider ozone observations from
ECC sondes in 1991-2009 only. During the period the ozonesonde system at OHP has ex-
perienced a number of changes. For instance, ECC sondes manufactured by Science Pump
Corporation (SPC-5A) were flown from January 1991 to March 1997. In March 1997, they
were replaced by 1Z series ECC sondes of Environmental Science Corporation (ENSCI) and
are still in use. The acquisition system was also changed, for which the ECC sondes cou-
pled with the Vaisala RS80 radiosondes by a TMAX interface were used until 2007. Ozone
values were derived using the concept designed by KFA Julich (Ancellet and Beekmann,
1997) in 1995-2003 and the “strato” program (Vomel et al., 2002) in 2004-2007. Since
2007 Modem M2K2DC radiosondes coupled to ENSCI-Z ECC sondes by OZAMP Modem
interface board have been used. At OHP, Dobson spectrophotometer is used to calculate
the normalisation factor until 2007 and SAOZ afterwards. The residual ozone column is
computed from the measured ozone at the last altitude and the relative ozone altitude vari-
ation based on a monthly ozone climatology derived from the stratospheric ozone lidar data
from 22 to 35km and MAP85 (Middle Atmosphere Program 1985) above 35km (Ancellet
and Beekmann, 1997).

3.1.3 SBUV(/2)

The first generation of SBUV(/2) instruments was launched on the NASA (National Aero-
nautics and Space Administration) NIMBUS-7 satellite and the second on the NOAA (Na-
tional Oceanic and Atmospheric Administration) —9, 11, 14, 16, 17, 18 and 19 satellites.
The instruments make use of the nadir viewing technique for measuring ozone profiles
from the backscattered UV radiation (250-340nm). The ozone values are derived from the
ratio of the observed backscattered spectral radiance to the incoming solar spectral irradi-
ance (Bhartia et al., 1996). The instruments provide a continuous record of stratospheric
ozone measurements from November 1978 to December 2007. The vertical resolution of
version (V) 8 data is 6km near 3hPa which is degraded to ~8km near 50 hPa and the
horizontal resolution is 200 km (Bhartia et al., 2004). The latitudinal coverage of the mea-
surements is 80° S-80° N and the long-term calibration accuracy is ~3 % (DeLand et al.,
2004). SBUV(/2) measures about 35000 profiles per month (McLinden et al., 2009). The
data are provided both in VMRs on 15 pressure levels and in DU on 13 pressure layers.
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We use V 8 ozone column profiles from NIMBUS-7 (01 January 1985-30 November 1988),
NOAA-11 (01 December 1988-31 March 1995 and 15 July 1997-02 October 2000), NOAA
POST-92 (01 April 1995-14 July 1997), NOAA-16 (03 October 2000 —31 December 2002)
and NOAA-17 (01 January 2003-31 December 2007).

3.1.4 SAGEII

SAGE II, an instrument aboard Earth Radiation Budget Satellite (ERBS), has provided
long-term observations of ozone from 1984 to 2005. It uses the solar occultation technique
for measuring limb transmittance in seven channels between 385 and 1020 nm during each
sunrise and sunset. From these transmittance measurements, vertical profiles of ozone,
nitrogen dioxide, aerosol extinction and water vapour were derived by the inversion method
using the onion-peeling approach (Wang et al., 2002). It observes up to 15 sunrise and
15 sunset events each day, and the consecutive measurements are separated by 24.5° in
longitude and in small latitude bands. The 57° inclination of the ERBS orbit allows a spatial
coverage from approximately 80° S to 80° N and sampling takes about a month to progress
from one latitudinal extreme to the other. The SAGE II observations were temporarily
interrupted from July to October 2000 by an instrument failure. After November 2000,
SAGE II measured only one per orbit, either sunrise or sunset. The vertical range of the
ozone profiles is 10-50km with a vertical resolution of ~1km and a horizontal resolution
of 200 km. The ozone measurements have an accuracy of ~5 % at 20-45km and 5-10% at
1520 km. The ozone number density profiles retrieved in geometric altitudes and processed
by the V 6.2 algorithm (Wang et al., 2006) for the period 1985-2005 are used in this work.

3.1.5 HALOE

HALOE on the UARS satellite was put into orbit in September 1991, and operated for
15 years, until 2005. This is another solar occultation instrument, measuring limb trans-
mittances of ozone, HCl, HF, CH4, H,O, NO, NO,, aerosol extinction and temperature at
4 TR wavelengths (Russell et al., 1993). The limb transmittances from the 9.6 um ozone
band are used to retrieve ozone vertical profiles. The ozone profiles are derived from the ra-
tio of solar intensity measured as a function of tangent height to the exo-atmospheric signal
and are inverted by applying the onion-peeling procedure. It performs approximately 30
observations per day from both sunrise and sunset in small latitude bands separated by 24°
in longitude. The latitudinal coverage of the measurements is 80° S—80° N over the course
of one year. The vertical range of the ozone profiles is 15-60 km with a vertical resolution
of ~2km and a horizontal resolution of 500 km. Accuracy of the measured profiles is about
10% at 30-64km and ~30 % at 15km (Briihl et al., 1996). Ozone VMR profiles from V 19
for 1991-2005 are used for the comparison.

3.1.6 GOMOS

GOMOS on board the Environmental Satellite (ENVISAT) employs the stellar occultation
technique for measuring ozone in UV, visible and near IR wavelength ranges (250-950 nm).
Measurements are retrieved using the Tikhonov regularisation method (Kyrold et al., 2010).
The payload was placed in orbit in 2002 and is observing the atmosphere with a global
coverage. It executes about 100 000 occultations per year. The altitude range of dark limb
profiles is 15-100km with a vertical resolution ranging from 2km below 30km to 3km
above 40km, and a horizontal resolution of 300 km. The estimated accuracy of the ozone
profiles varies with the visual magnitude and the temperature of the star being focused at.
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It is less than 5% at 25-60 km for a star with temperature higher than 10000 K and visual
magnitude up to 2. Below 25 km the accuracy is independent of star temperature and is 3
and 10 % for stars with visual magnitudes 0 and 2 respectively. The instrument was off-line
in the beginning of 2005 due to an instrument anomaly resulting in a data gap in 2005.
Ozone profiles retrieved on dark limb are of better quality than on bright limb because
of the perturbations from background light (Hauchecorne et al., 2010). We use dark limb
profiles retrieved with the V 5 algorithm from 2002 to 2009 for this study.

3.1.7 MLS

MLS was launched on UARS in 1991 and its successor aboard Aura in 2004. These instru-
ments measure thermal emissions from rotational lines of the measured species through the
limb of the atmosphere. The 57° inclination of the UARS orbit allowed MLS to observe
from 34° on one side of the equator to 80° on the other. UARS performs a 180° yaw ma-
noeuvre at ~36 day intervals allowing it to switch the viewing geometry between northern
and southern high latitudes. Because of instrumental deterioration, the number of opera-
tional days per year decreased gradually from late 1991 to 1993. It reached about 50 % of
the initial number in 1994 and became very small from 1995 onwards, largely because of
spacecraft power-sharing constraints. The profiles retrieved from the 205 GHz ozone line
have a vertical range of 15-60 km with a resolution of ~3—-4km, and the horizontal (along-
track) resolution is 300 km. The estimated accuracy of a single profile is 6 % at 21-60 km
and 15% at 16-20km (Livesey et al., 2003). Its successor, Aura MLS, has a better spatial
coverage and horizontal and vertical resolutions. The latitudinal coverage of the measure-
ments is 82° S—82° N on a daily basis and it provides about 3500 profiles per day. Ozone
measurements retrieved from the 240 GHz ozone line have a vertical range of 12-73 km with
a vertical resolution of 2-3 km, below 65 km. The horizontal resolution is ~200 km and the
accuracy is about 5-10 % between 16 and 60 km (Froidevaux et al., 2008). The ozone VMRs
of UARS MLS V 5 in 1991-1999 and Aura MLS V 2.2 and V 3.3 in 2004—2010 are used for
the analysis.

3.2 Methodology

3.2.1 Data screening

The data are screened with respect to the uncertainties of the measurements, instrumental
artifacts and recommendations provided by the validation references. A common error
source that influences most data (except microwave) is the presence of aerosols. Almost all
ground and space-based instruments, except ozonesondes, are affected by the high aerosol
loading produced from the volcanic eruptions El Chichén (1983) and Mount Pinatubo
(1991). Since our study starts in 1985, the El Chichén volcanic eruption is not considered.
However, the measurements affected by the aerosols from Mount Pinatubo eruption are
treated with special care.

Lidar observations below 25km are almost excluded for the period 1991-1993 because
of aerosol contamination due to Mount Pinatubo volcanic eruption (Guirlet et al., 2000).
Umkehr measurements are highly sensitive to aerosols and thus the data from June 1991
to June 1993, affected by the Mount Pinatubo eruption, are omitted from the analysis as
suggested by SPARC (1998). Since SAGE II measurements are also very much affected by
aerosol loading, the filters proposed in SPARC (1998) (see Table 2.2 of SPARC, 1998) are
adopted. Since filtering is based on the pressure levels, complete removal of SAGE II data
is not needed and the filtering criteria is different in different latitude bands. For example,
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in the mid-latitudes, the ozone measurements from June 1991 to January 1992 are removed
below 14hPa (below ~30km). Similarly, data from February 1992 to June 1992, July 1992
to January 1993, February 1993 to June 1993 and July 1993 to January 1994 are eliminated
below 32, 46, 68 and 100 hPa respectively.

Product error flags are used as another screening criterion considered in our study.
Ozone profiles with flag 0 for GOMOS (from the meta data) and 0, 10, 100 and 110 for
SBUV(/2) (recommended in V 8 data quality) are selected for the analysis. As described
earlier, CF is used to screen and correct the ozonesonde profiles. It has been reported
that the ECC ozonesondes having CF between 0.8 and 1.2 are of good quality (SPARC,
1998) and are considered here. Aura MLS profiles are screened as per the criteria given by
Froidevaux et al. (2008). For example, ozone profiles with convergence <1.8 and quality
>0.4, and temperature and geopotential height fields with convergence <1.2 and quality
>0.6 are considered. Additionally, MLS data having negative precision are also eliminated
from the analysis. Moreover, negative values of ozone are excluded from the analysis for all
measurement techniques.

3.2.2 Coincidence criteria

The main objective of the study is to check the consistency of different ozone measure-
ments. It is done by comparing the collocated profiles of various ozone observations with
respect to the ozone lidar. The instruments considered for the analysis use entirely different
measurement and retrieval techniques, and have different viewing geometry. So the criteria
applied for finding coincidences differ in accordance with the measurement characteristics
to achieve reasonable sampling to derive a meaningful statistics.

Generally, the horizontal resolution of the satellite observations is about 100 times larger
than the vertical resolution. Also the zonal variation of ozone is less compared to the merid-
ional one. So the collocation criteria is relaxed longitudinally and tightened latitudinally.
That is, the spatial criteria used for extracting SBUV(/2) and UARS MLS is +2.5° latitude
and +5° longitude with respect to the location of OHP. Nonetheless, for Aura MLS, coin-
cidences are determined within the £+2° latitude and longitude bands as it provides more
collocated profiles with the lidar within the prescribed area. The occultation measurements
(SAGE II, HALOE and GOMOS) provide comparatively less sampling, so a spatial criterion
of £5° latitude and +10° longitude is considered for them. In the same way, a temporal
restriction is also applied for finding the coincidences. The profiles measured within +12h
with respect to the measurement time of lidar is used for the comparisons. Also, Umkehr
and satellite measurements yield more than one coincidence a day. In that case, the closest
one in latitude and time is used.

The spatial and temporal criteria and the number of matching events obtained for each
data set with lidar are listed in Table 3.1. Comparison periods depend on the time overlap
between the measurements from lidar and other instruments. The number of observations
in each month averaged over the period and the total number of observations in each year
retrieved from various data sets (satellite measurements are extracted around the OHP
station using the spatial criteria given in Table 3.1) are shown in Fig. 3.1. As is evident in
the Figure (top panel), the number of ozonesonde measurements does not vary seasonally
whereas it does for the other data sets. The maximum number of observations for lidar and
Umkehr are found in winter and summer respectively. Among the satellite observations,
SAGE II and HALOE provide comparatively fewer observations, with a maximum in winter
and autumn. From the bottom panel it is clear that the number of lidar measurements
increased from 1994 onwards. Umkehr provided more profiles at the beginning of the
observation period, with a maximum of 320 in 1989. Since ozonesondes are launched usually
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Table 3.1: Statistics of the comparison study: selection criteria in latitude (Lat) and longitude (Lon)
applied for the satellite measurements with respect to OHP (43.93° N, 5.71° E), time period (Year) and
the maximum number of coincident profiles obtained seasonally [Winter (January, February, and March —
JFM), Spring (April, May, and June — AMJ), Summer (July, August, and September — JAS), and Autumn
(October, November, and December — OND)]| and over the coincident periods (N) with the time difference
of £12h.

Instrument  ALat ALon Period Winter Spring Summer Autumn Total

(N) (E) (Year) (JFM) (AMJ) (JAS) (OND) N
SBUV(/2) +2.5 +5  1985-2007 227 201 225 173 826
SAGE II +5 +10  1985-2005 88 20 20 85 213
HALOE +5 +10  1991-2005 69 4 11 62 146
UARS MLS  +2.55 +5 1991-1999 53 26 39 32 150
GOMOS +2.5 +10  2002-2009 46 31 28 38 143
Aura MLS +2 +£2  2004-2009 55 42 45 49 191
ozonesondes 1991-2009 102 91 89 65 347
Umkehr 1985-2007 204 177 203 178 762

once a week, the number of measurements are fewer and are about 50 per year on average.
SAGE II observations show degradation after 1999, while HALOE provided almost constant
measurements throughout the period (e.g. Remsberg, 2009), with a slightly higher number
in 1992-1994. SBUV(/2) and Aura MLS have more profiles throughout the period. As
already mentioned, a gradual decrease in the number of observations with time is found for
UARS MLS.
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Figure 3.1: Average number of observations in each month over the respective period (top panel) and the
total number of observations per year (bottom panel) of various data sets. Left: ground-based measurements
at OHP. Right: satellite observations extracted around OHP.

3.2.3 Data conversion

The method of analysis differs slightly for each measurement technique depending on the al-
titude grid of the data. The lidar ozone retrievals are in number density (moleculescm™3) on
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geometric height (km) with a sampling resolution of 150 m. Therefore, except for SBUV(/2)
and Umkehr ozone column observations, measurements from other techniques are converted
to ozone number density to compare with the ozone lidar.

Ozonesonde measurements in partial pressure (mPa) are converted to number density,
using temperature data from sonde measurements, and are compared to that of lidar by
interpolating both data sets onto 0.15km altitude grids. Since Umkehr measurements
are in DU, the lidar profile is converted to DU and partial ozone columns are calculated
above the pressure levels from NCEP data corresponding to lidar altitudes. The resulting
partial columns are interpolated to 61 Umkehr pressure levels and the consecutive values
are subtracted to obtain the ozone profile in quarter Umkehr layers (Petropavlovskikh et al.,
2005). The ozone lidar values at pressure levels within the standard Umkehr layers are then
added to get ozone column at standard Umkehr layers, given in Table 3.2 (This is method
is provided by Irina Petropavlovskikh). As Umkehr has very low vertical resolution, lidar
profiles are smoothed using Umkehr AKs and a priori (Griesfeller et al., 2012); but this did
not make a significant difference to the annual average even though some differences are
observed in the seasonally averaged data, especially in winter and autumn with maximum
difference of 3.6 and 2.6% respectively. So in this study we compared the lidar data without
AK smoothing.

The vertical resolutions of the occultation measurements are similar to that of the
lidar. Hence, the satellite and lidar profiles are interpolated to 1km grid, the standard
vertical resolution of the occultation measurements to get the same vertical window for
comparison. HALOE ozone values measured in VMRs are converted to number density
using temperature and pressure from HALOE data. Similarly, the ozone VMR profiles
from MLS measurements are converted to number density using the corresponding MLS
temperature and pressure. Geopotential heights are taken as the geometric altitudes for
MLS as the difference between them is very small in the studied altitudes (~0.04 and
0.33km at 15 and 45 km respectively). So it hardly affects the derived ozone values even in
steep gradient regions. Comparison with both UARS and Aura MLS sensors is performed
on their original lower resolution altitude grids. For that, the higher resolution lidar profile
is integrated (trapezoidal integration) vertically within the £1.5km altitude band with
respect to the MLS altitudes. Then both data are interpolated onto an average altitude
grid calculated for the periods of MLS data.

SBUV(/2) has a very low vertical resolution compared to that of lidar. So comparison
between them is performed in two ways, by convolving lidar data with SBUV(/2) AKs and
without convolution of lidar data, using ozone in DU since SBUV(/2) a priori data are
provided in DU. The lidar profile is first converted to DU and partial columns are added
above each pressure level with respect to lidar altitudes. The resulting values are then
interpolated to the pressure levels of the SBUV(/2) ozone AKs in the former comparison
(with convolution of ozone lidar), or to the pressure levels of SBUV(/2) ozone column in the
latter comparison (without convolution of lidar) and the adjacent layers are then subtracted
to obtain partial ozone column in each layer. The convolution of lidar profiles with the AKs
is made using the Eq. 3.3, obtained by the optimal estimation method (Rodgers, 1976) and
is given below.

By the optimal estimation method, the smoothing errors associated with the retrieved
profiles can be written as

x—2,=(AK —I)(x — x,) (3.1)

where «x is the retrieved value, x, is the a prioiri information, AK is averaging kernel and I is the
identity matrix.
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Figure 3.2: Left: comparison of lidar measurements, both original and convolved using SBUV(/2) AKs
and SBUV(/2) profile on 18 September 2007 at OHP. Right: SBUV(/2) AKs used for convolving lidar data.

Then, the convolution is performed as
s =4 + AK(x — x4) (3.2)

From this, we get the equation for convolving the high resolution profiles to compare with
the low resolution profiles and is

Le(i) =3 [AK(Z’”) Lol = AN Ay + A (3.3)
- ()

where Ls =Smoothed ozone lidar in i-th pressure level, Lo = Lidar ozone in j-th pressure level,
AK = averaging kernel matrix, and A =SBUV(/2) a priori in ¢ and j pressure levels.

Figure 3.2 shows an example of the SBUV(/2) and lidar profile and the lidar profile
convolved using SBUV(/2) ozone AKs for 18 September 2007 in the left panel and SBUV(/2)
AKs in September above OHP, used for smoothing the lidar profile, in the right panel. As
illustrated in the Figure, the original lidar data differs from SBUV(/2) below 23.9 hPa, but
the smoothing with AK reduces this difference. The smoothing is done if the lidar data
reach the pressure levels where SBUV(/2) weighting functions are greater than 0.2.

In order to compare all measurements in a common scale, geometric altitudes are
preferred. Therefore, geometric altitudes corresponding to Umkehr and SBUV(/2) mid-
pressure levels are computed from the lidar profiles and are averaged over the compari-
son period (1985-2007). The pressure levels and the corresponding geometric altitudes of
SBUV(/2) and Umkehr are given in Table 3.2.

3.2.4 Data analysis

The average bias and relative drift of different long and short-term data are analysed with
respect to the ozone lidar measurements in order to ensure the consistency and the stability
of OHP ozone lidar.
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Table 3.2: SBUV(/2) pressure levels corresponding to ozone column measurements, the Umkehr pressure
layers and the approximate altitudes corresponding to the mid-pressure levels used in the study.

SBUV Pressure Mid-Pre. Altitude Umkehr Pressure Mid-Pre. Altitude
Layer limits (hPa) (hPa) (km) Layer  limits (hPa) (hPa) (km)

2 63.9-40 51.95 21 4 63-32 48 21

3 40-25.1 32.55 24 5 32-16 24 25

4 25.1-15.8 20.45 27 6 16-8 12 30

5 15.8-10 15.23 30 7 8-4 6 35

6 10-6.3 58.15 33 8 4-2 3 40

7 6.3-4 5.15 37

8 4-2.51 3.25 40

9 2.51-1.58 2.04 43

3.2.4.1 Relative difference and mean bias

The comparison is performed by finding the relative ozone difference between the compared
data sets, which is computed as

Meas(i,j) — lidar(i, 5)

AO3L(i,j) =
O3L(Za.]) lldar(zuj)

x 100 % (3.4)

where i = coincident day, j = altitude or pressure and "Meas” denotes the compared instruments
Umkehr, ozonesondes, SBUV(/2), SAGE II, HALOE, MLS and GOMOS.

The mean bias of each measurement technique is then calculated by averaging the relative
differences over the respective coincident periods with the lidar.

> AOs(i, )

AO3p(j) = ———— 3.5
The standard error of the bias is determined as
‘ a(j)
on(j) = . (3.6)
N(j)

where o(j) is the standard deviation of the relative differences and N is the total number of
profiles.

We have also analysed the data for each season and the analysis takes Winter as January,
February and March (JFM), Spring as April, May and June (AMJ), Summer as July,
August and September (JAS), and Autumn as October, November and December (OND).

3.2.4.2 Slope and its standard deviation

The time evolution of the differences is analysed to find out whether the comparisons
show any temporal changes or drifts in the ozone measurements with time. So drifts in the
measurements are found from the estimation of slopes from the monthly averaged difference
time series using simple linear regression. We considered the derived drift as significant if
the slope is greater than twice the standard deviation of the slope (95% confidence interval).
That means the error estimation is an important aspect of the drift analysis. Therefore,
the selection of the best error estimator is crucial in determining the stability of the data,
and we performed a sensitivity test to find out the best way for evaluating the uncertainty
of the slope. We used four different methods to calculate the standard deviation and are
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described below.

Firstly, we assume a straight line model, y = a + bx and chi square merit function (y?) is
calculated to see how well the model agrees with the data. Then, the standard deviation
(01) is estimated as (Press et al., 1989)

(3.7)

N (@)

where x2(j) = Z (y; — a — bx;)?, N =number of months, z=month, y = monthly relative dif-
i=1

ference, a = y-intercept, b =slope, and j = altitude or pressure level.

Secondly, the equation given by Frederick (1984) is used for finding the standard deviation

(02)a

(3.8)

where o,(j) = standard deviation of the relative differences and ¢ is the autocorrelation of the
error (¢) and is calculated as (from Hauchecorne et al., 1991)

N—1
2 k)i + 1)
0= 55— . (3.9)
(k) + <ok + 1)
k=1 2

Finally, the method adopted by Weatherhead et al. (1998) is used for computing the stan-
dard deviation (o3) for n years.

. oy(j it
o3(j) = B S (3.10)

T

njw

The standard deviations obtained from these equations and the equation chosen for the
further analyses are discussed in Sect. 3.5.1.

3.3 Vertical distribution of mean bias

The vertical distribution of average relative deviations in each season and over the pe-
riod of each data set are shown in Fig. 3.3, for the long-term (top panel) and short-term
(bottom panel) data sets. In general, comparisons of various observations with the lidar
measurements exhibit smaller differences, within +5%, at 20-40km and somewhat higher
differences outside this range. Below 20 km the atmospheric variability is larger and the ac-
curacy and precision of ozone measurements are lower. Above 40 km, we have seen that the
signal-to-noise ratio and precision of lidar measurements are lower. This larger uncertainty
of lidar profiles induces relatively larger deviations above 40km. This is also reflected in
the comparison between mean and median. Both give similar results at 20-40 km while the
median deviates from the mean below 20 and above 40 km.
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Figure 3.3: Vertical distribution of average relative differences of the coincident ozone measurements of
various observations with lidar. Top panel: instruments with more than 10 years of data. Bottom panel:
instruments with less than 10 years of data. The dotted vertical lines represent —10, 0, and 10 % and
the error bars correspond to twice the standard error. Approximate pressure levels corresponding to the
geometric altitudes are also shown on the right axes.

3.3.1 Long-term data sets

On average, SAGE II, SBUV(/2) and ozonesondes provide similar results up to 30 km even
though ozonesondes show a bias of about —6% around 17-19 km, which will be discussed
in detail in Sect. 3.4.2. Up to 30km, HALOE yields larger negative deviations compared
to SAGE II, consistent with the results of Nazaryan et al. (2007) and Froidevaux et al.
(2008), who also noted lower HALOE ozone values as compared to SAGE II at these
altitudes. Above 30km, SAGE II and HALOE exhibit positive deviations while SBUV(/2)
gives mostly negative deviations. SAGE II shows an excellent agreement of +£1% with the
lidar in the 17-41km range. Ozonesondes and SBUV(/2) also provide +1% difference at
20-30 km. Umkehr stands out with slightly larger negative deviations. The best agreement
is found at 16-8 hPa with near zero bias.

To find out which instrument agrees best with the lidar, root mean square (RMS)
difference is evaluated vertically from the average biases as

RMS = (3.11)

where n is the number of altitudes. The altitude levels are 15-45km for SAGE II and HALOE;
15-33km for ozonesondes; 20-45 km for SBUV(/2) and 20-40 km for Umkehr . In terms of RMS,
SAGE IT and Umkehr provide the lowest (2.1%) and the highest (8.4%) value respectively.
HALOE, SBUV(/2) and ozonesondes give RMS value of 2.7, 3 and 2.5% respectively.
Seasonally, the differences are smaller in absolute scales in autumn and winter for all
measurements except for Umkehr at 63-32 and 4-2hPa, and for SBUV(/2) around 40km
in winter. Larger biases are observed for SAGE II and HALOE in spring and summer.
This is due to their limited sampling in the northern mid-latitudes during these seasons.
For example, only one profile among the 4 coincidences of HALOE with lidar in spring
reached up to 45 km. Hence, the relative differences over the period are mainly weighted by
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the winter and autumn sampling for HALOE and SAGE II. Ozonesondes do not show any
seasonal dependence, whereas Umkehr shows a positive deviation at 16-8 hPa in winter.
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Figure 3.4: Left: Average bias between SBUV(/2) and lidar (with and without convolution using AKs
and a priori). The number of analysed profiles with and without convolution are also provided in respective
colours. Middle: Average relative deviation of ozone from lidar and ozonesondes, with and without multi-
plying by correction factor. Right: Average bias from the comparison of lidar with the original and stray
light corrected Umkehr. The error bars represent twice the standard error. The dashed line represents 0%
and the dotted lines represent -10 and 10%.

In addition to these results, the differences achieved from the two kinds of comparisons
for SBUV(/2), ozonesondes and Umkehr are also presented in Fig. 3.4. The left panel
shows the average bias obtained for the comparison between SBUV(/2) and lidar, both
convolved and non-convolved, over the period (1985-2007). It is evident that the average
bias with the convolved lidar is smoother than that with the non-convolved lidar. The
error bars below 2.51 hPa are very small because of the large number of coincident profiles
between the convolved and non-convolved lidar. The results are quite similar except at 2.51
and 1.58 hPa. This difference can be due to the low number of matching events with the
convolved lidar, because of the selection criterion using the SBUV(/2) weighting functions
as discussed in Sect. 3.2.3. i.e. the smoothing reduces the number of coincident profiles
particularly in the upper range.

For ozonesondes, we investigated the impact of multiplying sonde profiles with the CF
(as noted in Sect. 3.1.2). The average deviation computed with and without multiplying by
the CF for the period 1991-2009 are shown in Fig. 3.4 (middle panel). The multiplication
by CF yields smaller differences in the 15-33 km range and the differences are very close
to zero around 16 km and in 21-31km. These results show that the quality of the sonde
profiles, as evaluated by the lidar measurements, is improved when the CF is applied.

Similarly, the relative difference between the stray light corrected Umkehr (as described
in Sect. 3.1.1) and the ozone lidar is calculated and is compared with that between the
original Umkehr and lidar. The result is shown in the right panel of Fig. 3.4. Both data
show a similar bias at 20 km and non-corrected Umkehr data exhibit smaller bias (nearly
0%) at 30km. However, the stray light correction to the Umkehr data reduced the biases
to a large extent, by about 6%, at 84 (~35km) and 4-2hPa (~40km).
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3.3.2 Short-term data sets

Figure 3.3 (lower panel) shows the average relative differences calculated for the short-
term data in their respective periods. Aura MLS shows small variations, within +2% at
19-38km, and it systematically underestimates ozone lidar below 20 and above 38 km.
Compared to Aura MLS, UARS MLS exhibits slightly higher bias, with positive differences
at 16-40km throughout the period except in autumn above 28km. Livesey et al. (2003)
compared UARS MLS ozone with SAGE II, ozonesondes and lidar data, and found positive
deviations in most cases, matching our results. A small positive bias is estimated for Aura
MLS in the lower stratosphere when compared with SAGE II, HALOE (Froidevaux et al.,
2008) and ozonesondes (Jiang et al., 2007). In contrast, in agreement with our results, the
comparison of Aura MLS with the ground-based microwave radiometer (Boyd et al., 2007)
and lidar (Jiang et al., 2007) data do not exhibit a positive bias in the lower stratosphere.

GOMOS observations show smaller biases with lidar measurements at 28-40 km when
averaged over the period. Below 28 km, negative differences are found down to 18 km and
positive ones in the range 15-17km. Above 40 km, lidar overestimates ozone as compared
to GOMOS. Seasonal differences in winter and autumn are very similar to the whole period
averages except above 40km in winter. In spring, the negative bias of GOMOS data is
more pronounced in the lower and upper stratosphere. In summer, discrepancies are larger
but the comparison is performed on very few collocated measurements, 28 in total over the
period. In order to check our results with those of other studies, we compared lidar and
GOMOS ozone using a spatial criterion of 800 km and a temporal criterion of £20h, similar
to the criteria set in Gijsel et al. (2009), which yielded very similar results.

3.4 Temporal evolution

Relative differences with respect to time are analysed for each measurement technique at
reference altitudes 18, 21, 25, 30, 35 and 40 km by averaging ozone over a range of +2km,
with respect to the reference altitudes, in order to provide relatively smooth time series
of ozone measurements and also to homogenise different data sets for the comparisons.
Monthly average results are shown with black dots and daily values are with Grey dots in
the background. The monthly average data show smaller differences than the daily ones
and hence the analysis focuses on the former. In general, monthly deviations are larger if
there is only one or a small number of collocated events.

3.4.1 Comparison of Umkehr with lidar

Figure 3.5 presents the comparison of Umkehr ozone, both the original (left panel) and
the stray light corrected (right panel) with that of lidar for 1985-2007. The comparison is
based on Umkehr pressure layers instead of geometric altitudes. Both comparisons show
similar results at 63-32hPa (~21km), 32-16 hPa (~25km) and at 16-8 hPa (~30km) and
the differences are larger prior to 1994 in the two comparisons. The analysis presents its
best agreement at 32-16 and 16-8 hPa until 2005, where deviations are within +5%. At
63-32hPa and 8-4hPa (~35km), the relative differences are around +10% and slightly
larger at 4-2hPa (~40km). At 84 and 4-2hPa the comparison with the original Umkehr
ozone shows large negative biases. This higher negative differences is likely be due to the
lower ozone values of Umkehr caused by the internal scattered light problems of the Dobson
spectrometer. It is mostly rectified by applying a stray light correction to the Umkehr data
as seen in the right panel.
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Figure 3.5: Comparison of lidar with the original (left panel) and stray light corrected (right panel) Umkehr
ozone. The Grey and black circles represent the daily and monthly averaged differences respectively. The
dashed horizontal lines represent 0% and the dotted vertical lines represent year 1990, 1995, 2000, and
2005.
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3.4.2 Comparison of ozonesondes with lidar
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Figure 3.6: Same as Fig. 3.5, but for ozonesondes, multiplied by CF (left panel) and without multiplying
by CF (right panel).

Figure 3.6 displays the relative differences between ozonesondes and lidar data in 1991—
2009. The left panel shows the comparison made by multiplying CF to the sonde profiles.
For understanding the effect of multiplying correction factor, we analysed the sonde pro-
files without multiplying using correction factor, which is shown in the right panel. The
comparison made by the multiplication of CF shows small deviations than that without the
multiplication of CF and a good agreement of +5% is found at 19-23, 23-27 and 28-32 km.
All altitudes exhibit a similar behaviour in that the differences decrease until 1997 and
stabilises afterwards up to 2006, and then starts to increase. The decrease in 1997 is not
observed in the right panel, which indicates that this change can be due to a relatively
higher value of the CF in 1995-1997, which on multiplication with the ozone gives rise to
high ozone values. However, the positive bias after 2007 is found in the two comparisons.
So it could be in part due to the change in ozone receiving system from Vaisala to Mo-
dem or from the differences originated from the changes in the systems and methods used
for deriving the ozone as described in Sect. 3.1.2. These results pinpoint the need of a
homogenised data for ozone trend evaluation.

In terms of altitudes, the comparison shows slight negative biases at 16-20 and 19—
23km compared to other altitudes. The average lidar ozone is about 4.6% larger than
that of sondes in the 16-23 km range, which is similar to the results of Godin-Beekmann
et al. (2003), who compared average ozone lidar concentration to that of sondes at 450—
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500K (~16-20km) in 1994-2000. Additionally, a similar insignificant bias was noted when
ozone lidar was compared to ECC sondes and SAGE II ozone at 16-19km in 1985-2000
too (Godin-Beekmann et al., 2004). Further, Nardi et al. (2008) show comparatively larger
negative bias around 100hPa, when OHP ozone lidar was compared to HIRDLS (High
Resolution Dynamics Limb Sounder) ozone and are not significant.

3.4.3 Comparison of SAGE II and HALOE with lidar
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Figure 3.7: Same as Fig. 3.5, but for SAGE II (left panel) and HALOE (right panel) with lidar.

Figure 3.7 (left panel) represents the comparison of SAGE II with ozone lidar in 1985—
2005. The best agreement between the data sets is seen at 19-23 and 23-27 km, where
deviations are less than +5%. At 28-32 and 33-37km the differences are within +10%
and, at 16-20 and 38-42km they exceed +£10%. The differences are in general larger prior
to 1994 because of the lower quality of lidar data and the fewer number of matching events.

Figure 3.7 (right panel) shows the relative deviations of HALOE against ozone lidar
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from 1991 to 2005. The deviations are mostly within 5% at all altitudes while they exceed
+10% at 16-20 and 3842 km. HALOE provided fewer collocations when compared to other
longer data sets. Not even a single matching event is obtained in the lower stratosphere
before 1994 after filtering the data following the Mount Pinatubo volcanic eruption.

3.4.4 Comparison of SBUV(/2) with lidar
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Figure 3.8: Same as Fig. 3.5, but for SBUV(/2) with lidar, both convolved using SBUV(/2) AKs (left
panel) and the non-convolved (right panel).

Figure 3.8 (left panel) displays the time series of comparison between SBUV(/2) and
convolved ozone lidar in 1985-2007 and the right panel shows the same but with the non-
convolved lidar. It is clear that the AK smoothing results in a comparatively lower biases
and are less noisy too on a day to day basis. An excellent agreement within +4% is found
at 40-25.1hPa (~23km) and 25.1-15.8 hPa (~26km). At 15.8-10hPa (~29km) and 6.3
4hPa (~35km) the differences lie within +5 and +10% respectively, except for a few points
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prior to 1994. At these altitudes the deviations decrease from 1995 to 1997 followed by
an increase until 2003, and again a decrease afterwards. A similar result is also shown by
Terao and Logan (2007) when SBUV(/2) data are compared with ozonesondes. A sudden
increase, from -0.2 to 6%, is observed at 15.8-10 hPa in 2000-2001 and also at 6.3—4 and
4-2.51hPa (~39km) to a lesser extent.

To closely examine the increase in 2001 found at 15.8-10 hPa, SBUV(/2) ozone column
profiles were compared to all OHP Umkehr data and SAGE II measurements extracted
above OHP. To perform the comparisons, the Umkehr ozone columns were interpolated
to SBUV(/2) pressure levels and, SAGE II ozone number density profiles are analysed as
discussed previously for SBUV(/2)-lidar (non-convolved) comparison. Relative differences
were determined at the SBUV(/2) pressure levels as

Meas(i,j) — SBUV(/2)(3,5)
SBUV(/2)(i, )

x 100% (3.12)

AO3550y (4,5) =
where i = coincident day, j = pressure, and “Meas” represents Umkehr, lidar and SAGE II.

The compared results were smoothed by 3-month running average and are presented in
Fig. 3.9. Relative differences of SBUV(/2) with SAGE II and lidar show similar behaviour,
whereas Umkehr gives negative differences consistently. In 2001-2002, all data sets exhibit
larger negative deviations compared to other years. In this study, we use SBUV/NOAA-
16 data from October 2000 to December 2002. The aforesaid deviations can be due to
the comparatively larger ozone values of SBUV/NOAA-16 as discussed in Nazaryan and
McCormick (2005), who compared SBUV/2 with SAGE II, in Fioletov et al. (2006), who
analysed SBUV(/2) with Umkehr, SAGE IT and ozonesondes, and in Nazaryan et al. (2007),
who compared SBUV/2 with HALOE. It should be noted, however, that the Dobson in-
strument at OHP was struck by lightning in 1999 and 2002, and these events have affected
the quality of Umkehr data thereafter.
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Figure 3.9: Monthly averaged differences of SBUV(/2) with lidar, SAGE II and Umkehr at 15.8-10 hPa.
The dashed line represents 0% and the dotted lines represent year 1990, 1995, 2000, and 2005. Data are
smoothed by 3 month running mean.

3.4.5 Comparison of MLS and GOMOS with lidar

Figure 3.10 shows the comparison of ozone lidar with the shorter data sets MLS (left panel)
and GOMOS (right panel). UARS MLS shows its best agreement with the lidar in 23-27
and 28-32 km with differences of £10%. Differences are somewhat higher at other altitudes.



58 Chapter 3. Stability of ozone measurements at OHP

As the valid pressure range of UARS MLS is 100-0.22 hPa, we obtained only a few number
of matching events at 16-20km. Aura MLS produced smaller differences (£5%) at all
altitudes except at 16-20 and 38-42km where differences reach +£10%. GOMOS exhibits
small deviations of £5% from 2002 to 2005 at all altitudes. After 2005, the differences are
a little higher, of the order of £10% at 23-27, 28-32, 33-37 and 38-42km and about +15%
at 16-20 and 19-23km. This higher differences after 2005 can be due to the degradation
of GOMOS data caused by the increase of the detector noise Tamminen et al. (2010).
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Figure 3.10: Same as Fig. 3.5, but for MLS on UARS and Aura satellites (left panel) and GOMOS (right
panel). The period of observations of UARS MLS and Aura MLS are shown with respective colour shades,
as for Fig. 3.1.

3.5 Drift in ozone differences

In order to evaluate possible drifts between various data sets and the lidar observations,
a simple linear regression was computed from the monthly averaged time series of ozone
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relative differences. Although some time series show non-linear variation as a function of
time (e.g. in the case of SBUV(/2) at 15.8-10hPa or ozone soundings), linear regression
provides a simple way to check the drifts in various observational records.

3.5.1 Sensitivity of standard deviations

As stated earlier, different methods are available to find out the standard deviation of the
slope. So in order to find out the best one, we took the commonly used Eqgs. 3.7, 3.8 and 3.10
and are applied to the time series of the monthly averaged relative differences. Figure 3.11
shows an example of the relative drift and the standard deviations calculated from those
equations for the comparison of HALOE with lidar. We can see that Eqs. 3.7 and 3.8 show
only slight differences. In contrast, Eq. 3.10 yields smaller values, which could be due to
the fact that it considers regular time sampling, which is not the case for the studied data
set. So in our study we took Eq. 3.7 since it is well documented and widely used. The
chosen standard deviation is then applied to all data sets for finding the significant drifts
and are described in the following section.

3.5.2 Significance of the drifts in terms of the chosen standard
deviation

Due to the reduced sampling of lidar measurements in the earlier period, the number of
coincidences is smaller prior to 1994. After 1994 the number of lidar profiles increased due
to the upgrade of the experimental set up and improved observational capacity at OHP.
Therefore, linear regressions are evaluated over the respective period of each data set in
1985-2009 and 1994-2009. The starting (e.g. 1985 or 1994) and ending (2009) year of
the analyses depend on the availability of the observations. Results of both calculations
for the long-term data are displayed separately in Fig. 3.12 (left and middle panels). As
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shown in the Figure, no striking difference is found by separating both periods, except
for SAGE II and Umkehr above 35km, with smaller drifts in 1994-2009. Also SAGE II
exhibits larger drifts at 18-20km in 1994-2005 as compared to that in 1985-2005. As for
the average biases, the slopes are generally larger below 20 and above 40 km and are less
than £0.5% yr~! in the 20-40km range. The drifts estimated for the specific altitudes are
summarised in Table 3.3.
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Figure 3.12: Vertical distribution of the slopes calculated from monthly mean of the relative differences
of long-term (left and middle panels) and short-term (right panel) data sets with lidar data. The slopes are
estimated in two periods, in 1985-2009 and 1994-2009, for the long-term data. The beginning (e.g. 1985,
1994, 2002 and 2004) and ending (2009) year of the analyses depend on the availability of the respective
observations during the period. The dashed vertical line represents 0 % yr—' and the error bars represent
twice the standard deviation of the slope. Approximate pressure levels corresponding to the geometric
altitudes are also shown on the right axis.

In the case of SBUV(/2), a significant drift of ~ 40.2% yr—! with respect to lidar is esti-
mated at 25.1-15.8 and 6.3—4 hPa in 1985-2007 and at 40-25.1, 25.1-15.8 and 15.8-10hPa
in 1994-2007. At 6.3-4hPa, larger deviations are found in the early 1990s, which could
explain the significant slope calculated over the period. The shifts found at this pressure
level and at 15.8-10 hPa in 2001 (Fig. 3.8) point out the inadequacy of using a simple linear
regression over successive SBUV(/2) records at some pressure levels. SAGE II exhibits a
significant slope of —0.59% yr—! at 19-23km in 1994-2005 due to positive differences in
1994-1996 followed by negative ones in 2004-2005. Umkehr observations also show sig-
nificant drift of —0.3% yr~! with respect to lidar at 16-8 and 8-4hPa in 1985-2007 and
1994-2007. At 4-2hPa, a relative drift of —0.53% yr—! is detected in 1985-2007. At these
levels the relative differences have higher positive values at the beginning of the periods
and higher negative values at the end of the period, which result in significant slopes over
these periods. HALOE shows somewhat larger slopes than other measurement records at
20-25km, but due to larger error bars the relative drifts are not significant.

A significant slope of —0.33% yr—! is estimated for ozonesonde - lidar comparison at
30km in both periods, which can be due to the reduced accuracy of ozonesonde data at
this altitude. The slopes are less than +0.6% yr—! at 15-33km in these periods. Further,
relative drifts were also estimated for two other periods (1994-2001 and 2002-2009) to
test the negative deviations found at 16-20 km in 1994-2006. Negative and positive slopes
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were computed from 16 to 29km in 1994-2001 and 2002—-2009 respectively, but were less
than +1.5% yr~! at 21-33km in both periods. At 16-20km, the slopes were more nega-
tive in 1994-2001 and more positive in 2002-2009, with maximum of —3.1 and 2.8% yr—!
respectively.

Our drift estimates are in generally good agreement with those found in other stud-
ies. In this work, SBUV(/2)-lidar, Umkehr-lidar, sondes-lidar, SAGE II-lidar, HALOE-
lidar, GOMOS-lidar and Aura MLS-lidar comparisons provide slopes generally less than
+0.5% yr~! in the 20-40km range and are larger beyond this range. The study by Nazaryan
and McCormick (2005) mentions slopes of less than 0.5 and 3% yr—! for the time series of
SAGE II with SBUV/2 data sets NOAA-11 and NOAA-16 respectively, in the 20-50 km
range. Similarly, the slopes of HALOE with NOAA-11 and NOAA-16 are less than 1 and
2% yr~—1 respectively (Nazaryan et al., 2007), consistent with our results. Cunnold et al.
(2000) also studied instrumental drifts for different measurement techniques. They show
SBUV-SAGE 1I slopes of less than +0.5% yr~! at 20-40 km and around 1.5% yr—! at 45 km
in the 1984-1989 period at northern mid-latitudes. In 1989-1994, SBUV /2-SAGE II slopes
are around 1% yr~! at 25-45km and are very small at 20 km. UARS MLS-SAGE and UARS
MLS-HALOE provide slopes of around +1% yr~! at 25-45km in 1991-1996. Similarly, our
results are similar to those found in SPARC (1998), for lidar-SAGE II comparison at OHP.

The drifts of the short-term data sets GOMOS and Aura MLS are also estimated with
respect to lidar measurements in 2002—2009 and 2004—2009, respectively, and are shown in
Fig. 3.12 (right panel). GOMOS shows small drifts less than £1%yr—! between 24 and
37km and of about 1.6 to £6% yr—! outside this range. Aura MLS exhibits smaller drifts
than those of GOMOS, ranging from +0.01 to +0.7% yr—! at 15-42km. As mentioned in
Sect. 4.1.2, the degradation of the GOMOS data after 2005 could play a role in contributing
large drifts. GOMOS provides relatively fewer number of coincidences with the lidar and
that results in high variability in the monthly averages, and hence, larger drifts on a short
period. The estimated drifts are not significant for Aura MLS at any altitude, whereas
significant drifts of the order of -1.86, -1.67 and -6% yr—! are estimated for GOMOS at 21,
22 and 43 km respectively.

Thus, our analyses of the long-term evolution and drifts of ozone for various techniques
are in good agreement with ozone trend studies for the northern mid-latitudes, although
no other works evaluates drifts for more than 15 years using a variety of measurements,
as performed in this study. Also, the short-term data with relative drifts comparable to
those of the long-term data can be considered as an asset for their use in future ozone trend
studies.



Table 3.3: The slope (S) and twice its standard deviation (o) deduced from the monthly averages of the relative differences (%) at selected altitude levels for the periods
1985-2009 (Sg509) and 1994-2009 (S9409). The two periods are chosen because of the upgradation of OHP lidar in 1993. Umkehr and SBUV(/2) are given on pressure

levels.
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63.1-40 hPa 40-25.1hPa 25.1-15.8 hPa 15.8-10hPa 6.31-4hPa ‘ 4-2.51hPa

SBUV(/2) 0.17+0.21 0.15+0.26 —0.11+0.12  —0.24+0.14 —0.16 +0.11 —0.28+0.15 —0.02+£0.14 0.18 £0.16 —-0.35+0.19 —0.194+0.19 0.45+0.54 0.39+0.91
63-32hPa 32-16 hPa 16-8 hPa 8-4hPa 4-2hPa

Umbkehr | 008027 0274037 ] 002£017  —0.0940.28 | —0.214£0.15 —048+022 | —031+018 —0.27£0.25 | —0.53£0.32  —0.1740.42
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3.6 Summary

The homogeneity of various observational records of the stratospheric ozone vertical distri-
bution at OHP is analysed by comparing lidar measurements with ECC ozonesondes and
Umkehr measurements at OHP and with SBUV(/2), SAGE II, HALOE, UARS MLS, Aura
MLS and GOMOS satellite observations, extracted above the station. The comparison of
collocated ozone measurements helps to quantify the errors associated with each measure-
ment system. The comparisons show generally the best agreement in the 20-40 km altitude
range with average deviations within £5%. The differences are larger below 20km due
to large atmospheric variability and also because of the lower accuracy and precision of
the satellite measurements and above 40 km, because of the lower precision of ozone lidar
measurements. Umkehr data show larger negative deviations as compared to other mea-
surements, especially at 63-32 and 4-2hPa. SBUV(/2) observations display a shift around
2001 at 15.8-10hPa and to a lesser extent at 6.3—4 and 4-2.51 hPa. SAGE II and HALOE
provide relatively less sampling at OHP in spring and summer. The best agreement with
the lidar data is found for SAGE II with an RMS difference of 2.1% in the 1545 km range,
as compared to the other long-term data sets. The temporal evolution of ozonesondes—lidar
comparison shows differences originated from the changes in the ozone receiving system,
ozone column data used for normalising the sonde profiles and from the ozone deriving
methods. Hence, a homogenised data are needed for the better evaluation of ozone trends.
Shorter observational records such as UARS MLS, Aura MLS and GOMOS were also anal-
ysed to check their measurement consistency. UARS MLS displays positive biases and are
relatively larger compared to Aura MLS. Aura MLS shows good agreement with the lidar at
20-40 km, but negative deviations above 40 km, with GOMOS also showing such a tendency
during some seasons. GOMOS compares well with the lidar at 28—40 km.

Linear regressions were computed on the monthly average difference data sets in order
to detect possible drifts with respect to the lidar measurements. Collectively, drifts are
generally within £0.5% yr~! at 20-40km in both analysed periods (1985-2009 and 1994
2009), and are generally not significant at the 20 level. Aura MLS yields very small and
non-significant drifts (£0.01-0.7% yr~!) at 15-42 km with the lidar, comparable to those of
the long-term data sets. Hence, the tested observational records should generally allow for
analyses of the long-term evolution.
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To understand the long-term ozone changes or the ozone recovery due to ODS changes,
a set of stable ozone measurements spanning over a few decades are necessary. In the
case of ozone profile measuring instruments, it is difficult to homogenise different data sets
because of the varied vertical resolutions and the differences in retrieving data, particularly
in the lower stratosphere, where most instruments provide less accurate measurements.
Furthermore, the lack of highly resolved ozone vertical observations over several decades is
another issue because SAGE II and HALOE stopped their service in 2005. Also these data
sets show degradation from 2000 onwards and the succeeding satellites were operational
since 2002 only. To this end, no studies have assessed the validity of a combined time series
of terminated and new satellite measurements and no studies have performed the evaluation
of stratospheric ozone trends using such a long-term combined data set.

Based on these aspects, this chapter in line with the previous chapter assesses the
stability of ozone lidar measurements at various NDACC lidar stations by comparing the
lidar measurements with available ozonesondes and satellite measurements at the station.
The focus is made on the ozone lidars, which are having more than 10 years of continuous
observations. Apart from the lidar and satellite ozone comparisons, various satellite-satellite
ozone comparisons are also performed to discuss the relative drifts and stability of the lidar
measurements.

This chapter is organised in the following way: The data description of ozonesondes
at different stations is followed by the methodology used for the analyses in Sect. 4.2.
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Sect. 4.3 and 4.4 discuss the average biases, the stability evaluation of ozone measurements
using relative drifts respectively. The temporal evolution of the combination of older and
newer satellite data sets and the drifts derived from the combined data are presented in
Sect. 4.5. Section 4.6 summarises the main findings from the study.

4.1 Ozonesonde measurements

In addition to the data sets described in Chapter 3, ozonesonde measurements performed
at MOHp, Tateno, Hilo and Lauder are also utilised here. BM sondes manufactured by the
Mast Keystone Corporation, have been used at MOHp since 1967 (Steinbrecht et al., 1998).
They employ a bubbler consisting of an electrochemical cell filled with 0.1% buffered KI
solution in which cathode and anode wires are immersed in. The accuracy of BM sondes
is better than 5% in the stratosphere. The radiosonde type has been changed from VIZ to
Vaisala RS80 in 1996. Ozone profiles (1987-2011) normalised by a total column data are
used in this study.

The KC type ozonesondes, manufactured by Meisei Electric Company, are used at
Tateno (hereafter termed as Tsukuba ozonesondes) from 1968 to November 2009 and ECC
sondes afterwards. The KC68, KC79 and KC96 were used in 1968-1979, 1979-1997 and
from mid-1997 to 2009, respectively. They are based on a carbon-iodine ozone sensor, an
electrochemical cell containing platinum gauze as cathode and carbon as anode immersed in
an aqueous neutral KI/KBr solution (Fujimoto et al., 1996). In 1979, the double-chambered
electrochemical cell is modified to a single cell. The KC sondes are normalised to a total
column data and are used here for the period 1988-2009.

ECC sondes made by SPC-4A; 5A and 6A and ENSCI 1Z and 27 models have been
used for measuring ozone at Hilo in 1991-2010. These are connected to Vaisala RS-80-15
type radiosondes using the interface boards En-Sci V2C for all 27 sondes, TMAX for all 5A,
6A and 1Z sondes and an analog data system for 4A sondes. The data acquisition is made
using the Strato version (V) 7.2 program. The cathode sensor solution has been switched
from 1% KI buffered to 2% KI unbuffered in 1998 and is again changed to 1% KI buffered
in 2005. The integrated ozone column is compared to that of Dobson, but normalisation is
not performed (McPeters et al., 1999). In our analysis the correction factor is calculated
from the ratio of the Dobson ozone column to the sonde ozone column provided in the data
files. Hereafter, Hilo ozonesondes are referred to as the ozonesondes at MLO.

At Lauder, ECC ozonesondes with 1% KI cathode solution concentration have been
flown from 1986 to 1996 and using 0.5% KI from 1996 to the present. SPC-4A, 5A and 6A
series of sondes were used in 1986-1989, 1990-1994 and 1995-1996, respectively, followed by
ENSCI-1Z. The VIZ radiosonde was used until 1989 and then Vaisala RS80, coupled with
a TMAX interface. Here ozonesonde data are not normalised with a total ozone column
data, but the data from the sondes containing 1% solution are multiplied by 0.9743 to
make them on the Dobson column measurement on the BP scale because the BP cross
sections affect the Dobson data on which ozonesonde calibrations are based (Bodeker et al.,
1998). Corrections are applied to the ozonesonde values above 200hPa to account for
pump efficiency degradation. The integrated ozone profile is compared to the total column
of ozone measured by Dobson spectrophotometer at Lauder and the uncertainty is typically
less than 5%. Ozonesonde measurements from 1986 to 2009 are analysed here.
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Table 4.1: Various NDACC lidar stations, their locations and the period of observations of lidar and the
analysis period of ozonesondes used in this study are given. The satellite data sets utilised for the study
and their observational periods are also noted.

Station Location Period Instrument Period
Lat Lon Lidar ozonesondes
MOHp 47.8 N 11.0 E | 1987-2011 19872011 SBUV(/2) 1984-2007
OHP 439 N 5.7 E | 1985-2010  1991-2010 SAGE II 1984-2005
Tsukuba | 36.0 N 140.0 E | 1988-2010  1988-2009 HALOE 1991-2005
TMF 345N 117.7 W | 19882011 - UARS MLS  1991-1999
MLO 19.5 N  155.6 W | 1993-2011 19932010 Aura MLS 20042011
Lauder 45.0 S  169.7 E | 1994-2011 19942009

4.2 Data analysis

The average bias and relative drift of different long and short-term data sets are analysed
with respect to the ozone lidar measurements in order to evaluate their consistency and
stability. The lidar stations, the respective locations and other observations considered
for the analysis are listed in Table 4.1. The spatial criteria used for extracting satellite
data at all stations are the same as used for the extraction above OHP, as described in
Chapter 3 except that Aura MLS has been extracted in £2.5° latitude and +5° longitude
bands with respect to the location of each station. The coincidence criteria is also the same
as mentioned in Chapter 3.

Figure 4.1 displays the total number of measurements of all observational techniques at
the lidar stations and the number of coincidences obtained by all data sets from different
comparisons. The panel (a) shows the total number of ozone profiles measured by each ob-
servation technique above the stations. Regarding the ground-based measurements, around
2000 lidar profiles are available at MOHp, OHP, TMF and MLO for the analysis. Tsukuba
and Lauder lidar measured nearly 600 and 1000 profiles respectively. The number of sonde
measurements are larger at MOHp (~3000) compared to those of OHP (870), MLO (860)
and Lauder (1500).

Among the satellites, SBUV(/2) and Aura MLS provide the maximum number of mea-
surements (~8000) during their observational period of 22 and 8 years respectively. They
measure nearly the same number of profiles at all regions irrespective of latitudes. On the
other hand, UARS MLS, SAGE II and HALOE show a clear latitudinal dependence with
fewer observations by SAGE II and HALOE at all stations. SAGE II and HALOE take
more observations above 40° latitude on both hemispheres (e.g. MOHp, OHP and Lauder)
and less measurements at other stations. On the contrary, UARS MLS yield more profiles
at stations situated below 37° latitude (e.g. Tsukuba, TMF and MLO) and less profiles at
other stations. Generally, UARS MLS provides more measurements between 34°S to 34°N
because of its yaw manoeuvres. The panel (b) of the Fig. 4.1 illustrates the total number
of measurements when considering only one measurement per day.

The analysis is performed using the coincident ozone profiles of various data sets. Coin-
cidences are determined using spatial grids similar to those applied for the data extraction
mentioned previously, with a time difference of £12h. In order to get a clear idea about
the bias and drift of various time series, four different types of comparisons are performed
at each station. First various data sets are compared to the lidar measurements and then
the same data sets including the lidar ones are compared to each long-term satellite record
(e.g. SBUV(/2), SAGE II and HALOE). Comparison with respect to MLS as reference is
not considered due to its relatively shorter time period. The number of collocations ob-
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Figure 4.1: Total number of profiles of all data sets at various stations (panel (a), the total number
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tained for each data from these comparisons are presented in the lower panels of Fig. 4.1.
The panel (c) shows the total number of coincidences of all measurement techniques with
respect to the ozone lidar. Among the lidars, the Tsukuba lidar provides the fewest coin-
cidences due to its comparatively lower measurement frequency. Compared to the stations
above 40° N/S, Lauder lidar provides fewer collocations since it has started operation in
1994, about 8 years after the MOHp and OHP lidars. The panels (d), (e) and (f) of Fig. 4.1
display the number of collocated profiles of the long-term measurements with respect to
SBUV(/2), SAGE II and HALOE, respectively. As expected HALOE and SBUV(/2) pro-
vide the lowest and the highest number of collocated profiles, respectively with respect to
all other measurement techniques.

4.2.1 Relative difference and mean bias

In order to quantify the bias of various data records with respect to lidar, the difference
time series are computed. As the observing period of lidars is different for various stations,
the period of comparisons also differ. The comparison periods of ozonesondes depends on
the availability of both lidar and sonde data at the station. In the case of comparison with
the lidar, the difference between collocated measurements are computed as in Eq. 3.4. The
mean bias and the standard error are calculated as in Eq. 3.5 and Eq. 3.6, respectively.

The estimation of drifts of satellite data requires an evaluation of the stability of the
reference measurements, the lidars, in this study. The stability of lidar data is analysed by
comparing lidar ozone with SBUV(/2), SAGE II, HALOE and ozonesondes as references
and by estimating their relative drifts. To compare the drift of lidar measurements with
those of other long-term data, SBUV(/2), SAGE II and HALOE data are compared with
each other (taking each of them as the reference) in a similar way. For instance, the
comparison with SBUV(/2) as the reference is performed as

Meas(i,j) — SBUV(/2)(i,7)
SBUV(/2)(i,j)

AO;g5(i, j) = x 100% (4.1)
with "Meas’ as lidar, SAGE IT and HALOE.

The same procedure is repeated for the comparisons with respect to SAGE II and HALOE.
ie.,

Meas(i,j) — SAGE 11(3, j)

AOss(i,j) = SAGE 11(1.J) x 100% (4.2)
where 'Meas’ is lidar, SBUV(/2) and HALOE and
M i,j) — HALOE(i, §
AOsp (i, j) = 2easti-d) @) o 100% (4.3)

HALOE(i, j)

where 'Meas’ is lidar, SBUV(/2) and SAGE II.

4.2.2 Data conversion

Data conversion and the method used for the analysis are also the same as discussed in
Chapter 3. However, there are significant improvements in the analysis presented in this
chapter to find the relative difference, bias and drifts. One of the important change is in
the comparison of Aura MLS with the lidar measurements above 30km. Because above
30km the lidar and MLS have similar vertical resolution and so the comparison is done by
interpolating lidar data to MLS altitudes in this region, which reduces the large bias found
in the upper stratosphere.
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Table 4.2: The RMS values estimated in 20-40 km from the average bias of each measurement technique
at various stations.

Instrument | MOHp OHP Tsukuba TMF MLO Lauder AVG
SBUV(/2) 2.90 2.33  4.66 343 372 272 3.29
SAGE II 2.30 1.07  3.56 3.38 3.31 2.36 2.66
HALOE 3.02 2.44 2.30 2.53 2.29 1.90 2.41
UARS MLS | 4.21 5.15  3.57 1.01 1.37  6.51 3.63
Aura MLS 1.41 1.24 417 2.84 3.89 1.99 2.59

Another main change is that we have used NCEP data for converting ozone lidar num-
ber densities to ozone partial columns for comparing with SBUV(/2). It showed a slightly
large drift in the comparison between SBUV(/2) and lidar above 30 km. In a similar study
McLinden et al. (2009) also referred to an anomalous temperature trend above 30-35km
for the comparison between SBUV(/2) and SAGE II. Therefore, in this study we took tem-
perature and pressure data from Arletty (Hauchecorne, 1998), an atmospheric model that
makes use of the ECMWF (European Centre for Medium Range Weather Forecasts) mete-
orological analysis (operational data) and MSIS90 climate model for deriving atmosphere
profiles, to convert ozone number density from lidars and SAGE II or VMR from HALOE
to partial column for the comparison with SBUV(/2). Arletty uses ECMWF data up to
30km and MSIS90 above 30km in 1979-1998 and from 1999 onwards ECMWEF data are
used until 45 km. Even if the comparisons are performed on pressure levels, the results are
presented on geometric altitudes for the comparison with other measurement techniques
too. For that, the approximate altitudes corresponding to the SBUV(/2) mid-pressure
levels are calculated using the Arletty data.

4.3 Average biases: comparison with lidar measure-
ments

Figure 4.2 displays the vertical distribution of average relative differences between coin-
cidences of different observations and lidar measurements for the various stations. The
consistency of ozone measurements can easily be judged from these mean differences. Dif-
ferent measurements show generally a very small bias with the lidar data, within +£3% in
20-40km, except UARS MLS at OHP and Lauder. A very consistent behaviour in the
relative differences is shown by all observations at TMF above 21 km except SBUV(/2)
between 30 and 40 km. At MLO also all observations display a similar bias. The root mean
square (RMS) of mean biases in the 20-40 km altitude range is calculated, as described in
Chapter 3 for all measurements to see which instrument agrees best with the lidar. From
the average of the RMS values at all stations, it is found that among the satellite mea-
surements, HALOE yields the lowest (2.41%) and UARS MLS the highest (3.63%). The
estimated RMS values for each instrument at all stations and the average RMS of each
measurement technique is provided in Table 4.2. The average of the RMS values of all
observations at each station shows the smallest value (2.45%) at OHP and the largest value
(3.65%) at Tsukuba.

Generally, the differences are larger in the upper stratosphere (above 40 km) compared
to those in the middle stratosphere (20-40km), but are less than those observed in the
lower stratosphere (below 20km). Yet they do not exceed £7% in most cases. These large
biases above 40km are likely due to the relatively lower precision of the ozone lidar above
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Figure 4.3: The vertical distribution of the average error of ozone lidar and SAGE II data at various
stations.

40km. Smaller biases are observed with respect to TMF lidar measurements, which implies
that these are less noisy in the upper stratosphere. Figure 4.3 shows the uncertainties of
the lidar and SAGE II ozone measurements at different stations, provided in the data files,
averaged over the respective periods. It is clear that below 20 km both instruments exhibit
large measurement uncertainty except Lauder lidar, which yields only 3%. Also, ozone
lidar measurements provide larger error above 40 km compared to that of SAGE II.

Comparatively larger differences observed below 18 km are mostly due to the large ozone
variability in the lower stratosphere. It is noted that the tropopause varies from ~10
to ~15km depending on the season at MOHp, OHP and Lauder, and from ~12km in
winter to ~18km in summer at Tsukuba and TMF, whereas it is located between 16 and
20km at MLO. Because of the elevated tropopause in all seasons, the analysis excludes the
measurements below 21 km at MLO. Near the tropopause the ozone variability is largest,
which can be the reason for the observed large differences for all measurements below 18 km
at Tsukuba and TMF. Besides, as in our analysis, Jiang et al. (2007) also showed some high
bias for Aura MLS with the OHP, TMF and MLO lidars in the lower stratosphere. In
addition, it is a more difficult region to retrieve ozone from satellite measurements.

Large deviations are found at Tsukuba particularly in 15-17 and 40-42 km, as seen in
Tatarov et al. (2009). These are possibly due to the fewer coincidences with Tsukuba ozone
lidar measurements. The large positive deviations found for UARS MLS below 20km at
all stations can be due to the poorer retrieval of UARS MLS in this altitude range. This
positive bias near to 100 hPa was also found in the comparison between SAGE II and UARS
MLS in all latitudes (Livesey et al., 2003). Aura MLS shows very small deviations above
20km even though a slight negative bias of ~5% is found at OHP and MLO above 38 km.
This negative difference above 38 km (3-1.46 hPa) was already shown in Jiang et al. (2007)
for the comparison with lidar measurements at MLO and in Boyd et al. (2007) for the
comparison with microwave radiometer (MWR) at MLO. At MLO, it could be due to the
MLS temperature data used for the conversion of MLS ozone VMR to number density. The
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differences of SAGE IT and Aura MLS with the MWR show positive deviations in the upper
stratosphere at Lauder (Boyd et al., 2007), which is same as obtained in our comparison
for SAGE II and Aura MLS with the Lauder lidar.

4.3.1 Correction factor

correction factor NON—APPLIED correction factor APPLIED

W
(@)

OHP
L Tsukuba

MLO

Altitude (km)
N
o

-10 0 10 -10 0 10
(sondes—LIDAR)/LIDAR (%)

Figure 4.4: The average bias of sonde measurements, without (left panel) and with (right panel) multi-
plying the profiles by the CF, obtained for the comparison with lidar at MOHp, OHP, Tsukuba and MLO.
The dotted vertical line represents 0% and the error bars correspond twice the standard error.

As mentioned in Sect. 3.1.2, CF is used to screen the sonde profiles in our analysis also
and to compare the average bias and drift. This procedure is used for the ozonesonde data
at MOHp, OHP, Tsukuba and MLO in our study. Here, we investigate the sensitivity of
average bias and drift with respect to the lidar to the use of CF. Therefore, the normalised
BM and KC sonde profiles are divided by the CF to remove the scaling. Figure 4.4 shows the
average biases obtained for the comparison between lidar and non-normalised (left panel)
and normalised (right panel) sondes. The non-normalised BM (at MOHp), KC (at Tsukuba)
and ECC (at OHP) sondes provide larger bias compared to the normalised sondes. However,
the non-normalised ECC sondes at MLO yield smaller bias than that of the normalised
sondes. The non-normalised sondes consistently underestimate ozone at all altitudes at
MOHp and OHP. Nevertheless, the non-normalised KC sondes at Tsukuba overestimate
ozone above 22km and underestimate below 19km, whereas the normalised KC sondes
show comparatively larger negative bias below 22km. In general, multiplication of the CF
reduces the bias except at MLO. Besides, the differences between these comparisons, in
terms of CF, are not as large for ECC sondes as compared to the BM and KC sondes. In
addition, the ozonesondes at MOHp show slightly large bias above 29km in both cases,
which is largely due to the inadequate correction of decreasing pump efficiency in the low
pressure regions (Steinbrecht et al., 1998, 2009a).
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4.4 Relative drifts

Monthly mean difference time series of the compared data sets are used to evaluate drifts in
the ozone measurements because they are less noisy compared to the daily variations and
hence, the influence of outliers can be reduced from the drift estimation. A simple linear
regression is applied to these time series and drifts are derived from the slope value of the
regressions.
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Figure 4.5: Vertical distribution of the slopes evaluated from the monthly averaged difference time series
of all observations with the lidar measurements at various regions (100 X W} The error bars

represent twice the standard deviation of the slope. The dashed vertical line represents 0% yr—! and the
dotted vertical lines represent +1.5% yr—1!.

4.4.1 Comparison with ozone lidar as reference

Lidars are used as a reference for Fig. 4.5, where drifts are estimated for the data set samples
from SBUV(/2), SAGE II, HALOE, Aura MLS and ozonesondes. UARS MLS is excluded
from the drift estimation since it is not considered as good for trend studies because of the
change of instrument set-up in 1997 due to the failure of one radiometer for the independent
P/T retrievals. Generally, the relative drifts are less than 40.3%yr~! at 20-40km and
most of them are insignificant. However, some significant drifts are observed for SAGE II
in 22, 38-41 km at OHP and in 20-22,25, 38 and 39 km at MLO. Similarly HALOE shows
significant drifts in 15, 22-23 and 25 km at OHP, in 22-24 and 37-40km at TMF and in 37,
40 and 42km at MLO. SBUV(/2) exhibits statistically significant drifts in 33 and 43 km at
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TMF and in 33 and 39km at MLO. As we have seen for the biases, drifts are larger below
20 and above 40km. Among the long-term measurements, SBUV(/2) and ozonesondes
provide the smallest drift with respect to all lidars. Aura MLS also exhibits comparable
drifts as that of SAGE II and HALOE even if it has only 8 years of measurements. Aura
MLS drifts are significant at some altitudes at MOHp, TMF and MLO. The average of the
RMS values of the drifts calculated in the 20-40 km altitude range shows the smallest value
(0.27%yr~1) for SBUV(/2) and the largest (1.36%yr~!) for Aura MLS. The station average
of the RMS values of all measurement techniques provide the lowest value (0.29%yr~!) at
OHP and the highest (2.27%yr~!) at Tsukuba.

Aura MLS shows relatively larger negative drifts at MOHp and TMF above 30 km. In
order to understand these negative drifts, we analysed the deseasonalised raw ozone time se-
ries (i.e., by considering all observations irrespective of the coincident profiles) from various
observations including Aura MLS and lidar, at MOHp and TMF. From the deseasonalised
ozone time series, it is observed that MOHp lidar ozone increases from 2007 onwards above
30km and TMF lidar shows high ozone values in 2008 and 2009 above 30 km compared to
all other measurements, which results in significant negative drifts.

Note that the drift in the measurement differences may not entirely be due to the
measurement uncertainties of the comparison data sets, as the reference data can also
contribute to it. Therefore, accurate diagnosis of the stability of the reference data is a
prerequisite in drift studies and hence, the stability of lidar time series is evaluated in the
following section.

4.4.2 Comparison of lidar with SBUV(/2), SAGE II and HALOE
as references

The stability of ozone lidar measurements is checked by analysing their drifts in comparison
with other long-term data sets such as SBUV(/2), SAGE II and HALOE as references and
the estimated drifts are shown in panels a, b and ¢ of Fig. 4.6 respectively. It is almost
similar to Fig. 4.5 with the change in reference data. This method is adopted to find the
differences in the drifts for the change of reference data too. Generally, all lidars exhibit
very small drifts (within +0.2% yr—!) with SBUV(/2) and some of these are significant at
MOHp (in 30-34 and 39-45km), Tsukuba (in 25-33km), TMF (in 32-34 and 41-45km)
and MLO (in 30-34 and 39-41km). The drifts with SAGE II and HALOE are slightly
larger compared to that with SBUV(/2), but most of them are not significant except the
ones with SAGE II at MLO at some altitudes. The RMS of the drifts of lidar in the 20-
40 km altitude region, averaged over the stations excluding Tsukuba is about 0.16, 0.34 and
0.42%yr~! with respect to SBUV(/2), SAGE II and HALOE respectively. So the lidars
can be taken as a reliable reference for drift evaluation of satellite and other ground-based
measurements. To corroborate these results, the drifts of other long-term measurements
SBUV(/2), SAGE II and HALOE are estimated in a similar manner and are described in
the following section.

4.4.3 Comparison of SBUV(/2), SAGE Il and HALOE

As mentioned earlier, the relative drifts of SBUV(/2), SAGE II and HALOE are evaluated
by comparing them to each other. Figure 4.7 (a) shows the relative drifts of HALOE at
various stations with SAGE II as reference. This comparison shows drifts maximum of
about £0.2% yr~! at MOHp and Lauder and +0.4% yr—! at OHP and Tsukuba. At TMF,
it is more or less scattered and is less than +0.5% yr—! except at 21-22 and 29-34km. At
MLO also the drifts are more scattered and slightly larger. At MLO, the coincidences are



76 Chapter 4. Stability of ozone observations over NDACC lidar stations

lidor — SBUV(/2) lidor — SAGE I lidor — HALOE

45
s 40 ¢
£
o 30
3 g o
22 e S
20 fmLo : ; 5 3
— s <l

Louder |

)

-1.5015 15015 -150 1.5
Relative Drift (%/yr)

Figure 4.6: The drifts of various lidars for the comparison with SBUV(/2), SAGE II and HALOE as

references (100 X %) The error bars correspond the 95% confidence interval of the slope.

available in 1999-2003 only. This is the reason for the estimated large drifts at MLO. The
HALOE - SAGE II drifts are compatible with the no-drift hypothesis, but the uncertainty
is too large to detect small drifts. At MLO, the coincidences are available in 1999-2003
only. This is the reason for the estimated large drifts at MLO.

Figure 4.7 (b) and (c) represent the relative drifts of SBUV(/2) with SAGE II and
HALOE as references respectively. The relative drifts of SBUV(/2) from both comparisons
are very small and most of them are close to zero irrespective of the stations. SBUV(/2)-
SAGE II comparison yields smaller drifts than those between SBUV(/2) and HALOE. The
former comparison yields around +0.1%yr~! in 20-44km while the latter leads to about
+0.2% yr—! at 21-25, 30-42km and ~0.5% yr~—! at 45 km at all stations. The importance is
that even if the drifts are very small, some of these are significant particularly in the upper
and middle stratosphere. For example, SBUV(/2)-HALOE drifts are significant at MOHp
(in 28 and 31km), OHP (in 21, 27, 30 and 40km), Tsukuba (at 26, 29, 43km), TMF (at 28,
31, 41 and 44 km), MLO (at 26, 29, 41 and 44km) and at Lauder (at 27km). These results
are very similar to those mentioned in Nazaryan and McCormick (2005) and Nazaryan et al.
(2007), who compared SBUV /2 (NOAA-11,16) with SAGE II and HALOE respectively in
the latitude bands 50-40S, 10-20 N, 3040 N and 40-50N. In the same manner, Cunnold
et al. (2000) calculated drifts between SBUV and SAGE and found very small drifts of
+0.5% yr~—! in the tropical and mid-latitude regions.

From Figs. 4.6 and 4.7, it is obvious that the comparison between SBUV(/2) and all
other long-term measurements provides near-zero drifts (or no drifts) at all stations and at
all altitudes. Here, the comparison is performed using partial ozone columns on SBUV(/2)
pressure levels, which reduces the ozone variability. Moreover, the coincidences between
SBUV(/2) and other measurements provide a continuous time series (or the coincidences are
available in all months considered over the time period) and also the number of coincidence
are large. These reasons contribute to the smaller drifts.
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Figure 4.7: a) The drifts of HALOE in comparison with SAGE II as reference (see Eq. 4.2) at various
stations. b) The drifts of SBUV(/2) with SAGE II as reference (see Eq. 4.2). c) Same as (b), but with
HALOE as reference (see Eq. 4.3). The error bars represent twice the standard deviation of the slope.

From all the comparisons, it is clear that only the comparison between SAGE II and
HALOE shows relatively larger, but insignificant drifts (Fig. 4.7(a)). However, even if
the comparison between SAGE II and HALOE produces larger drifts with each other, their
comparison with SBUV(/2) and lidar yields very small or near zero drifts. It means that the
comparison of similar techniques having a low measurement frequency does not provide an
accurate drift estimation from the difference time series. Therefore, the large drift obtained
for the comparison between SAGE II and HALOE does not imply that these measurements
are unstable for the long-term study. From these estimations, it is inferred that we cannot
reach a conclusion on whether measurements are stable or unstable only by comparing two
data sets with relatively fewer coincidences in comparison to the other data sets.

4.4.4 Average of the drifts of long-term measurements

In order to summarise or to compare globally the magnitude of the drifts of different mea-
surement techniques obtained from various comparisons, the average drifts are computed
for each data set at each station and are presented in Fig. 4.8. For example, the drift of
the lidar shown at each station is the average of its drifts (shown in Fig. 4.6) obtained
from the comparisons with SBUV(/2) (Eq. 4.1), SAGE II (Eq. 4.2) and HALOE (Eq. 4.3)
as references. Similarly, the mean drift of SBUV(/2) is the average of the drifts obtained
from the comparisons with lidar (Eq. 3.4), SAGE II (Eq. 4.2) and HALOE (Eq. 4.3) as
references and similarly for SAGE II and HALOE. In a similar way, the standard deviation
corresponding to the mean drift of each measurement technique is computed by averaging
the standard deviations of each drift obtained from different comparisons. It is just a way
to represent the standard deviation and does not show the significance of the drift.
Generally, as found in the previous comparisons, all data sets show small drifts of around
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Figure 4.8: The mean drifts estimated for the long-term observations with respect to other long-term
measurements as references. The error bars represent twice the average of the standard deviations of the
slopes obtained from different comparisons.
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+0.2% yr—! at 18-45km and the measurements are stable too. Below 18 km the drifts are
larger as expected. In this altitude range, the large ozone variability near the tropopause
play a pivotal role in deciding the magnitude of the differences. Among the long-term
data sets, lidar and SBUV(/2) yield very small drifts at all stations. Also, the drifts of
SBUV(/2) are similar at various stations. SAGE II and HALOE also provide small drifts
at all stations except at MLO, where slightly large drifts, but not >1%yr—! are observed
because of the lack of coincidences in most years. Among the lidars, only Tsukuba lidar
exhibits comparatively large drifts below 25 and above 37 km. The behaviour of long-term
satellite data are almost similar at different latitudes.

4.5 Combined data: SAGE II, HALOE and Aura MLS

4.5.1 Time series

It is obvious (from Fig. 4.5) that the 8 year data record of Aura MLS yields comparable
drifts as of the long-term measurements at all regions. So Aura MLS is a strong candidate
for extending terminated observations such as SAGE II and HALOE. Therefore, in this
study we assess the possibility of using Aura MLS as a successor of SAGE II and HALOE
for ozone trend studies in the low and mid-latitude regions. The combined data sets are
computed from the relative differences between the lidar data and SAGE II or HALOE
measurements until August 2004, and Aura MLS observations from September 2004 to the
end of the respective coincident periods. Before combining data sets of entirely different
observational techniques, a correction of bias with respect to lidar measurements needs to
be applied. For this, the average biases over the coincident periods of SAGE II, HALOE and
Aura MLS, with respect to lidar data, are removed from the corresponding time series of
relative differences at each station. Because of the differences in vertical resolutions of SAGE
II, HALOE and Aura MLS, the combined data sets are made available at specific reference
altitudes (18, 21, 25, 30, 35 and 40km). The relative differences at these altitudes are
calculated by averaging ozone number density within £2 km of the altitudes (e.g. 184+2km).
The drifts are also determined from these combined data and are discussed in Sect. 4.5.2.

Figure 4.9 shows the bias corrected combined time series at MOHp (left panel), OHP
(middle panel) and Tsukuba (right panel). At MOHp and OHP, small differences (+5-
7%) are observed for SAGE II and HALOE in 19-23, 23-27, 28-32 and 33-37km. Aura
MLS shows very small deviations of less than +5% in these altitudes at both stations. At
1620 and 38-42km, differences are relatively larger (+£10%) for SAGE II and HALOE
and are less than +7% for Aura MLS. Even if the Tsukuba time series is characterised by
relatively fewer data and large discontinuities, smaller differences are observed. At MOHp,
a decreasing tendency is observed in the relative differences of Aura MLS from 28-32 km
onwards because of the increase in ozone lidar data after 2007, as discussed in Sect. 4.4.1.
In addition, a clear seasonal difference is also seen for the comparison with Aura MLS
at 38-42km showing positive deviation in winter indicating that the Aura MLS ozone is
slightly higher than that of MOHp lidar in that season.

Figure 4.10 displays the bias corrected combined time series at TMF (left panel), MLO
(middle panel) and Lauder (right panel). At MLO, the relative differences are less than
+5%. In the tropics, the ozone variability is very small compared to that of high latitudes,
which explains the smaller differences at MLO. At TMF and Lauder, Aura MLS shows
differences of +5% at all altitudes except at 16-20km, and SAGE II and HALOE exhibit
about £10% deviation except at 16-20 km, where the differences exceed £20%. At TMF,
Aura MLS exhibits negative deviations in 2008 and 2009 from 28-32 km onwards, which can
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Figure 4.9: Temporal evolution of the bias removed monthly averages of the relative differences of SAGE
II, HALOE and Aura MLS with ozone lidar at MOHp (left panel) , OHP (middle panel) and Tsukuba
(right panel). The dashed horizontal line represents 0%.
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Figure 4.10: Same as Fig. 4.9, but at TMF (left panel), MLO (middle panel) and Lauder (right panel).
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be due to higher ozone lidar data during the period as compared to other measurements,
as mentioned in Sect. 4.4.1.

4.5.2 Relative drifts of the combined time series

Figure 4.11 presents the relative drifts estimated from the combined time series (as shown
in Figures 4.9 and 4.10) of SAGE II and Aura MLS (left panel), and HALOE and Aura
MLS (right panel) at various stations. The drifts are generally within £0.2%yr~!. However,
SAGE II/Aura MLS drift at Lauder shows around +0.2%yr~! at 21, 25, 30 and 35 km and
around £0.3 and 40.48%yr~! at 18 and 40km respectively. These large values are due
to the fact that the first two measurements in the beginning of the period show slightly
larger difference for SAGE II versus lidar as shown in Fig. 4.10. The removal of those
two measurements results in a very small drift of less than +0.2%yr~' over the whole
range (shown as dashed lines with the same color as given for Lauder in the left panel of
Fig. 4.11). At Tsukuba, drifts are relatively larger at some altitudes compared to that at
other stations. Generally, the combined data show insignificantly small drifts. It indicates
that the combination of these satellite observations provides a potential long-term data set
for the evaluation of long-term ozone trends in the stratosphere.
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Figure 4.11: The drifts evaluated from the combined time series of SAGE II/Aura MLS (left) and
HALOE/Aura MLS (right) at various stations. The dashed line in the left panel represents the drift
of SAGE II/Aura MLS at Lauder estimated after removing the first two measurements. The error bars
represent twice the standard deviation of the slope. The dotted vertical lines represent 0 and 0.4% yr—!.

4.6 Summary

An extensive analysis of stratospheric ozone measurements at different NDACC lidar
stations (MOHp, OHP, Tsukuba, TMF, MLO and Lauder) is performed in this study.
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The diagnosis is done by comparing various long and short-term satellite observations of
SBUV(/2), SAGE II, HALOE, UARS MLS and Aura MLS as well as ozonesonde measure-
ments at the respective stations.

The relative difference (or bias) of all measurement techniques is found by comparing
them with respect to lidar measurements in their respective coincident periods. All mea-
surement techniques (satellites and sondes) agree well with all lidars, with average biases
of less than +3%, in the 20-40km range. In order to detect ozone trends on the order
of a few %/decade, stability of long-term measurements is essential. This is particularly
important for long-term ground-based and satellite sensors, which may be subject to some
degradation during their life time. Therefore, in this study we examine the stability of each
measuring system by investigating the magnitude of the drifts. This is attained first by com-
paring all measurements with respect to lidars, which yields drifts of less than 40.3%yr !
at 20-40km for all observations. Aura MLS with 8 years of observation also shows drifts
that are comparable to those from the long-term data sets at all stations. Below 20 and
above 40km relative differences and drifts are larger, mostly due to discontinuity in the
time series, smaller ozone values and lower uncertainty of ozone observations in these al-
titude regions. In addition, in the lower stratosphere larger atmospheric variability at the
mid-latitude stations and a higher tropopause at the tropical station also contribute to the
observed large biases and drifts.

A successful evaluation of biases and drifts depends on the stability of the reference
data and hence the drifts of ozone lidar measurements with respect to the longer data sets
SBUV(/2), SAGE II and HALOE are estimated. The relative drifts of lidar are nearly zero
at most altitudes. Similarly, the drifts of SBUV(/2), SAGE II and HALOE are estimated by
comparing them with each other. Comparison between SAGE II and HALOE shows drifts
with maximum of 4+0.2-0.4%yr~! in 20-45 km whereas the comparison of SBUV(/2) with
lidar, SAGE II and HALOE produces near zero drifts. Because of successive instruments,
SBUV(/2) provides daily global measurements over the whole period with a large number of
collocated profiles, and thus a very accurate evaluation of drift of the data is performed. So
a sufficient number of continuous profiles is an important factor for deducing accurate drifts
with meaningful statistics. The averages of the drifts of long-term measurements obtained
from various comparisons are within +0.2%yr~! in 20-45km. Therefore, the long-term
measurements considered here are stable at the respective latitude bands.

As the various ozone measurement techniques yield consistent results, it is useful to
combine different ozone measurements to establish a long-term data set for further analyses
and trend studies. Hence, a bias-corrected combined time series is constructed using the
relative differences of SAGE II and HALOE, with respect to lidar data, with that of Aura
MLS and the relative drifts are estimated. It shows drifts of £0.1%yr~! at most altitudes
for all the considered latitude bands. So the combination of the older data sets, SAGE II
and HALOE, with Aura MLS is shown to be very suitable for the estimation of long-term
ozone trends.
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The role of ozone depleting substances in global ozone negative trends called for a
tight check on the vast uncontrolled emissions of related trace gases into the atmosphere,
which led to the constitution of the Montreal Protocol. About two decades of the emission
controlled scenario did help to reduce the level of stratospheric ODSs such as CFCs and
halons. The ODS emission has stopped from 1996 onwards in the developed countries
and from 2010 onwards in other countries. Stratospheric ozone abundances change in
response to decrease of ODSs (WMO, 2007), i.e., stratospheric ozone showed a slowing
of ozone decline attributable to ODS changes. Several studies (Newchurch et al., 2003;
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Reinsel et al., 2002) also showed that stratospheric ozone has stopped to decline and the
ozone levels are stabilised since 1995, indicating signs of the first stage of stratospheric
ozone recovery in the upper stratosphere. Some other studies (Steinbrecht et al., 2006;
Zanis et al., 2006; Jones et al., 2009; Tatarov et al., 2009) showed significant negative
ozone trend before the mid-1990s and insignificant positive trend afterwards, in the upper
stratosphere. As a result of continued decrease in ODSs, ozone is expected to increase as
time progresses. The analysis using zonal average data shows that the ozone total column
measurements in the northern mid-latitudes are stabilised from the mid-1990s onwards
(Reinsel et al., 2005; Dhomse et al., 2006; Harris et al., 2008; Vyushin et al., 2007). A
major part of the stratospheric ozone resides in the lower and middle stratosphere, where
a significant decline of about —10%/decade has been observed (Logan et al., 1999) by
analysing sonde measurements in 1970-1996 and a stabilisation afterwards (WMO, 2011).
Therefore, the goal of this study is to investigate ozone trends in the mid-latitudes in an
ozone recovery perspective and thus to assess the effectiveness of the Montreal Protocol
and its amendments.

The drift in the ozone profile measurements at different NDACC lidar stations is anal-
ysed in Chapters 3 and 4. Thus, we have a well validated ozone data sets from the ground-
based and satellite instruments for a better evaluation of stratospheric ozone trend. This
chapter uses those data sets for estimating stratospheric ozone trends at two northern mid-
latitude stations, OHP and MOHp, using multiple regression analysis. Ozone total column
measurements and ozone vertical profiles are used to estimate ozone trends and to study
the interannual variations of ozone with respect to different explanatory variables.

This chapter is organised in the following way: Section 5.1 presents various explana-
tory parameters and their importance in the study. The multiple regression model and
method of regressing data are detailed in Sect. 5.2. The description of ozone total column
measurements: evolution, anomaly and the estimation of drifts in Sect. 5.3 is followed by
the application of multiple regression to the Dobson and SAOZ column data at OHP and
MOHp in Sects. 5.4 and 5.5 respectively. Section 5.6 discusses the evolution, anomaly and
the multiple regression analysis of vertically resolved ozone profiles at OHP. Then, a link
between the contribution of proxies on ozone vertical distribution and that to the ozone
total column measurements is briefly described in Sect. 5.7. A summary of the important
results is presented in Sect. 5.8.

5.1 Explanatory variables

Generally, ozone changes are influenced by the natural and anthropogenic variations. This
can be explained statistically by using different explanatory variables (proxies) or predictors
associated with those natural and anthropogenic changes. A number of possible proxies are
made available to diagnose the variations in ozone connected to the day-to-day, seasonal
and periodical changes. Quasi Biennial Oscillation (QBO), solar flux and seasonal cycle are
the widely used ones for studying ozone changes (Reinsel et al., 1994; Bojkov et al., 1990;
Staehelin et al., 1998) as these proxies have a great influence on the interannual variability of
ozone. Additionally, aerosol optical depth is used to describe the effect of volcanic aerosols
on ozone. In the recent decade, several studies focused on dynamical and meteorological
proxies to analyse ozone changes related to the residual circulation and climate change.
For instance, statistical analysis by Reinsel et al. (2005) showed a substantial influence of
dynamical proxies such as Arctic Oscillation (AO) and Eliassen-Palm flux (EP flux) on
the total ozone increase in the latitude bands above 40°. The increase in the northern
hemispheric total ozone is partly explained by eddy heat flux, another proxy describing the
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planetary wave drive (Dhomse et al., 2006; Harris et al., 2008) and thus the BD circulation,
as mentioned in Chapter 1. Also, Weber et al. (2011) showed the effect of BD circulation
on the seasonal evolution of total ozone, using eddy heat flux. Similar to the dynamical
proxies, teleconnection patterns such as North Atlantic Oscillation (NAO) and AO also
have significant influence on ozone, particularly in the middle stratosphere (Weiss et al.,
2001). Moreover, Steinbrecht et al. (2011) explained that the reason for the very high total
ozone observed in the NH mid-latitude in 2010 was the occurrence of negative AO index
and the easterly phase of QBO during the term. Recently, EESC has been used as a proxy
to identify ozone trends associated with the changes in stratospheric halogen loading (Yang
et al., 2006; Vyushin et al., 2007; Wohltmann et al., 2007; Kiesewetter et al., 2010). It is
hard to select proxies that have more influence on ozone. In this aspect, Méder et al. (2007)
applied a stepwise backward elimination procedure to find the contribution of explanatory
variables to the ozone variability. Their findings showed that QBO, EP-flux, aerosols and
EESC have a noteworthy influence on the NH mid-latitude ozone. Hence, in this study,
we use proxies, those have a significant effect on the measured ozone in the northern mid-
latitudes as shown by other studies and are EESC, QBO, solar flux (SFX), aerosols (AER),
eddy heat flux (HFX) and NAO. Figure 5.1 displays the evolution of these proxies (except
EESC, which is shown in Chapter 1, Fig. 1.10) during the study period.

5.1.1 Quasi Biennial Oscillation

QBO is a quasi-periodic oscillation of the equatorial zonal wind, expressed in m/s. It is
characterised by alternating easterlies and westerlies those repeat at intervals varying from
about 22 to 34 months, with an average period of about 28 months. These wind regimes
originate at the top of the lower stratosphere and descend at a speed of about 1km/month
from 10 to 100hPa until they dissipate at the tropical tropopause. The easterlies are
specified with continuous downward motion and have amplitude, twice as strong as of the
westerlies. The easterlies dominate at the top of the vertical domain while westerlies appear
generally at the bottom layers. A general theory about the QBO is that Kelvin and Rossby-
gravity waves produce westerly and easterly momentum for the oscillatuion, respectively
(Baldwin et al., 2001; Lott et al., 2009).

To analyse the effect of QBO on ozone, monthly mean zonal wind components are
calculated for the levels 70, 50, 40, 30, 20, 15 and 10 hPa from the radiosonde observations at
equatorial stations Canton Island (3°S, 172°W) in January 1953-August 1967, Gan/Maldive
Islands (1°S, 73°E) in September 1967-December 1975 and Singapore (1°N, 104°E) from
January 1976 onwards (Andrews et al., 1987) in which Singapore zonal winds are used
for this study. QBO has a great influence on the inter-annual variability of the tropical
region and is also connected to ozone changes in the middle and polar latitudes (Baldwin
et al., 2001). Since QBO is of equatorial origin, its effect on ozone in the extratropics is
represented by an optimal lag relation (Bojkov et al., 1990), i.e., effect of QBO on ozone
variations is in different phases at different latitudes. In our study, this phase shift with
respect to latitude is accounted for by considering QBO indices at 10 and 30 hPa (hereafter
QBO 10 and QBO 30, respectively), which are out of phase by ~ 7 (Steinbrecht et al.,
2003).

5.1.2 Solar flux

Solar variation originates from the change in the amount of radiation emitted by the sun
and in its spectral distribution. The periodic component of these variations is termed as
solar cycle. The formation of stratospheric ozone is initiated by UV radiation coming from
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Figure 5.1: Time series of the monthly mean QBO at 10 and 30 hPa, solar flux, aerosol, NAO, eddy heat
flux and the deseasonalised (monthly mean - mean over the period) cumulative eddy heat flux in 1980-2010.
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the Sun. Therefore, an increase in the Sun’s radiation output increases the amount of ozone.
Different kinds of solar UV flux data are available to recognise the decadal variability of
stratospheric ozone (Chandra et al., 1994). They include 27-day and 11-year solar cycles,
solar UV variations at 205nm and Mg II index. Generally, solar radiation changes at
a wavelength 10.7cm is used as a proxy to investigate the impact of 11-year solar cycle
related variations of UV irradiance on ozone. It is a measure of the solar radio diffuse,
non-radiative heating of the coronal plasma trapped by magnetic fields over active regions,
and is an excellent indicator of overall solar activity levels (Tapping, 1987). It is expressed
in solar flux unit (1SFU = 10722Wm~2Hz~1). Statistical studies (McCormack and Hood,
1996; Hood, 1997) revealed that the upper stratospheric ozone in the mid-latitudes showed
a significant response on the solar variations, with an increase of 4-6% from the solar
minimum to maximum. Similarly, Soukharev and Hood (2006) reported that the influence
of solar flux variations on the lower stratospheric ozone is the main cause for the observed
solar cycle variation in ozone total column at tropical latitudes. Monthly mean 10.7 cm solar
flux observations made at Ottawa and Pentiction are used in the study (for e.g., Steinbrecht
et al., 2011).

5.1.3 Aerosols

The volcanic eruptions can eject huge amounts of sulfur dioxide (SO3) into the stratosphere,
which are oxidised to form sulfuric acid (H2SO4) and condensed to form aerosols. These
sulfate aerosols provide surfaces for heterogeneous reactions to occur, thus enhance ozone
depletion when sufficient amount of chlorine is available. The El Chichén (1982) and Mount
Pinatubo (1991) are the largest volcanic eruptions those have occurred in the recent decades.
Following these volcanic eruptions, ozone has reduced significantly (SPARC, 1998). The
volcanic aerosols also affect tropospheric and stratospheric temperatures and atmospheric
circulation. They absorb IR radiations and warm the stratosphere (WMO, 2007). Also,
they scatter the incoming solar radiations and thus decrease the surface temperature and
cools the troposphere. The tropospheric cooling changes the atmospheric circulation as
well as the interaction between troposphere and stratosphere. Volcanic aerosols, thus, can
cause both chemical (as noted in Chapter 1) and dynamical effects responsible for the ozone
changes. The monthly mean aerosol optical depth, a dimensionless quantity, at 550 nm (Sato
et al., 1993) is used as a proxy in our model to account for the effect of aerosols emanated
from the volcanic eruptions. Aerosol optical thickness (7) is the degree to which aerosols
affect the transmission of light by absorption or scattering at the specified wavelengths.

5.1.4 Eddy heat flux

Variations in planetary wave activity from the troposphere to stratosphere affect BD circu-
lation, as discussed in Chapter 1, and eddy mixing that influences ozone transport (Randel
et al., 2002). This planetary wave forcing is represented by the divergence of the Eliassen-
Palm (EP) flux (Andrews et al., 1987). The vertical component of EP flux, termed as the
eddy heat flux (v/T"), is a good proxy for explaining ozone transport. It is the zonal average
of the product of meridional wind and temperature departures (¢/, T”) from their respective
zonal averages (7, T'). It is expressed in K m/s. In our regression model, we use 100 hPa
eddy heat flux, a measure of planetary wave drive into the stratosphere, calculated using
ECMWETF reanalyses, averaged over 45-75°N (Kuttippurath and Nikulin, 2012).

The transport and photochemical decay generally determine the fate of stratospheric
ozone in the mid-latitudes. Since stratospheric ozone transport is higher in winter, more
ozone is transported in the winter/spring season and this wintertime ozone anomaly per-




920 Chapter 5. Stratospheric ozone evolution in the northern mid-latitudes

sists until the late autumn reflecting the absence of dynamical variability and presence of
photochemical decay in the summer stratosphere (Fioletov and Shepherd, 2003). In late
spring and summer, the total ozone change is controlled by the NOx chemistry (for e.g.,
Kuttippurath et al., 2010). To account for the wintertime build up of ozone and its persis-
tence in spring and summer, cumulative eddy heat flux (see the bottom panel in Fig. 5.1)
is calculated for a given month by integrating the eddy heat flux from the preceding fall
(October for the NH) to the month concerned. The cumulative eddy heat flux for October
is considered as the monthly mean eddy heat flux in October itself.

5.1.5 North Atlantic Oscillation

The NAO is a large scale mode of natural climate variability affecting the NH atmosphere
(Hurrell et al., 2003). This variability is expressed in the NAO index, a dimensionless
quantity, measured as the difference between the normalised sea level pressure over Gibraltar
(36°N) and Southwest Iceland (60°N). Its effect is strongest in winter and has two phases.
Figure 5.2 shows the NAO index averaged for the winter season (DJFM). The NAO index
is positive when there is a large pressure difference between the Gibraltar and Iceland (low
pressure at Iceland and high pressure at Gibraltar). This results in increased westerlies
and wet winters over Central Europe. In other words, during positive NAO phase, total
ozone is reduced over Europe and increased over the North Atlantic region (Appenzeller
et al., 2000). While negative NAO index indicates that there is only a small pressure
difference between the Gibraltar and Iceland (weak Icelandic low and weak Gibraltar high
pressure system) resulting in cold winters over Europe. This change in pressure gradient
from one phase to another produces large-scale modulations of zonal and meridional heat
and moisture transport, which results in change in surface temperature. Hurrell (1996)
pointed out that the increased rate of surface warming of the NH and the cooling over the
northwest Atlantic from the 1970s to the 1990s is linked with the more positive phase in
NAO during the period. From the beginning of 2000s, it decreases and a more negative
index is found in 2010 during the 190 year data record.

T T T T

3
2
>
S 1 | |
c i
o ok M A R TINHEN 1Y I e A LN -
Q 0F =
<L i i
z 4 E
-2
1850 1900 1950 2000
Year

Figure 5.2: Time series of the NAO index averaged for the winter months from December to March with
a b5 year moving average in black (taken from http://www.cru.uea.ac.uk/ timo/datapages/naoi.htm).

5.1.6 PWLT and EESC : Ozone trend estimation methods

Before EESC comes into picture, a linear function was used for determining the long-term
trend of ozone due to ODSs. However, because of the successful implementation of the
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Figure 5.3: Demonstration of the PWLTs before the turnaround year (T0) and afterwards (Adapted from
Reinsel et al., 2002).

Montreal Protocol, the amount of chlorine and bromine loading has stabilised and was
reduced, as seen in Chapter 1. As a result, the anthropogenic destruction of ozone was
decreased and ozone level was stabilised from the mid-1990s onwards. This change in
the evolution of ozone has to be accounted for in the statistical models for the accurate
estimation of ozone trends. Hence, a concept of evaluating piecewise linear trends (PWLTs)
before and after a turnaround year considering time as a proxy has been incorporated in
different trend analyses (Reinsel et al., 2002; Newchurch et al., 2003; Reinsel et al., 2005;
Zanis et al., 2006). Such a statistical model assumes two different linear trend terms, from
the beginning of the data record (wl) and the change in trend at the turning point (w2).
Then, the overall trend estimate after the turnaround year is calculated as w = wl + w?2.
Figure 5.3 illustrates the two linear trends as given in Reinsel et al. (2002).
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Figure 5.4: The residuals obtained by filtering out the seasonal cycle, QBO, solar flux along with the PWLT
(dashed line) and EESC (solid line) fits using multiple regression analysis (Reproduced from Vyushin et al.,
2007).

EESC is an important parameter that accounts for ODS abundances and their effec-
tiveness in reducing ozone amount, as described in Chapter 1. Because of the change in
temporal evolution of ODSs, EESC reached its peak value in the mid-1990s (around 1996)
in the mid-latitudes and started to decrease slowly, afterwards (WMO, 2007). Therefore,
EESC has two different linear trends depending on its peak year. The estimated trends
in EESC are 0.86 + 0.02 and —0.26 + 0.01 ppb/decade for 1970-1996 and 1997-2010, re-
spectively. It should be noted that the trend in the latter period is less than the trend
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in the former period. Hence, EESC function is used to analyse ozone time series instead
of linear or piecewise linear terms in several studies (Dhomse et al., 2006; Brunner et al.,
2006; Stolarski et al., 2006; Wohltmann et al., 2007). The difference in the long-term ozone
trends estimated using piecewise linear functions and EESC time series has been reported
in Vyushin et al. (2007), and these two fits are displayed in Fig. 5.4. Therefore, EESC is
also used as a proxy in our regression model to describe long-term trend in ozone, related
to ODSs.

5.2 Multiple regression model and method

The evolution of monthly mean ozone in the northern mid-latitudes is analysed using a mul-
tiple regression model, similar to the models that have been widely used for several decades
(Reinsel et al., 1994; Staehelin et al., 1998; Brunner et al., 2006). The model uses various
explanatory parameters as discussed above. As stated before, we have adopted two different
methodologies to assess the long-term variability of ozone in relation to the halogen loading
for which, year 1997 is considered as the turnaround year as EESC decreases from July
1996 onwards. Hence, PWLTs are estimated before 1997 (hereafter pre-turnaround trend)
and from 1997 to the end of the data record (hereafter post-turnaround trend). Secondly,
the long-term stratospheric ozone trends are estimated using EESC function (WMO, 2011)
instead of PWLT terms. The multiple regression model used for the estimation of trends
in our study is expressed as follows, in the case of PWLT (this model is hereafter termed
as the PW regression model).

Y(t)=M(t) + N(t) (5.1)

where Y is the input data (deseasonalised ozone or ozone anomaly in our case), ¢ corresponds
to the month in the ozone time series over the period, M is the regression model and N is the

residual.
12
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where m represents month (January, February,...., December), A is a constant, T1 is the time

period considered for the analysis, T2 is the time period after 1996 (i.e., starting from January
1997 to the end of the data period), C;x represent monthly regression coefficients of each proxy (X),
i.e., C2 are the monthly coefficients of the constant term, CE'™ are the monthly pre-turnaround
trends, CSHC are the change in linear trend, C23° and C2!° are the QBO coefficients at
30 and 10 hPa respectively, CSFX are the solar flux coefficients, CAA®® are the aerosol coef-
ficients, CHFX are the cumulative eddy heat flux coefficients, and CNAO are the NAO coefficients.
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are replaced by EESC as
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where CEESC are the coefficients of EESC values.

The deseasonalised ozone is calculated by subtracting the monthly climatology (the
long-term average of ozone for each month) from the monthly mean ozone values. The
ozone anomaly in relative units is computed by dividing the deseasonalised ozone with the
monthly climatology. In the regression model, monthly mean QBO, solar flux, aerosols,
NAO, EESC and the deseasonalised (monthly mean - mean over the period) cumulative
eddy heat flux (e.g., Brunner et al., 2006) are applied. For solar flux, average solar flux
over the analysis period is subtracted from the corresponding monthly averages. All proxies
are divided by the corresponding amplitude over the data period (difference between the
maximum and minimum values) so that the regression coefficients have the same unit as
that of Y. However, the time period for the PW regression model is retained as such so that
the pre-turnaround and changes in linear trends are obtained in the unit of Y/year. The
regression coefficients are determined using the linear least square method. The standard
deviation of the regression coefficients is calculated using the equation provided in Press
et al. (1989) as given below.

The matrix-vector representation of Eq. 5.1 can be written as

Y=3.A+N (5.4)

where Y is the vector of ozone time series, @ is the vector of regression coefficients, A is the
matrix of the proxies and ﬁ is the vector of residuals.

The covariance matrix of regression coeflicients (UL%) can be calculated using the generalised
least square estimator as

02 = (ATA)™! x Z{P (5.5)

P 2
where x? = Z <Y(t) — ZCka(t)> , Z is the number of data points and P is the number of
t k=1
fitted parameters.

Commonly, autocorrelation (¢) is made available to determine the error values of the
regression coefficients (Weatherhead et al., 1998). Autocorrelation is defined as the cor-
relation of a time series with its own past values. Here, ¢ is the cross-correlation of the
residuals with a time lag of one instant. Since, we have applied multiple regression for each
month, a time lag of one instant means a time lag of one year.

¢ = corr[N(t), N(t —1)] (5.6)

It can also be calculated as in Eq. 3.9. Considering that the residuals are of first order
autoregressive (AR(1)), i.e., N(t) — ¢N(t — 1) = ¢, the standard deviation of the regression
coefficients can be redefined as

(5.7)

The goodness of the multiple regression model is generally evaluated using the coefficient
of multiple determination, denoted as R?, which is the ratio of sum of squares of the
regression to the total sum of squares around the mean (Storch and Zwiers, 1999). It can
have values between 0 and 1. If R? is 1, it means that the regression model could explain
the observed variance completely. So for a model to be good, or to describe most of the
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observed variations in ozone using the model, R? should be large.
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where Y is the mean of the input data over the period.

Because of the use of monthly regression model, the model provides 12 regression coeffi-
cients corresponding to each month, for each proxy. Therefore, year-round pre-turnaround
trend (Cr1) is estimated by averaging the monthly pre-turnaround trend coefficients (Rein-
sel et al., 1994). Similarly, change in annual trend (Crs) is calculated from the correspond-
ing monthly changes in trends. Then, the overall trend estimate or the post-turnaround
trend (Cr) is computed as (Reinsel et al., 2002),

Cr =Cr1+Cr2 (5.9)

Corresponding standard deviations are calculated as

12
2
Z [O%lnb + O%Q'm + 2 X (O-T]"TQ’"L)Q:I

m

I
—

ar (510)

12

(5.11)

or1 =

where or1,, and or2,, are the standard deviations of pre-turnaround and changes in monthly

trends respectively, (or172,,)? is the covariance of CL'™N and CGHC

, o1 is the standard deviation
of the year-round pre-turnaround trend and or is the standard deviation of the year-round

post-turnaround trend.

When EESC is used instead of PWLTSs, the regression coefficient of EESC can be con-
verted to pre-turnaround and post-turnaround trends by multiplying the average of the
monthly regression coefficients of EESC with the trend in EESC for the two periods (Sto-
larski et al., 2006). In addition to the stratospheric ozone trends, the influence of each
explanatory variable to the ozone variability is analysed in detail.

5.3 Ozone total column measurements

A number of ozone total column measuring instruments are available worldwide for the
continuous monitoring of ozone from the ground and space. Most of the ground-based col-
umn measurements have a long life span. Among those, Dobson spectrometer is the first
instrument used to measure ozone total column in DU and is named after its inventor G. M.
B. Dobson, in 1924. The measurement principle is based on the differential absorption of
solar light by ozone. It performs ozone observations by measuring the relative intensities of
UV wavelengths emanating from the Sun, Moon or zenith sky (Dobson, 1980). These mea-
surements are commonly used to validate data from other instruments and its measurement
uncertainty is about 1-2%.

SAQOZ is an ozone total column measuring instrument in the UV-Visible region. It
observes sunlight scattered from the zenith sky in the 290-590 nm spectral range during
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sunrise and sunset (Pommereau and Goutail, 1988). Ozone measurements are carried out
in the Chappuis band (450-560 nm) and are retrieved using Differential Optical Absorption
Spectroscopy (DOAS) method (for e.g. Hendrick et al., 2011). The advantage of SAOZ
data is that it measures during twilight and in the visible range. Therefore, it can measure
continuously up to 91° solar zenith angle throughout the polar circle in all weather condi-
tions. Also, the ozone absorption cross-section correction due to the change in temperature
is not required. The measurement uncertainty is of the order of 3%.
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Figure 5.5: Temporal evolution of monthly mean ozone total column measurements from the Dobson
spectrometer at MOHp in 1980-2010, Dobson and SAOZ spectrometers at OHP in 1983-2010 and 1992-
2010 respectively.

5.3.1 Evolution of ozone total column

This study uses ozone total column measurements from the Dobson spectrometer at the
northern mid-latitude stations MOHp and OHP and the SAOZ spectrometer at OHP. The
temporal evolution of these ozone measurements are displayed in Fig. 5.5. The Dobson
spectrometer at MOHp is in operation from 1968 onwards while that at OHP started mea-
surements in 1983. The SAOZ spectrometer at OHP observes ozone from 1992 to the
present. Therefore, we use Dobson ozone column data at MOHp in 1980-2010, Dobson
measurements at OHP in 1983-2010 and SAOZ V2 data at OHP in 1992-2010. The evolu-
tion of ozone is similar in all three data sets showing similar seasonal variations. Maximum
ozone value of about 420 DU for the whole period is found for OHP Dobson spectrometer
in 2010.

5.3.2 Ozone anomaly

Figure 5.6 presents the monthly ozone anomaly of the ozone total column measurements
from the Dobson spectrometers at MOHp and OHP and the SAOZ spectrometer at OHP.
All data sets follow a similar pattern of ozone anomaly. The ozone anomaly decreases
from the start of the data record to around 1995-1997 and shows a stabilisation afterwards
followed by an increase in 2010. The largest positive ozone anomaly is found in 2010
as noted in Steinbrecht et al. (2011) and the largest negative ozone anomaly is found in
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1990. From the Dobson ozone anomaly at MOHp, it is clear that aerosols from the Mount
Pinatubo volcanic eruption were more effective in reducing ozone level than that from the
El Chichon.
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Figure 5.6: Temporal evolution of monthly mean ozone anomaly from the Dobson spectrometer at MOHp
in 19802010, Dobson and SAOZ spectrometers at OHP in 1983-2010 and 1992—-2010 respectively.

5.3.3 Comparison between Dobson and SAOZ at OHP: bias and
drift

The Dobson and SAOZ ozone measurements at OHP are analysed to find out drift in the
ozone time series. The relative difference of Dobson with respect to SAOZ is calculated
for coincident days and the drift is estimated from the monthly mean of these relative
differences. The computed differences are shown in Fig. 5.7. The deviations are very small,
within £2 % in 1992-1999 and around 45 % in 2000-2010. The average bias over the period
with twice the standard error is found to be 0.33 +0.17 % and the estimated drift with 20
uncertainty is —0.12 £ 0.12 %yr 1.

5.4 Multiple regression analysis of ozone total column
at OHP

The multiple regression method is applied to the 5 month running mean of the deseason-
alised ozone total column measurements in DU. At OHP, the Dobson and SAOZ measure-
ments are averaged to obtain a combined data set from 1983 to 2010. Figure 5.8 presents
the regression of monthly mean deseasonalised ozone from the combined Dobson and SAOZ
data for OHP. The deseasonalised ozone, the fitted PW regression model and residuals (In-
put data - Regressed data) are shown in the top panel of the Figure. It is noted that
the regression model fits well with the deseasonalised ozone, showing a correlation of 0.82.
Also, the model is good in the sense that the estimated R? is about 0.67, which implies that
about 67% of the variance of total ozone column can be explained using the corresponding
regressed data. In addition, the residuals show a negligible autocorrelation of ~0.12 for a
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Figure 5.7: Time series of the relative differences of Dobson with respect to SAOZ ozone total column
measurements at OHP.

lag of one instant, which means that the noise term is not autocorrelated and hence, the
residual of the previous year does not have much influence on that of the current year.

The fitted signals due to explanatory parameters (e.g., C;X x X) are displayed in the
second to fourth panels of Fig. 5.8. It provides an evaluation of the overall contribution
of various proxies to the evolution of total ozone. The highest contribution to total ozone
variation arises from the combined effect of QBO 10 and QBO 30, which reaches about 24 DU
from the easterly to the westerly phase, in March. The seasonal variation of QBO shows
that its influence on total ozone is maximum in the winter/spring season ranging between
16 and 24 DU. The amplitude of the total ozone variation due to eddy heat flux is maximum
in February and March with value of ~17DU. In January, April and May, it amounts to 11—
14 DU. The contribution of NAO to total ozone amounts to 13 DU in the November—January
period and is smaller in other seasons. Solar flux has a relatively lower contribution to total
ozone variability with a maximum of 10DU, from solar maximum to solar minimum, in
summer. The aerosol terms associated with the Mount Pinatubo eruption explains about
24 DU decrease in total ozone in 1993. The PWLTs and the regression coefficients of various
proxies along with twice the standard deviation of these estimates for the months March
and September and average of all months are noted in Table 5.1.

Table 5.1: The piecewise linear trends before (Cp1) and after (Cp) 1997 and the regression coefficients of
QBO 10, QBO 30, aerosol, solar flux, NAO and heat flux, estimated from the combined Dobson and SAOZ
ozone total column measurements at OHP are shown for March, September and the average of all months.
Cry and Cp are given in DU /year, aerosol, NAO and heat flux are given in DU, QBO 10 and QBO 30 are
expressed in DU/(m/s) and solar flux is in DU/(100 SFU). Twice the standard deviation of the trends and
regression coefficients are given in the parentheses.

Month Cr Cr QBO 10 QBO 30 aerosol solar flux NAO heat flux

March 218(1.21) 1.28(1.27) -0.22(0.20) -0.24(0.27) -25.03(24.88) 1.89(7.92) -7.69(24.98)  21.46(26.48)
September | -0.57(0.66) -0.14(0.64)  0.03(0.14)  0.08(0.12) -12.33(15.32) 2.84(4.67) -10.43(15.72) 31.83(33.21)
Average -1.39(0.29)  0.55(0.30) -0.06(0.05) -0.06(0.06) -15.84( 6.56) 2.00(2.06)  -6.31(6.70) 18.61(9.52)

Variations of the proxies QBO, eddy heat flux, NAO and solar flux together explain most
of the observed variations in ozone. For example, the large ozone values in 1986, 1987, 2009
and 2010 are caused by the easterly phase of QBO, large negative NAO index and large
eddy heat flux. The decrease of ozone in 1990 and 2002 is well captured by the model and
can be attributed to the westerly phase of QBO (~8 DU), large positive values of NAO and



98 Chapter 5. Stratospheric ozone evolution in the northern mid-latitudes

40} R? = 0.67273 .

PN W
oOOOo
N —

Ozone (DU)
o

30 | DOBSON + SAOZ
REGRESSED DATA
“40rRESIDUAL

x Proxy (DU)
Z
>
(@)

Regression Coefficient

1980 1985 1990 1995 2000 2005 2010
Year

Figure 5.8: Regression plot of monthly mean deseasonalised ozone from the combined Dobson and SAOZ
measurements at OHP, the PW regression model and the residual (top panel), contribution from the
individual proxies QBO, NAO (second panel), solar flux, heat flux (third panel) and aerosols along with
the piecewise linear trend (PWLT) fit (fourth panel).
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Figure 5.9: Same as Fig. 5.8, but using EESC regression model.
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low eddy heat flux even if solar flux maximum should increase the ozone amount. On the
contrary, a large reduction in ozone is observed during the 1995-1997 period. It could be
due to the coincidence of solar minimum and low values of the eddy heat flux. Also, in 1995
and 1997 the westerly phase of QBO positively correlates with the positive NAO index.
All these lead to large negative ozone anomaly during the period. Furthermore, the Arctic
winter 1994/1995 was characterised by very low temperatures in winter/spring with very
large volume of PSC (Vpge) and the Arctic winter 1996/1997 was featured with very low
temperature in spring with moderate amount of Vpge (Rex et al., 1999). So, Vpsc could
be added as a proxy (Weber et al., 2003; Wohltmann et al., 2007) in the regression model to
study the influence of polar ozone loss on the mid-latitudes because the mid-latitudes are
generally affected by the polar ozone loss through the dilution process after the breakdown
of polar vortex, as discussed in Chapter 1. But Dhomse et al. (2006) remind that the Vpge
and heat flux are anticorrelated and so the heat flux itself could also explain the observed
features in ozone. So, considering this anticorrelation between Vpgc and heat flux, it was
decided not to include Vpge in our regression model.

As for PW regression, EESC regression model is also analysed in detail to find out
the differences between the two types of regression analysis. Figure 5.9 displays the result
attained by performing EESC regression. It shows the same features as in Fig. 5.8 with R?
estimate of 0.65 and a correlation of about 0.8. Contributions of solar flux, eddy heat flux
and NAO are a bit larger when EESC is used as a proxy, though their patterns remain the
same as for PW regression (see Fig. 5.8).

Table 5.2: The interannual variability of ozone total column measurements in DU, estimated for each
month at OHP and MOHp.

Station | January February March April May June July August September October November December
OHP 13.52 14.55 16.24  14.94 1251 1145 9.87 6.73 6.06 5.51 7.28 11.48
MOHp 15.83 15.94 16.13  14.59 12.90 10.75 8.98 7.02 6.68 7.73 10.2 15.05

5.4.1 Contribution of proxies to ozone variability

The effect of each proxy on the ozone total column measurements is evaluated, particularly
for the specific years. Therefore, for making a general assessment, the interannual variability
of ozone total column measurements (standard deviation of ozone) at OHP is investigated
for each month and is provided in Table 5.2. To find out the influence of proxies on
the variability of ozone, the variability of proxies is calculated for each month using both
PW and EESC regressions. Variability is defined as twice the standard deviation of the
fitted proxy time series, i.e., Cix x 20(X) (Steinbrecht et al., 2003). It is considered to be
significant if the regression coefficient (C:X) of a proxy is greater than twice the standard
deviation of that proxy [20(C5)]. The positive values generally show positive correlation
of the proxy and ozone data while negative values exhibit anticorrelation between them.
The variability in the combined Dobson and SAOZ ozone column measurements at OHP,
analysed using both PW and EESC regression models are shown in Fig. 5.10 in the top
and bottom panels respectively. The magenta colored markers show months, when proxies
contribute significantly to the ozone variability. The ordinate represents the proxies in
which Q10 and Q30 are the individual contributions of QBO 10 and QBO 30 respectively.
In general, QBO 10 and QBO 30 exhibit an anticorrelation with ozone in November—May.
QBO 30 is significant only in May, contributing to a maximum of about 8 DU in both
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Figure 5.10: The influence of individual explanatory variables on the variability of combined Dobson
and SAOZ ozone column data at OHP analysed using both PW (top panel) and EESC (bottom panel)
regressions.
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regressions while QBO 10 provides a significant contribution of about 12DU to the ozone
variability in winter and about 6 DU in spring. As expected, Mount Pinatubo volcanic
aerosols show an anticorrelation with ozone in all months and explains about 10 DU of the
ozone variability. Also, solar flux shows a significant variability of about 5 DU in summer,
with a positive correlation with ozone. NAO provides a positive correlation with ozone in
spring and negative correlation in other seasons and the variability is maximum of about
6 DU in November. The heat flux always shows positive correlation, but the contribution
is not significant at 95% confidence level for PW regression while significant in winter for
EESC regression, providing about 8 DU variability.

5.4.2 Trends in ozone total column

Ozone trends are calculated by removing the known influences of all explanatory vari-
ables from the ozone time series. Figure 5.11 displays the seasonal variations of the pre-
turnaround and post-turnaround trends estimated based on PW regression. As expected,
pre-turnaround trends are all negative and post-turnaround trends are positive except in
the months July-September, where negative trends of the order of —0.01 DUyr~! are evalu-
ated. In addition, a clear seasonality is observed in both trends with maximum in the win-
ter /spring season. Maximum pre-turnaround trend is calculated in April and amounts to
—2.254+1.4DUyr~!. Minimum is in September with about —0.5640.66 DU yr—!. Similarly,
maximum post-turnaround trend is computed in March with value of 1.28 & 1.26 DU yr—!
and minimum in September, about —0.14 + 0.32 DU yr~!. In our study, the uncertainty is
provided with 95% significance level. A significant annual trend of —1.4 4+ 0.29DUyr~ ! is
estimated in 1983-1996 and a significant positive trend of 0.55+0.30 DU yr—! is computed
in 1997-2010.
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Figure 5.11: The monthly PWLTs derived from the combined Dobson and SAOZ ozone total column
measurements at OHP. The black and red curves represent the pre-turnaround (prior to 1997) and post-
turnaround trends (after 1996) respectively. The error bars correspond to twice the standard deviation of
the trends.

In order to check the influences of ODSs in detail, the regression slopes of EESC are
evaluated. The annual trends estimated from both regressions are shown in Table 5.3. The
estimated trends using EESC are —1.34£0.26 DU yr~! in 1983-1996 and 0.3440.08 DU yr—!
in 1997-2010. It should be noted that the PWLT prior to 1997 nearly coincides with
the trend estimated using EESC function while the PWLT after 1996 is larger than that
computed using EESC.
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Table 5.3: The year-round pre-turnaround and post-turnaround trends, and twice the standard deviation
estimated using both PW and EESC regressions for OHP and MOHp. Trends and standard deviations are
shown in DUyr—1.

Station PWLTs EESC based Trends
Pre-turnaround Post-turnaround | Pre-turnaround Post-turnaround

OHP —1.44+0.29 0.55 £+ 0.29 —1.34+0.26 0.39 £+ 0.08

MOHp | —1.6 £0.19 0.81 £0.25 —1.54+0.20 0.42 £+ 0.06

5.5 Multiple regression analysis of ozone total column
at MOHp

To compare the results obtained from the multiple regression analysis of ozone total column
measurements at OHP, another NDACC station MOHp, very near to the latitude and
longitude (see Chapter 2) of OHP is considered. The Dobson ozone column measurements
at MOHp are analysed using PW and EESC multiple regression models and are displayed
in Figs. 5.12 and 5.13, respectively. In both cases, the regression model fits well with the
deseasonalised ozone yielding R? of 0.73 and 0.71, and correlations of 0.86 and 0.84, for the
PW and EESC regressions respectively.

At MOHp, all proxies show a similar pattern as the ones at OHP, but with slightly
larger values. For instance, the contribution of eddy heat flux to the total ozone change is
about 23 DU in winter/spring at MOHp, which is larger by about 6 DU compared to OHP,
indicating the increase in strength of the planetary wave drive with the increase in latitude.
The amplitude of QBO variation of total ozone is maximum in winter/spring season with
about 11-21 DU. In contrast to heat flux, the effect of QBO is found to be reduced a
bit at MOHp compared to that at OHP, even if maximum contribution is nearly same
at both stations. At MOHp, aerosol associated with Mount Pinatubo decreased ozone by
about 30 DU, compared to the 24 DU decrease at OHP, while aerosols from the El Chichon
volcanic eruption reduced total ozone by 24 DU at MOHp. Besides, the influences of NAO
and solar flux are larger at MOHp compared to that at OHP. The contribution of NAO
to the total ozone variation is maximum in winter with about 1620 DU. Similarly, solar
flux contributes its maximum in summer with values of 9-13 DU. As found in the previous
works on this subject and from our analyses, it can be inferred that the effect of QBO
decreases with respect to latitude, from the equator to the poles (Dhomse et al., 2006)
whereas the effect of heat flux, solar flux, aerosols and NAO increases with the latitude
(from OHP to MOHp in our study, even though the latitudinal difference between them is
very small). Moreover, effect of QBO to the seasonal variation of total ozone is maximum
during winter/spring in the extratropics and the effect of variation of eddy heat flux is
maximum in winter/spring season, due to larger planetary wave activity. Similarly, the
effect of NAO variation of total ozone is maximum in winter but solar flux shows maximum
contribution in summer, as expected. Table 5.4 gives the estimated regression coeflicients
of all proxies along with twice the standard deviation of these estimates for March and
September and for the average of all months.

The deseasonalised ozone and the regressed data at MOHp, follow more or less similar
tendency as observed at OHP. For instance, the deseasonalised ozone is mostly negative
during 1993-2002. In 1993, aerosols originating from the Mount Pinatubo volcanic eruption
decrease ozone levels. In 1995-2002, the same reasons explained for the OHP station are
applicable here too. In addition, effect of aerosols from the El Chichén volcanic eruption
can be found by a steep ozone decrease in 1983. Similarly, ozone values are higher in some
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Figure 5.12: Same as Fig. 5.8, but for Dobson ozone column measurements at MOHp.
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Figure 5.13: Same as Fig. 5.9, but for Dobson ozone column measurements at MOHp.
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years like, 1986, 1987, 2009 and 2010 and the possible causes of this increase in ozone are
explained earlier for OHP. A very recent study by Steinbrecht et al. (2011) reported that the
unanticipated large value of ozone (~340DU) at MOHp in 2010 is due to the occurrence
of easterly phase of QBO and an anomalously large negative AO index. However, our
study reveals that large wave activity, indicated by the considerably large eddy heat flux
contributes about 10-12DU to the total ozone, in addition to the total contribution of
about 15 DU from QBO and NAO together. It should be noted that heat flux is the largest
in 2009 and 2010 for the whole data record of 31 years.

Table 5.4: Same as Table 5.1, but for Dobson ozone total column measurements at MOHp.

Month Cry Cr QBO 10 QBO 30 aerosol solar flux NAO heat flux

March -2.30(0.61) 1.14(0.88) -0.06(0.13) -0.24(0.18) -30.56(13.63) 1.16(5.67) -10.05(18.57) 27.79(19.93)
September | -0.82(0.53)  0.25(0.61)  0.08(0.13)  0.02(0.11) -16.04(13.10) 3.63(4.12) -14.63(15.20) 12.20(36.32)
Average -1.57(0.20)  0.81(0.25)  0.01(0.05) -0.09(0.05) -21.03( 4.73) 3.72(1.80)  -7.18( 5.69) 17.76(8.13)

5.5.1 Contribution of proxies to ozone variability

As discussed in Sect. 5.4.1, the interannual variability of Dobson ozone total column mea-
surements at MOHp is computed for each month and is presented in Table 5.2. Figure 5.14
displays the influence of various proxies on the variability of Dobson ozone column measure-
ments at MOHp for PW (top panel) and EESC (bottom panel) regression. The contribution
of QBO 30 is significant in February—-May with a maximum of about 12DU. QBO 10 shows
a positive contribution of about 6 DU in May and July. The influence of aerosol is signif-
icant in all months, contributing about 12 DU ozone variability. Likewise, contribution of
solar flux is significant in summer with a positive correlation and contributes about 7 DU
to the ozone variability. Significant NAO contribution is anticorrelated with ozone with a
maximum of 8 DU in January, August and September. The eddy heat flux yields significant
contribution of about 10 DU to ozone variability in winter with a positive correlation.

5.5.2 Trends in ozone total column

The monthly and year-round ozone trends based on PW and EESC regressions are esti-
mated using Dobson ozone measurements at MOHp to compare with that obtained from the
Dobson and SAOZ data at OHP. Maximum pre-turnaround and post-turnaround PWLTs
are computed in January with values of about —2.4+0.57DUyr ! and 1.6+ 0.83DUyr !,
respectively. Similarly, minimum pre-turnaround and post-turnaround PWLTs are eval-
uated in August of about —0.73 & 0.42DUyr~! and —0.03 £ 0.54 DU yr~!, respectively.
The PW regression yields year-round pre-turnaround trends of about —1.5 4 0.19 DU yr—!
in 1980-1996 and 0.8 + 0.25DUyr~! in 1997-2010. Similarly, year-round trends based
on EESC are of about —1.540.20DUyr~! and 0.42 £ 0.06 DUyr~! in the corresponding
periods. The estimated ozone trends using the PW and EESC time series are given in
Table 5.3.

From the analysis, it can be inferred that linear trends evaluated from both PW and
EESC fits before 1997 are the same. Nevertheless, the PWLT after 1996 is higher and nearly
double than the EESC based trends, as mentioned in Sect. 5.4.2. In general, from these
analyses, it is found that in the considered latitude regimes, the decrease in total ozone
before 1997 is attributed to the increased ODS abundances while only 50% of the increase
in total ozone after the turnaround year can be explained using the decreased amount of



5.5. Multiple regression analysis of ozone total column at MOHp 107

DOBSON using PW regression

T

onth

DOBSON using EESC regression

Proxies

Figure 5.14: Same as Fig. 5.10, but for Dobson ozone column measurements at MOHp.
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ODSs. A study by Vyushin et al. (2007), using zonal average data, found that the PWLTs
are nearly 4 times greater than the ozone trends based on EESC fit in the northern mid-
latitudes. It confirms the influence of dynamically driven variations in addition to the ODS
decrease for the positive trend in ozone (WMO, 2011).

5.6 Vertically resolved ozone observations at OHP

5.6.1 Stratospheric ozone evolution
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Figure 5.15: Temporal evolution of ozone vertical profiles from lidar, SAGE II, HALOE, Aura MLS and
ozonesondes at OHP. The data are resolved in 1km vertical grid.
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Ozone profile measurements from instruments such as lidar, ozonesondes, SAGE II,
HALOE and Aura MLS are used for investigating the evolution of stratospheric ozone ver-
tical profiles at OHP in 1984-2010. These data sets use various measurement techniques
for observing ozone and have different vertical resolutions. Hence, all data sets are inter-
polated in 1km vertical resolution for the analysis. Figure 5.15 shows the time series of
each data at the reference altitudes of 18, 21, 25, 30, 35 and 40 km, which are obtained by
averaging ozone in +2km of the reference altitudes. All measurement techniques follow a
similar behaviour in the evolution of ozone with respect to time and exhibit clear seasonal
variations. Maximum ozone concentration is found at 16-20 and 19-23 km, with highest
values in the latter altitude range. The variations in ozone is higher at lower altitudes and
decrease with respect to altitude. All observations show relatively large ozone values at
16-20km in 1999, the details of which are described in the following sections.

5.6.2 Stratospheric ozone anomaly

Figure 5.16 presents the monthly ozone anomaly in % of each measurement technique,
interpolated in 1km vertical interval, and averaged at the altitude bands 16-20, 19-23, 23—
27, 28-32, 33—-37 and 38-42km. All measurement techniques exhibit small anomaly, within
+5% in general at all altitude bands except at 16—20 km, where ozone variability is relatively
large. Similarly, ozone anomaly is slightly higher at 38-42km before the mid-1990s, where
a clear decrease in ozone anomaly is found from 1985 to 1996 and a stabilisation afterwards.
Not a specific anomalous behaviour is shown by any instrument and all instruments show
a similar pattern of ozone anomaly. In 2010, all available data sets show positive anomalies
in the lower stratosphere, particularly in 16-20 km, which implies that a major part of the
ozone total column in 2010 in the northern mid-latitudes, as described in Sects. 5.4 and
5.5, arise from the lower stratosphere.

5.6.3 Application of multiple regression

Ozone anomaly is used to assess the long-term variability of the vertical distribution of
stratospheric ozone at OHP. Similar to the combined data set of total column, the ozone
anomalies from lidar, SAGE II, HALOE, Aura MLS and ozonesondes in 1km vertical grid
are averaged to form a single profile in a month. Then, a 5 month running mean is applied
to smooth the data. The multiple regression is applied to this smoothed average data having
1km vertical resolution. Besides, the individual ozone anomaly from lidar and SAGE II,
which are also smoothed by 5 month running mean, are analysed using multiple regression.
The same regression models, PW and EESC, and the same proxies used for the analysis of
ozone total column measurements are used here too. The aerosol proxy data are applied
only up to 30 km since no aerosol exists above 30 km. Moreover, aerosol effect on ozone is
mostly local through heterogeneous reactions and local heating of stratosphere.

In order to find how well the model is in explaining the observed seasonal variability
in the ozone average, R? is calculated for each month using the PW regression model and
is shown in Fig 5.17 at all altitudes. The smoothing increases R? estimate. The model
shows generally the best agreement (>0.5) with ozone anomalies in the 18-42km region in
all months except around 25km in the summer months. The best agreements are found
in the winter/spring months, with values greater than 0.5 and reaching to about 0.85 at
22km in March and April. About 50-60 % of the variability in December—February can
be explained using the regression model at 42-45km. On the other hand, the model can
explain only 20-50% of the variability in 16-18 km at all months, which indicates that,
in these regions, the considered proxies are not sufficient to explain the observed variance.
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Figure 5.16: Time series of ozone anomaly from lidar, SAGE II, HALOE, Aura MLS and ozonesondes at
OHP. The data are resolved in 1km vertical grid.
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The large atmospheric variability in the lower stratosphere makes the proxies difficult to
model the observed ozone variations in great detail. The estimate of R? is about 0.4 at
25-30 km in July—September and November and at 43—45km from March to October.
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Figure 5.17: Vertical distribution of the monthly R? values estimated from the PW regression model for
the average data at OHP.

The vertical distribution of R?, averaged over the period from the monthly estimates of
R2, using both PW and EESC regression models is shown in Fig. 5.18 for the average, lidar
and SAGE II data. The R? values are similar for both types of regressions. The average
and SAGE II data show a similar kind of R? variation at all altitudes whereas results from
ozone lidar measurements are somewhat different. For example, large R? of ~0.6-0.8 is
found in the 20-25 and 3540 km range for average and SAGE II ozone measurements. In
the 25-35km range, about 50-60% of the variability can be explained by the model for
the average and SAGE II data. Below 20km, the model provides R? value of about 0.7
for the ozone lidar measurements and about 0.3-0.5 for the SAGE II and average data. In
contrast, R? is about 0.5-0.7 for the average and SAGE II data above 40 km while it is less
than 0.5 for lidar data because ozone lidar measurements are less sensitive in this altitude
range.

Figure 5.19 presents the vertical distribution of the temporal evolution of average ozone
anomaly (top panel), the PW regression model (middle panel) and the residual (bottom
panel). The observed features in the ozone anomaly are reproduced quite well in the
regressed data between 20 and 42km and the corresponding residuals are nearly zero.
Large positive and negative ozone anomalies are found in the whole stratosphere in 1986
and 1995-1997, respectively. The reasons for the observed increase in ozone anomaly in
1986 can be well explained by the regression model in the lower and upper stratosphere
whereas in the middle stratosphere the model could not explain completely. In 1995-1997,
the decrease in ozone anomaly is clearly replicated in the model. Moreover, large positive
anomalies are observed in 1985, 1987, 1999, 2009 and 2010 in the lower stratosphere. The
regression model also shows similar values in those years except in 1999. It implies that
the very high positive ozone anomaly in the lower stratosphere in 1999 cannot be explained
by the considered proxies. Similarly, model could explain only a part of the large ozone
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Figure 5.18: Vertical distribution of R? estimated over the period for the average, lidar and SAGE II data.
at OHP.

anomaly in 1987. Also, large positive ozone anomalies are found in the upper stratosphere
in 1988, 1991 and 1993, and only a part of which could be seen in the regressed data. Also,
slightly larger negative ozone anomaly is observed in 2002, particularly in the lower and
upper stratosphere. All these features are very clearly depicted in Fig. 5.20.

The time series of ozone anomaly, the PW regression model and the residuals are drawn
at particular altitudes of 18, 21, 25, 30, 35 and 40km in +2km band and is displayed in
Fig. 5.20. At 18 km, ozone anomaly is comparatively large of about +(5-10) % in most years.
At 40 km also, ozone anomaly is about +5 % while other altitudes exhibit smaller anomalies
of less than +4%. A clear decrease in ozone is visible from 1984 to the mid-1990s at all
altitudes. In contrast, an increase in ozone after the mid-1990s is well detectable below 25
and above 35km only, while at 25-35 km, a stabilisation is detected. In order to investigate
the exact reasons for these events, the fitted signals of QBO, NAO, solar flux, heat flux
and aerosols to the ozone vertical profile are calculated and are displayed in Fig. 5.21. The
Figure shows that the influence of QBO is largest and is present at all altitudes, and that
of NAO is also present at all altitudes, but to a lesser extent. On the other hand, heat
flux and solar flux contribute reasonably at 18 km, but their influence is smaller at other
altitudes.

As mentioned earlier, extremely large ozone anomalies are found in the 1986 winter at
all altitude levels and in the 1999 winter at 18 km. From Fig. 5.21, it is found that in 1986,
even if solar variation is minimum, moderately large wave activity, easterly phase of QBO
and negative NAO index result in large ozone levels in the lower stratosphere. In contrast,
no proxies show a notable change in 1999 even though heat flux shows moderately large
value, which is not sufficient to explain the observed high ozone level. But the Arctic winter
1999 was characterised by unusually warm polar vortex and the polar vortex filaments were
elongated down to southern Europe. These polar filaments were detected above OHP
(Heese et al., 2001; Godin et al., 2002), which give rise to large ozone values in the lower
stratosphere at OHP. Therefore, an additional proxy combining the position of the station
with respect to the vortex and ozone loss within the vortex could provide extra information
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Figure 5.19: Temporal evolution of the vertical distribution of average ozone anomaly (top panel), PW
regression model (middle panel) and residual (bottom panel) in 1984-2010 at OHP.
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of such feature. Position of the station with respect to polar vortex could be modeled by
Equivalent latitude (the geometrical latitude enclosing the same area as the PV isoline).
Similarly, ozone anomaly is very large at 18km in 1987 (see Fig. 5.20). It is in part due to
the easterly phase of QBO and large negative NAO index. Also, a clear increase in the ozone
anomaly is seen in 2009-2010 in the lower stratosphere, with exceptionally large values at
18 km, comparable to that in the ozone total column data at OHP and MOHp during the
period. This is due to the large planetary wave activity, as can be seen in the large heat
flux, easterly phase of QBO with large values and negative NAO index (see Fig. 5.21). The
winters 1986, 1989 and 1991 show much higher ozone values at 40 km. From Fig. 5.21, it is
found that only QBO induces slightly large values in its easterly phase in 1986, 1989 and
1991. In addition, ozone anomalies are very low in 1989, 1993, 1995 and 2002 at 18 km
and in 1993, 1995 and 2002 at 21 km. This decrease can be well explained using the high
positive NAO indices in those years. Additionally, a large reduction of about 15 % in ozone
anomaly in 1993 is also associated with the aerosols from the Mount Pinatubo volcanic
eruption.
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Figure 5.21: Time series of the fitted signals of solar flux, heat flux, aerosols, QBO and NAO at 18, 21
and 40 km computed for the average data at OHP.

5.6.4 Contribution of proxies to the variability of ozone profiles

The contribution of proxies to the variability of ozone vertical distribution is analysed
using the average data set at OHP for PW regression and the results are displayed in
Fig. 5.22. The study of the influence of proxies at various altitude levels is necessary as the
effect of most proxies are limited only to some specific altitude regions in the stratosphere.
QBO 30 yields significant contribution at 18-23 and around 30km. In July—August, it
shows a positive correlation influencing significantly the ozone variability at 17km and is
anticorrelated with ozone in March—June in the lower stratosphere. It provides significant
contribution to the ozone variability in the upper stratosphere also, in October—February
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Figure 5.22: The contribution of various proxies to the variability of average ozone profile at OHP.
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yielding a positive correlation. The contribution of QBO 10 is significant at all altitudes and
in most months, except June-July, with a negative correlation in November—April and a
positive correlation in May—October. The contribution of these proxies to ozone variability
is maximum in the lower stratosphere and reaches about 10%. The influence of aerosols
to ozone variability is significant in all months with a maximum of 5%. In the 25-30 km
range, aerosols show a positive correlation as found in (Brunner et al., 2006). This change
in sign or the increase in ozone above 25km is caused by the reduced concentration of
NO, that results from the heterogeneous reactions occurring on the surface of aerosols, as
described in Chapter 1. Solar flux proxy yields significant contribution only when it has
a positive correlation with ozone, in March-November period at 23-37km, contributing
about 2% ozone variability. Similarly NAO shows a significant contribution in January
at all altitudes and in other months particularly in the middle stratosphere, when there
is a positive correlation with ozone, contributing to 4 % variability in ozone. Heat flux
contributes more to the ozone variability, with about 10 % in the lower stratosphere (15—
20km) and is positively correlated with ozone. A significant contribution is also found in
the middle stratosphere at certain altitudes in March—-May and December.

5.6.5 Trends in stratospheric ozone vertical profiles

We have seen some significant positive trends indicating ozone recovery in the northern mid-
latitudes from the ozone total column measurements. Now we analyse how these trends
are reflected in ozone profiles. Trends in the vertical distribution of ozone is calculated
from the monthly ozone anomaly in %. Figure 5.23 represents the trends in the vertical
distribution of ozone estimated based on PW and EESC fits before 1997 (solid line) and
the post-turnaround trend (dashed line) for average (left panel), lidar (middle panel) and
SAGE II (right panel) data.

In the case of average data, the year-round pre-turnaround trends estimated using PW
and EESC regression models are of the order of —0.4 to —0.5 %yr—! in 18-25 and 34-37 km,
—0.65%yr~! at 16km and about —0.8 %yr~! in 38-45km and all are significant at 95%
confidence interval. The highest negative trends are found in the 38-45km region and
are similar to those found in Steinbrecht et al. (2009) and Jones et al. (2009). Similarly,
statistically significant post-turnaround trend of 0.3 %yr~! is computed using PW regression
model in the 18-28 km range. Likewise, EESC fit provides statistically significant value of
0.1 %yr~! in 15-30km. In the 31-39 km region both regressions yield similar and significant
value of 0.15 %yr~!. Above 39km, EESC regression yields statistically significant positive
value of 0.3 %yr~! while PWLTs are statistically insignificant. It should be noted that the
PWLTs in the post-turnaround period are insignificantly small in the upper stratosphere
and are larger below 30km compared to that of EESC, similar to the reports in WMO
(2011).

A similar result is achieved from the lidar and SAGE II ozone observations with some
discrepancies at certain altitudes. For example, lidar shows statistically significant negative
trends (—0.5 to —0.8%yr~!) in 18-21 and 35-45km, except at 25 and 42km. However,
statistically insignificant PW and EESC trends are found below 19 km. Similarly, significant
positive trends (0.2-0.4 % yr—1!) in 1997-2010 are estimated for PW and EESC regressions in
19-38 and 19-45 km, respectively, except at 25 and 42 km. For SAGE I1, significant negative
trends are estimated with values varying from —0.4 to —0.6 % yr~! in 21-36 km and between
—0.75 and —1%yr~! in 37-45km from both regressions. On the other hand, only EESC
regression model provides statistically significant positive trends (0.1-0.3 % yr—!) after 1996
for SAGE II.

As concluded from the ozone total column trends estimated at OHP and MOHp, in the
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Figure 5.23: Vertical structure of the year-round ozone trends estimated from PW and EESC functions in
15-45km estimated from the average (left panel), lidar (middle panel) and SAGE II (right panel) data at
OHP. The solid lines represent the pre-turnaround trends and the dashed lines represent the post-turnaround
trends. The dotted lines represent -0.75, 0 and 0.75 %yr—1.

case of all types of profile measurements also, the PW and EESC based ozone trends show
similar values before 1997. On the contrary, positive trends derived from EESC regression
model in 1997-2010 are smaller than the PWLTs below 35km suggesting the influences
of other factors in addition to ODSs for the increase in ozone. Above 40 km, significant
positive trends can be attributed to EESC only. It reflects the effect of reduced amount of
ODSs on the ozone in the upper stratosphere, where the fate of ozone is mainly determined
by the processes linked to the homogeneous chemistry.

5.7 Connection between ozone profile and column mea-
surements

To find the altitude range from which the explanatory variables contribute maximum to
ozone total column, ozone vertical profiles are analysed by converting them from number
density to DU/km and are then integrated in 5 km width. Figure 5.24 shows the contribution
of various proxies to the variability of ozone in DU, as measured from the vertical ozone
profiles. So this Figure has to be compared with the Fig. 5.10 in order to understand the
altitude levels from where the proxies impart maximum contribution to the total ozone.
The contribution of various proxies is distinct at different altitude ranges. For instance,
the dynamical parameters QBO 30 and QBO 10 show negative and positive correlations
with total ozone from November to April and from May to October (see Fig. 5.10). In
comparison to Fig. 5.24, it is found that the maximum contribution (~3-8DU) of QBO
30 to the total ozone comes from the lower stratosphere (15-24km) except in January.
The contribution of QBO 10 arise from 15 to 35km (~3-13DU). As expected, influence
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Figure 5.24: Contribution of proxies to the ozone total column in DU, estimated from the average ozone
vertical profile at OHP.
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of aerosols is mainly in the 15-24 km altitude range.The contribution of solar flux to total
ozone in the January—May months corresponds to the values of 2-4DU in the 20-34 km
altitude range. The maximum contribution of about 5 DU in June-September comes from
the 15-34km range and in October—December, from 15-24 km.

The NAO teleconnection pattern provides a maximum contribution of about 5 DU to
the total ozone from 15 to 19km in January—March and in December. The influence of
NAO is observed at 15-29km in April-June and September while at 20-34km in other
months. The influence of another dynamical parameter, heat flux is maximum (~5-8 DU)
in the 15-24 km altitude range in February, March, June and August—December. In January,
maximum contribution comes from 15 to 34 km while in April, May and July, the maximum
influence of heat flux is present only in the 15-19 km range.

5.8 Summary

Long-term evolution of monthly mean stratospheric ozone measurements in the northern
mid-latitude stations, OHP and MOHp, is analysed by using the method of multiple linear
regression. The analysis uses ozone total column data from the combined Dobson and
SAOZ total column measurements at OHP and the Dobson spectrophotometer at MOHp.
In addition, ozone profile observations from lidar, SAGE II and the mean ozone calculated
from lidar, SAGE II, HALOE, Aura MLS and ozonesondes are used. In order to analyse the
long-term variations in ozone, a multiple regression model is developed including various
explanatory parameters such as QBO, solar cycle, aerosols, eddy heat flux and NAO and the
PWLT or EESC terms. The regression model could explain well the observed variance of
the ozone total column measurements. In the case of ozone vertical profiles, the regression
model explained about 60-70 % of the ozone variability in the winter /spring months in the
18-42km altitude range. The model can explain only about 20-40 % of the variability below
18 and above 42 km. Stratospheric ozone trends are estimated from the residuals obtained
by removing the contribution of those proxies using the PW linear and EESC functions.
The PWLTs are derived considering 1997 as the turnaround year.

The effect of various proxies on the variability in the ozone total column at OHP is
analysed using both PW and EESC regression models. The PW linear and EESC functions
are the dominant factors responsible for a large fraction of long-term ozone change. The
contribution of aerosols is limited to the periods of volcanic eruptions while influences
of QBO, solar flux, eddy heat flux and NAO are found during the whole period with
a prominent seasonal variation. The influence of QBO and eddy heat flux is larger in
winter /spring whereas solar flux provides a maximum contribution in summer and NAO in
winter. We have compared the effect of proxies on the ozone total column measurements at
OHP with that at MOHp. Even though the considered stations do not differ much in the
latitudinal and longitudinal basis, a slight latitudinal dependency is found for QBO and
eddy heat flux and to a lesser extent for solar flux and NAQO. The influence of QBO is larger
at OHP while that of eddy heat flux, solar flux and NAO are larger at MOHp. So, from
OHP to MOHp, the contribution of QBO decreases while that of eddy heat flux, solar flux
and NAO increases.

The influence of various proxies at different altitudes is evaluated from the analysis of
the vertical distribution of ozone measurements at OHP. Generally, maximum contribution
from the proxies to the ozone variability is found in the lower stratosphere. The eddy heat
flux influences ozone in the lower stratosphere while QBO contributes at all altitudes in all
months. The significant response of ozone to the solar flux and NAO is observed mostly in
the middle stratosphere and a small part in the lower and upper stratosphere. The influence
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of aerosols is significant at all months.

The estimated ozone total column trends using PW and EESC time series show an
obvious decrease before 1997 and an increase afterwards. Both regressions yield similar
and significant negative ozone column trends of about —1.4 + 0.29DUyr~! at OHP and
of —1.5£0.19DUyr~! at MOHp. On the other hand, the post-turnaround ozone column
trends from both types of regressions are slightly different with the largest value (0.5540.29
and 0.8140.25DUyr~! for OHP and MOHp, respectively) in PW regression. Therefore,
the analysis reveals an indication of the influence of ODSs in decreasing ozone before the
mid-1990s and the influence of other proxies other than the reduced ODS abundance on the
increasing tendency of ozone after 1996. For instance, QBO, NAO and heat flux contribute
about 20-26 DU to the large total ozone anomaly of 25-30 DU in the winter/spring months
in 2010.

The PW and EESC regression analyses on the vertical distribution of stratospheric ozone
also yield similar and significant ozone trends in 1984-1996 and are about —0.5 %yr~! in
16-22 and 34-37km and about —0.8 %yr~! in 38-45km. Similarly, ozone trends in 1997
2010, estimated based on PW and EESC regressions are of the order of 0.3 and 0.1 %yr—!,
respectively at 18-28 km and about 0.1 %yr~! at 31-39km and are significant too. In the
40-45km range, EESC provides statistically significant ozone trends of about 0.25 %yr—!
and are larger than the insignificant PWLTs. This implies that the decline of ozone before
1997 is mainly attributed to the positive ODS trends at all altitudes while the significant
increase in ozone after 1996 is only partly attributed to the decrease in ODSs below 40 km.
In contrast, the influence of ODS still dominates above 40 km inducing a noteworthy increase
in ozone.
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6.1 Summary and conclusions

The primary aim of this thesis is the assessment of ozone trends in the subtropical and
mid-latitude regions. To carry out this study, we mainly use the ozone lidar measurements,
satellite overpass measurements and other ground-based measurements in these regions.
Therefore, we concentrate on the measurements from the stations MOHp, OHP, Tsukuba,
TMF, MLO and Lauder. The analysis includes both ozone profile and column measurements
in the stratosphere. For instance, we use the ground-based lidar, ozonesondes, Umkehr,
Dobson and SAOZ and the space-based occulation measurements from SAGE 11, HALOE
and GOMOS, nadir observations from SBUV(/2) and limb measurements from UARS MLS
and Aura MLS. The profile measurements are characterised by various vertical resolutions,
which were retrieved using different measurement techniques.

First of all, as a part of sensitivity and stability diagnosis, ozone lidar measurements are
analysed in detail to find out the impact of using different ozone absorption cross-sections
and meteorological data on the retrieved ozone number density at different latitudinal
regimes. It is found that the switch between BP and BDM ozone cross-section does not
have significant influence on the retrieved ozone number density. Because, the relative
differences in ozone retrieved from the two cross-sections at Rayleigh (308 nm) and the
combined Rayleigh and Raman (308+331.8 nm) wavelengths are very small of the order of
+0.2 % up to 25km in the tropics, mid-latitudes and polar regions. Moreover, average ozone
difference for the two cross-sections, calculated from the OHP ozone lidar, is negligibly small,
+0.08 % at 10-50km. Similarly, the differences in ozone retrieved using CIRA and NCEP
temperature shows negligible deviation below 30 km. In contrast, the relative difference in
ozone retrieved using these two temperatures is about 0.5% above 30 km. So the ozone lidar
retrievals are mostly affected by temperature variations rather than the change in ozone
absorption cross-sections.

Then, a number of ground-based and satellite ozone observations are compared with the
ozone lidar measurements at different NDACC lidar stations to evaluate the consistency
and stability of various ozone measurements in the subtropical and mid-latitude regions.
The analysis is done using the collocated measurements and evaluates relative differences
and relative drifts of various observations with respect to ozone lidar measurements at
the respective stations. All data sets show the best agreement (£3 %) with the lidars in
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20-40km at the considered lidar sites. SAGE II data behave well (+0.1%yr~!) with the
lidars in the 18-42km range. The estimated drifts of all profile measurements are within
+0.3%yr~! in 2040 km and most of them are not significant at the 2o confidence interval.
To evaluate the stability of ozone lidar measurements, they are compared to the long-term
satellite measurements. In addition, stability of long-term ozone measurements are analysed
by the cross-comparison of long-term data sets. It is noted that all lidars show negligible
drifts of +0.2%yr~! with respect to SBUV(/2), SAGE II and HALOE. Among other long-
term data sets, SBUV(/2) provides the least drifts of £0.2%yr~!. SAGE II and HALOE
exhibit insignificant drifts of £0.4% yr=!. Aura MLS also shows small and insignificant drift
(£0.2%yr~1) from its 8 years of data record. Therefore, a long-term continuous satellite
data set spanning over ~27 years (1985-2010) is constructed using the terminated SAGE II/
HALOE with Aura MLS ozone observations. The drifts computed for these combined data
sets are extremely small (£0.1%yr~!) and insignificant. It suggests that these combined
data sets are highly stable than the individual ozone measurements and thus, they have a
great potential to be used in stratospheric ozone trend study; the main goal of making such
a long-term data set.

These ozone measurements are then used for the computation of ozone trends, for which
a process-oriented multivariate regression model is developed within the framework of this
study. The regression model uses different explanatory parameters that describe various
natural and anthropogenic processes affecting stratospheric ozone. The key parameters
considered in the model are QBO, solar flux, aerosol, NAO, heat flux and the piecewise
linear trend (PWLT) or EESC. In order to check the consistency of derived ozone trends,
we have applied both PW linear and EESC functions to the same ground-based and satellite
data.

The maximum contribution to the total ozone variability is dominated by QBO and
heat flux at OHP and MOHp respectively during the northern hemisphere winter months.
The influence of QBO decreases while that of heat flux, solar flux and NAO increases
with latitude here. The contribution of NAO to the total ozone is maximum during the NH
winter months whereas solar flux variation of ozone is maximum in the NH summer months.
The high amount of total ozone in 2009-2010 in the northern mid-latitudes is driven by
strong planetary wave activity, as can be deduced from the highest heat flux during the
period. The computed heat flux is the largest since 1980, indicating the strength of wave
drive during this particular winter period.

Ozone trends using both PWLT and EESC functions exhibit significant negative trends
of —1.4 +£0.29DUyr~! at OHP and —1.5 + 0.19DUyr~' at MOHp prior to 1997. The
PWLTs are about 0.5540.29 DU yr~! at OHP and 0.81+£0.25DUyr~* at MOHp in 1997
2010. The EESC based trends are about 0.3940.08 DU yr—! at OHP and 0.424-0.06 DU yr—!
at MOHp during the same period. Therefore, the pre-turnaround (before 1997) trends from
both regressions are similar, whereas the post-turnaround (after 1996) trends show slight
differences, with the highest value derived from PW regression. It implies that the decrease
in ozone before 1997 is due to the increase in ODSs in the stratosphere, while reduction in
ODS could explain only a part of the increase in ozone after 1996.

The analysis of the influence of explanatory variables at each altitude reveals that heat
flux contributes its maximum in the lower stratosphere while the contribution of QBO is
more or less the same at all altitudes in the winter months. The influence of solar flux
is significant in the middle stratosphere with a positive correlation with ozone. Similarly,
NAO shows positive contribution to ozone in the middle stratosphere at all months and in
the lower stratosphere in March—July, but are significant only in winter. The maximum
and significant contribution of heat flux is present in the lower stratosphere.

Estimation of stratospheric ozone trends in vertical using both PW and EESC regres-
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sions shows significant year-round pre-turnaround trends of —0.4 to —0.5 %yr~"' in 18-25
and 34-37km. The largest trends are found at 38-45km with the value of —0.8 %yr—1!.
Around 30km, the trends are small of the order of —0.15%yr~!. On the contrary, the
year-round post-turnaround trends based on PW and EESC regressions are slightly dif-
ferent below 30 and above 39km. The PWLT and EESC based trend are of the order of
0.3%yr~! and 0.1 %yr—', respectively below 30km and are significant too. Above 39km,
the ozone trend based on EESC is significant and is about 0.25 %yr—! while PWLT is very
small and is insignificant. So it can be inferred from the ozone profile trends that the reduc-
tion in ODS is still responsible for the increase in ozone above 40 km, while below 30 km,
the change in ozone is largely controlled by the dynamical variables like, QBO, NAO and
heat flux. Analysis of profile measurements further reveals that the extremely high total
ozone found in 2009-2010 in the northern mid-latitude is mainly contributed from the lower
stratosphere, below 23 km.

In short, both PW and EESC regressions show significant positive trends after 1996.
Previous trend studies showed stabilisation of ozone at 17km (WMO, 2011) and 35-45 km
(Steinbrecht et al., 2006). So this study further extends the previous analysis with a range
of measurements for the entire stratosphere. The derived ozone trends are consistent with
the results from other studies in the respective regions and confirm their findings of the
mid-latitude ozone recovery in the lower and upper stratosphere. More importantly, this
study reveals positive ozone trends of about 0.2-0.4%yr~! in the 18-27 and 40-45km
altitude range. It has been found that most of the recent increase in ozone is not due to
the reduction in ODSs in the lower stratosphere (as shown by the difference in ozone trends
using PW and EESC regressions) and this conclusion corroborates similar results discussed
in Hadjinicolaou and Pyle (2004) and Dhomse et al. (2006). A very similar result was also
observed in the Antarctic stratosphere by Salby et al. (2011) who presented a significant
positive trend using September—November TOMS/OMI total ozone average, and claimed
that Antarctic ozone is recovering. Additionally, much of the increase in ozone in their
study is shown to be dominated by the dynamical variables (heat flux and QBO). So the
results and discussions given in this thesis confirm some of the results presented in previous
works and presents some new and promising results on stratospheric ozone trends that
demonstrates clear and significant ozone recovery signals in the mid-latitudes.

6.2 Perspectives

Considering the importance of detecting ozone recovery linked to the implementation of the
Montreal Protocol, this thesis opens a path to do some additional works. For instance, in
addition to Aura MLS, several satellites have been launched since 2000 and are not validated
on the long-term for estimating ozone trends. Therefore, stability of ozone measurements
from other satellite instruments such as SCTAMACHY, GOME, GOMOS, SMR, OSIRIS,
ACE-FTS and TASI can be evaluated as done in Chapter 4. In addition, the regression anal-
yses could be improved by using additional explanatory variables (e.g., equivalent latitude).
The estimation of stratospheric ozone trends can also be extended to other stations (e.g.,
Tsukuba, TMF, MLO and Lauder etc.), as presented in Chapter 5. Moreover, comparisons
and trends evaluated using ozone observations can be compared with the trends deduced
from the long-term simulations by Chemical Transport Models (e.g., REPROBUS or SLIM-
CAT) forced by the ERA-Interim analyses. Similarly, trends estimated from the simulations
of Chemistry Climate Models (SPARC, 2010), can be compared with that obtained from
observations.
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