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Abstract

Investigating ozone and temperature related processes in the stratosphere is crucial
for our understanding of the Earth’s climate system. In recent decades satellite-based
remote sensing has created new opportunities to measure physical properties of the
free atmosphere with global coverage. Stratospheric ozone has been closely investi-
gated since the postulation of anthropogenic induced ozone loss in the 1970s. The
emission restrictions for ozone depleting substances implemented by the Montreal
Protocol started to omit further ozone loss in the 1990s. Ozone and temperature
evolution in the stratosphere are closely connected. The stratospheric temperature
structure is mainly determined by the ozone concentration. But temperature changes
also feed back, influencing ozone variability.

In this thesis stratospheric ozone evolution from three observational data sets, cover-
ing in total 34 years from 1979 to 2012, is investigated. Corresponding temperature
changes are derived from radiosonde and GPS Radio Occultation (RO) measure-
ments, covering 1979 to 2012 and 2002 to 2012, respectively. For comparison also
ERA-Interim reanalysis fields for both, ozone and temperature are considered for
1979 to 2102. All data sets have high vertical resolution within the stratosphere
allowing for distinction of trends in different altitudes.

Three different time periods are investigated, using multiple linear regression to
separate trend signals from natural variability, accounting for El Nifio-Southern Os-
cillation, the Quasi-Biennial Oscillation, and solar flux variations. From 1979 to
1996 decreasing ozone concentrations and statistically significant cooling are found
in large regions of the stratosphere. For the period 1997 to 2012 ozone shows signs of
recovery especially in mid latitudes, mitigating further cooling in most of the strato-
sphere. In the period 2002 to 2012, with RO data availability, no significant trends
are found due to the large natural variability.






Zusammenfassung

Detaillierte Untersuchungen von Ozon und Temperatur in der Stratosphére sind von
entscheidender Bedeutung fiir unser Verstindnis des globalen Klimasystems. In den
letzten Jahrzehnten hat die satellitengestiitzte Fernerkundung neue Moglichkeiten
erdffnet physikalische Grofen in der freien Atmosphére mit globaler Abdeckung zu
messen.

Seit der Postulation von anthropogen verursachter Ozonzerstorung in den 1970er
Jahren wurde insbesondere stratosphérisches Ozon intensiv beobachtet. Die Emissi-
onsbeschrinkungen mit denen Ozon zerstérende Substanzen im Zuge des Montreal
Protokolls belegt wurden, verhinderten eine weitere Reduktion der Ozonkonzentra-
tion ab Mitte der 90er Jahre. Die stratosphérische Temperatur ist eng mit Ozon
verkniipft, da Absorption von Strahlung durch Ozon die wichtigste Wiarmequelle in
der Stratosphire darstellt. Andererseits beeinflussen Temperaturinderungen durch
Riickkopplungen auch den Ozonzyklus.

Diese Arbeit untersucht die Entwicklung von stratosphérischem Ozon von 1979 bis
2012 basierend auf drei Beobachtungsdatensétzen. Die Temperaturdaten stammen
von Radiosonden- (1979 bis 2012) und GPS Radiookkultationsmessungen (2002 bis
2012). Fiir einen weiteren Vergleich werden auch Ozon und Temperatur Reanalysen
von ERA-Interim im gesamten Zeitraum untersucht. Alle Datensétze haben eine hohe
vertikale Auflésung, was eine Unterscheidung von Trends in verschiedenen Hohen
ermoglicht.

Mittels multipler linearer Regression werden in drei Zeitperioden Trends von natiir-
licher Variabilitit, wie ENSO, QBO und Sonnenzyklus, getrennt. Von 1979 bis 1996
sank die Ozonkonzentration ebenso wie die Temperatur in weiten Teilen der Stra-
tosphire. Fiir den Zeitraum von 1997 bis 2012 zeigt Ozon Zeichen von Regenerati-
on, inshesondere in mittleren Breiten was eine weitere Abkiihlung der Stratosphére
grofstenteils verhindert. Von 2002 bis 2012 wurden aufgrund der hohen natiirlichen
Variabilitéat keine statistisch signifikanten Trends gefunden.
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Introduction

Humans have been altering the composition of the Earth’s atmosphere for many
decades. Even though the change in total composition may seem low, it can have
potentially large impacts on the climate system. The effects highly differ depending
on the atmospheric region. It is commonly known that the increase of Well-Mixed
GreenHouse Gases (WMGHGS) like carbon dioxide leads to a rise of surface temper-
atures, as, e.g., stated by the Working Group 1 contribution to the 5" Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC AR5) [IPCC 2013].
But WMGHGs also contribute to the cooling of higher regions of the atmosphere
like the stratosphere. The emission of Ozone-Depleting Substances (ODSs) like Chlo-
roFluoroCarbons (CFCs) is another example of anthropogenic influence on the nat-
ural balance in the stratosphere. Decreasing ozone concentrations led to a thinning
of the stratospheric ozone layer for over three decades, until emission restrictions for
ODSs started to prevent further loss in the mid 1990s [WMO 2011].

Since ozone is the main heat source in the stratosphere, a temperature response fol-
lows the ozone changes. This response is not easy to detect since it is overlaid by the
WMGHG response [McLandress et al. 2010]. However, single forcing model studies
suggest that the Lower Stratosphere (LS) cooling is mainly caused by ozone deple-
tion, while the WMGHG signal dominates the Upper Stratosphere (US) [Polvani and
Solomon 2012].

WMGHG induced cooling in the Middle Stratosphere (MS) and US accelerates ozone
recovery and alters transport mechanisms, which further complicates the attribution
of both, temperature and ozone changes [Eyring et al. 2010]. Finally some obser-
vations indicate that water vapor may also play a significant role in the LS cooling
|[Ramaswamy et al. 2001].

In the recent past ozone-temperature connections have been increasingly investigated
as stratospheric climate change and its impacts to the troposphere came more and
more into focus [Baldwin et al. 2007; Hegglin and Shepherd 2009; Seidel et al. 2011,
Gerber et al. 2012].

This work surveys the changes in ozone, temperature, and water vapor over the past
decades. Three ozone data sets, covering a total time range of 34 years from 1979 to
2012 are used. Emphasis is given to the period 2002 to 2012, for which temperature
time series from Radio Occultation (RO) are available. A second temperature data
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set, based on RadioSonde (RS) measurements, is used to cover earlier years. In
addition a data set covering the stratospheric water vapor content is considered.
European Centre for Medium-Range Weather Forecasts (ECMWTF) reanalysis fields
for all three parameters are used for comparison. All data sets in this work have a
high vertical resolution, which allows for a good distinction of signals from different
altitudes within the stratosphere.

This work is structured as follows: Chapter 1 describes the basic structure and com-
position of the Earth’s atmosphere. This also includes recent changes from emissions
of anthropogenic trace gases, focusing on the situation in the stratosphere. Further-
more, several important chemical and dynamical features are investigated. Chapter 2
surveys satellite based remote sensing techniques for atmospheric sounding. The dif-
ferent instruments, delivering observations for the data sets used in this study are
described. The retrieval process as well as the spatial and temporal coverage of the
data is also covered in this chapter. The mathematical basis for the trend analysis
is given in chapter 3. The regression model and the significance tests applied to the
data are described here. Chapter 4 presents the results of the regression study as
well as a detailed comparison of the different data sets. The work concludes with a
discussion and a summary of the results in chapter 5.



1. The Earth’s atmosphere

1.1. Composition and layering

The main components of dry air are nitrogen (Ng, 78.08 % by volume), oxygen (Og,
20.95 %), and argon (Ar, 0.93%). Additionally a range of trace gases is present in the
atmosphere but they contribute only fractions of % to the atmospheric composition.
In the lowermost part of the atmosphere water vapor (HyO) can reach up to 5 %, while
it is nearly absent in the higher regions. Because of this very unequal distribution,
mixing ratios in the atmosphere are always given with respect to dry air [Wallace
and Hobbs 2006].

1.1.1. Trace gases

A common way to quantify the amount of a trace gas is the parts-per notation, i.e.,
parts per million (ppm), parts per billion (ppb), parts per trillion (ppt). However,
there are several problems with this notation as stated, e.g., by Schwartz and War-
neck [1995]. Ambiguity can especially arise because different conventions are in use,
often without being specified. The parts-per mixing ratio can be given with respect
to mass, volume, or moles. Therefore the convention used in this work is clarified
below.

The atmosphere is in good approximation an ideal gas and therefore follows Avo-
gadro’s law, which states that at fixed temperature T and pressure p, one mol of any

ideal gas has the same volume V:

T
_ BT = const., (L.1)
p

v

n

where n is the number of moles and R = 8.3145JK~!mol~! is the universal gas

constant [Wallace and Hobbs 2006]. This allows for a direct conversion from volume
fraction into mole fraction

n; Vi

Nair Vair

(1.2)

The left hand side in Eq. (1.2) denotes the ratio of moles from an atmospheric com-
ponent n; to the total number of moles n, in the same air parcel, while the right
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hand side gives the corresponding volume fraction. The conversion into and from
mass fraction needs more information about the components involved. Following the
definition by the 5'" Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC ARS5) in this work, the parts-per notation is exclusively used with
respect to moles, i.e.,

1ppm = 1 pmolmol ™! = 107% mol mol ~*
1ppb = 1nmolmol ™ = 1072 mol mol !

1ppt = 1pmolmol ! = 1072 mol mol ! (1.3)

With this notation the most important trace gases with respect to their concentration
in the atmosphere are carbon dioxide (COg) with 390.5 ppm, methane (CHy) with
1.8 ppm, and nitrous oxide (NOgz) with 324.2 ppb as of 2011 [IPCC 2013].

1.1.2. Atmospheric layers

The major part of the constituents of dry air are well mixed below about 100 km
altitude, a region called homosphere (in contrast to the heterosphere above 100 km,
where the gases start to separate by molecular mass). Water vapor has already
been mentioned as an example of a component which is not equally distributed and
highly variable in space and time. Another prominent exception is ozone (O3), which
is most abundant in the ozone layer at about 30 kin. Here, the concentrations reach
up to 11 ppm, while near the Earth’s surface mixing ratios below 100 ppb are already
considered unhealthy [Weinhold 2008].

Beside the classification into homosphere and heterosphere there are also several
other definitions, structuring the atmosphere into spheres. The classification due to
the vertical temperature gradient leads to the most commonly know layers (Fig. 1.1).
Note, that in this work the atmospheric temperature gradient will always be given
from lower to higher altitudes (i.e. a negative gradient denotes a temperature de-
crease with height):

e The troposphere reaches from the surface to the tropopause at about 12km in
the global mean. Since the troposphere is heated mainly from the surface it
has a negative temperature gradient of —6Kkm™! to —10Kkm™!, i.e., tem-
perature decreases with height. In this layer about 80 % of the atmospheric
mass is concentrated and the highest water vapor concentrations are found.
Strong vertical motions can occur and nearly all cloud and weather phenom-
ena are restricted to this layer. Most anthropogenic emissions are injected to
the troposphere and distributed from there, except for aircraft exhausts in the
Lower Stratosphere (LS).
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Figure 1.1.: Atmospheric layers (spheres) and their transition zones (pauses) classified by
their vertical temperature gradient [Mohanakumar 2008].

e In the stratosphere the temperature gradient reverses since its main heat source
is absorption of solar radiation by ozone in the upper part. The increasing
temperature with increasing altitude leads to a very stable layering, preventing
nearly all vertical motion. The rare clouds forming in the layer are called Polar
Stratospheric Cloud (PSC) since they form only at high latitudes. The upper
limit of the stratosphere is the stratopause at approximately 50 km.

e The mesosphere is defined by a negative temperature gradient as it is has only
negligible ozone concentrations and is cooled by radiative emission from COs.
At 80 km the mesopause marks the upper end with the lowest temperatures in
the atmosphere, reaching about 180 K.

o In the thermosphere ionization by energy rich-radiation causes a positive tem-
perature gradient again.

e Finally, the Fzosphere marks the border of the Earth’s atmosphere to the outer
space.
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1.1.3. The stratosphere

The stratosphere, the layer in focus of this work, is a special characteristic of the
Earth’s atmosphere, since it is restricted to planets with oxygen-rich atmospheres. Its
positive temperature gradient results from the absorption of high-energy UltraViolet
(UV) radiation by Oz and Oz. The chemical processes involved will be explained in
more detail in section 1.2.2 below.

At its lower border the stratosphere is separated from the troposphere by the tropopause.
The tropopause is defined by the World Meteorological Organization (WMO) as the
first level at which the temperature decreases less than 2Kkm™! and the averaged
temperature gradient over the next 2km does not exceed this value [WMO 1957].
The altitude of the tropopause varies from 8 km to 18 km (about 300 hPa to 70 hPa).
Lower tropopauses occur at high latitudes, whereas the highest tropopauses are found
near the equator [e.g., Seidel and Randel 2006; Rieckh 2013|. Because the tempera-
ture in the troposphere decreases with height the low-latitude tropopause can reach
a minimum temperature as low as 190 K, compared to warmer 230 K near the poles
[Mohanakumar 2008].

The lowest ~10 km of the stratosphere are near-isotherm, while the temperature gra-
dient is positive higher up. The temperature peaks at about 270 K at the stratopause,
which marks the upper boundary of the stratosphere located at approximately 50 km
(about 0.7hPa). Often an additional distinction between lower, middle, and upper
parts of the stratosphere is made [e.g., IPCC 2013|. In this work three sub-regions

are defined covering the following altitude (pressure) ranges:
o Lower Stratosphere (LS): Tropopause to 25km (30hPa)
o Middle Stratosphere (MS): 25km to 40km (30hPa to 3hPa)

e Upper Stratosphere (US): 40km to 50km (3hPa to 0.7hPa)

Due to its non-negative temperature gradient, the stratosphere is vertically very
stable. While vertical transport processes in the troposphere take place on time
scales from hours to a few days, stratospheric motions take place on time scales from
months up to a year. Together with the low water vapor concentration this leads to
the suppression of cloud formation. Consequently there is hardly any precipitation

in the stratosphere which could remove injected aerosols (e.g., by volcanic eruptions).

In the recent past the role of the stratosphere in the climate system has gained
increasing attention. Seidel et al. [2011] reviewed the evolving understanding of
stratospheric temperature trends from early model and observation studies in the
1960s to most recent findings. Baldwin et al. [2007| sumimarized some of the main
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points of how the stratosphere will affect climate change. Connections between the
stratosphere and surface weather patterns have been investigated by Gerber et al.
[2012]. The recovery of the ozone layer in the stratosphere is expected to lead to
a reduction of the UV radiation burden in the troposphere. It has been suggested
that the stratospheric cooling by Well-Mixed GreenHouse Gases (WMGHGs) will
lead to a super-recovery of ozone in some regions and an increased stratosphere-
to-troposphere ozone flux [Hegglin and Shepherd 2009]. The increase in WMGHGs
which leads to a negative temperature forcing in the stratosphere will be considered

in the next section.

1.1.4. Anthropogenic greenhouse gases

Anthropogenic GreenHouse Gases (GHGs) are man-made trace gases, influencing
the atmospheric temperature. The molecules consist of three or more atoms and
emit and absorb radiation in the thermal infrared range, thus altering the radiation
budget of the atmosphere. In this work, WMGHGSs, such as CO2 and CHy, are
distinguished from unequally distributed GHGs like O3z or H2O. The latest IPCC
ARD states that

“the atmospheric concentrations of carbon dioxide, methane, and nitrous
oxide have increased to levels unprecedented in at least the last 800.000
years. Carbon dioxide concentrations have increased by 40 % since pre-
industrial times, primarily from fossil fuel emissions and secondarily from

net land use change emissions” [[PCC 2013].

The concentration changes in WMGHG are extremely likely (> 99 % confidence) to
be the dominant cause of the observed surface warming since the middle of the
20th century. An often used example for measurements of anthropogenic WMGHG
emissions is the data record of the Mauna Loa observatory (Hawaii) shown in Fig. 1.2.
It is one of the longest continuous records and shows the clear increase in surface
COg concentration. The distinct annual cycle is mainly due to the greening and
photosynthesis of the terrestrial biosphere in the northern hemisphere spring and
summer. The COs concentration rose by about 25 % from under 320 ppm in the
1950s to just above 400 ppm in April 2014.

The Kyoto Protocol to the United Nations (UN) Framework Convention on Climate
Change agreed upon in 1995, was the first attempt to reduce global GHG emissions.
It entered into force in 2005 and obligates participating industrial nations to reduce
their GHG emissions by at least 5% with respect to 1990 levels in the commitment
period from 2008 to 2012. In 2012 the Doha Amendment added a second commitment
period covering 2013 to 2020. During the second period the aim is a reduction of
GHG emissions by at least 18 % below 1990 levels |[UN 1998; UN 2012].
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Figure 1.2.: CO2 monthly (red) and de-seasonalized (black) mixing ratios at the Mauna Loa
observatory (19°32'N, 155°34'W; 3400m). Courtesy: P. Tans, NOAA/ESRL and R. Keel-
ing, Scripps Institution of Oceanography (www.esrl.noaa.gov/gmd/ccgg/trends/,
accessed May 2014).

1.2. The stratospheric ozone layer

The stratospheric ozone layer produces heat by absorbing high-energy UV radiation
from the sun, hence shielding the Earths surface from the harmful effects of this radi-
ation. In this section the most important chemical reactions involving stratospheric
ozone are described. The main aim is on the one hand to explain the basic reactions
leading to the formation and location of the ozone layer in the stratosphere and on
the other hand to give examples for anthropogenic altering of these natural cycles.
More elaborated descriptions can be found, e.g., in the textbooks by Jacob [1999] or
by Mohanakumar [2008].

1.2.1. Anthropogenic ozone depleting substances

In the 1930s the search for new refrigerants led to the detection and increased synthe-
sization of so called ChloroFluoroCarbons (CFCs). These substances were considered
harmless to the environment since they are not toxic, unlike earlier used compounds.
Therefore they quickly became widely used as refrigerants, propellants, and solvents.
In 1973 however, studies showed that CFCs were spreading globally and further re-
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Figure 1.3.: Global emission estimates in Ggyr~! (left) and mean global surface mixing
ratios in ppt (right) for CFC-12. The colors represent different observations and models.
Note the different time periods covered by the figures. Adapted from WMO [2011].

search revealed that they have a lifetime of several hundred years in the troposphere.
Such stable molecules can reach the stratosphere where their lifetime is significantly
lower. As described in section 1.2.2 below energy-rich radiation activates the com-
pounds releasing, e.g., atomic chlorine (Cl) and bromine (Br). The potential danger
of this process to the ozone layer was suggested and established quite fast in the fol-
lowing years. The increasing awareness of the disastrous long term implications led
to a series of agreements starting in 1985 with the Vienna Convention for the Protec-
tion of the Ozone Layer. Only two years later the Montreal Protocol on Substances
that Deplete the Ozone Layer was agreed on. Together with its follow-up agreements
amended in London (1990), Copenhagen (1992), Vienna (1995), Montreal (1997),
Beijing (1999), and Montreal (2007) the Montreal Protocol is today the most widely
ratified treaty in the history of the UN. Beside emission restrictions for all major
Ozone-Depleting Substances (ODSs) the agreement demands a regular report on the
status of the ozone layer: the Scientific Assessment of Ozone Depletion. The last
update was published in 2011 [WMO 2011].

Because of their long lifetime in the troposphere, the tropospheric CFC concentration
is a good proxy for their overall variability. In 2008 the tropospheric CFC concentra-
tion was about 2.08 ppb, which accounts for ~62 % of the total tropospheric chlorine.
The main CFCs have the industrial names CFC-11, CFC-12, and CFC-113. CFC-
12 is the most important type of CFC, accounting for roughly one third of their
total concentration. Fig. 1.3 (left) shows different estimates of the global CFC-12
emissions in Ggyr~! from 1980 to 2010. The sudden decrease of the emission as
response to the Montreal Protocol in 1987 is clearly visible. Fig. 1.3 (left) shows
the evolution of CFC-12 surface concentrations in ppt, revealing a delayed response.
This emphasizes the importance of the fast agreement and implementation of the
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Figure 1.4.: Solar flux (solid lines, left ordinate) for 0km, 20km, and 40km altitude and
absorption cross-section of ozone (dotted lines, right ordinate), both as a function of the
wavelength. The dotted lines represent the two main absorption bands in the UV range:
the Hartley (left) and the Huggins (right) band. The Huggins band is scaled by a factor of
40 [Matsumi and Kawasaki 2003].

emission restrictions in the 1980s in order to protect the ozone layer [WMO 2011].
Newman et al. [2009] investigated what would have happened to the ozone layer if
CFCs had not been regulated and found alarming results in a world avoided scenario
(defined by constantly increasing ODSs). Based on model simulation they projected
that 17 % of the globally averaged column ozone would be destroyed by 2020 and
67 % by 2065. This huge decline in the ozone concentration would be accompanied
by changes in stratospheric temperature and dynamics as well as a severely increased
UV burden on the surface.

1.2.2. Stratospheric ozone chemistry

Already in the late 18th century the existence of an ozone layer was proposed by
W. N. Hartley. He measured solar radiation and found a sharp cut-off in the UV
spectrum below 300 nm wavelength which he attributed to the absorption by ozone
in the stratosphere [Frederick 2002|. Fig. 1.4 shows the solar flux as a function of
wavelength for three different altitudes (solid lines, left ordinate). The cut-off around

300 nm for the surface and 20 km flux is clearly visible.
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1.2. The stratospheric ozone layer

The first theory for the origin of the stratospheric ozone layer was proposed by
S. Chapman in 1929 [Chapman 1929]. He developed the Chapman mechanism, a
simple cycle for ozone formation and destruction by radiation:

O2 +hv — 20 (A < 242nm)
O+02+M—03+M
O3+ hv —02+0 (A< 325nm)
O+ 03 — 20, (1.4)

The radiation is expressed by its energy given as hr, where h is the Planck constant,
v the frequency, and A the corresponding wavelength. Reactions 2 and 3 in Eq. (1.4)
are much faster than reactions 1 and 4, which leads to a rapid cycling between O and
O3 (also known as the odd oxygen cycle) in the presence of O9 and a third species
M, which represents a collision partner not affected by the reaction. In the course of
this cycle, energy in the form of radiation is absorbed by ozone in reaction 3 and set
free again in the form of heat in reaction 2. This heat is then carried away by the
reaction partner M.

Reaction 2 on the one hand is highly sensitive to the air density, since it needs three
reaction partners. The probability for this reaction hence decreases with increasing
altitude. On the other hand reaction 3 relies on the availability of UV radiation
and therefore gets more improbable at lower altitudes. With that, the Chapman
mechanism explains correctly the general vertical shape of the ozone layer, as well
as its position in the stratosphere. However, it does not consider transport mecha-
nisms like the Brewer-Dobson Circulation (BDC), which transports ozone from the
troposphere to the stratosphere and from the equator (where production is highest
due to the availability of sunlight) to higher latitudes. Moreover, the total ozone
concentrations are overestimated by the Chapman mechanism alone.

This deficiency is accounted for by additional loss cycles. In the 1950s, for example,
a loss cycle involving the hydrogen oxide radical HO was discovered. HO can be
produced in the stratosphere by the reaction of an ezcited atomic ozygen O with

water vapor:
H,0 + 0" — 2HO (1.5)
The HO radical can then catalyze the destruction of ozone:

HO + O3 — HO9 + O9
HO35 + O3 — HO + 209
Net: 203 — 302 (1.6)

11



1. The Earth’s atmosphere

Eq. (1.6) leaves the HO concentration unchanged, so other reactions are needed to
limit the availability of HO, like:

OH + HO9 — Hy0 + Og (17)

More complex loss cycles involve, for example, the nitric oxide radical NO. In 1970
P. Crutzen showed that N2O is stable enough to reach the stratosphere where it is
converted into its radical form [Crutzen 1970]. He also concluded that anthropogenic
emissions of NoO could ultimately fasten the NO based loss cycle, leading to addi-
tional ozone loss. So, while the natural state of the ozone layer was increasingly well
understood, increasing amounts of ODSs had been injected into the troposphere since
the 1930s. From there they were distributed to the stratosphere leading to new loss
cycles as first suggested by Molina and Rowland [1974] and Crutzen [1974]. In 1995
Crutzen, Molina, and Rowland were awarded with the Nobel Price in Chemistry for
their work on ozone loss.

Once activated by UV radiation the CFCs release, e.g., chlorine which catalyzes
ozone loss similar to that of HO:

C]—FOg —>CIO+OQ
ClO+0 — Cl+ Oy
Net: O3 + 0O — 205 (18)

As example for the activation of a CFC in the stratosphere CFC-12 (CF3Cly) is again
used:

CF»Cly + hv — CF5Cl+ Cl (A < 220nm) (1.9)

It was only in the late 1980s that the even more effective loss mechanism given in
Eq. (1.10) was detected:

(2x) Cl+ O3 — CIO + Oy
C1O + C10 + M — ClOOCI + M
Cl0OCI + hv — ClOO + Cl
ClOO + M — Cl+ Oz + M
Net: 205 — 305 (1.10)

This mechanism involves the self reaction of ClO and is based on the fact that radi-
ation does not split the C1IOOCI dimer at the O-O bond. This would turn reactions
2 and 3 in Eq. (1.10) into a null cycle. Instead atomic chlorine is produced, leading
to the most effective depletion mechanism for ozone. The reactions described in

12



1.2. The stratospheric ozone layer

With polar stratospheric clouds

* LCIZOZ *
HNO, \_» 0,

Figure 1.5.: Activation of chlorine from reservoirs species and ozone loss in the presence
of Polar Stratospheric Clouds (PSCs). Adapted from WMO [2013].

Eq. (1.10) are responsible for about 70 % of the ozone destruction leading to the an-
nual Antarctic ozone hole. Cl and ClO can be deactivated into non-radical reservoir
species, hence terminating Eq. (1.8) and Eq. (1.10):

Cl+ CH4 — HCl1 + CH3
ClO + NO, + M — CINO; + M (1.11)

The reservoir species can then either cycle back to active radicals or be removed
from the stratosphere by deposition. Still more complex loss cycles involving, e.g.,
bromide will not be discussed here [Jacob 1999; Mohanakumar 2008].

1.2.3. The ozone hole

In the Antarctic winter and spring season special atmospheric conditions favor the
destruction of large amounts of ozone, leading to the annual build up of the ozone
hole. The ozone hole is defined as the region where the total column ozone (vertically
integrated ozone over the entire atmosphere) is below a threshold of 220 Dobson
Units (DU). One DU corresponds to 2.69 x 10'6 molecules cm™2 or a layer 10 pum
thick under standard temperature and pressure (273 K, 1013.25hPa).

During the polar night at high southern latitudes the absence of sunlight leads to a
strong temperature decrease in the stratosphere. The build up of the polar vortezx, a
strong wind system circling the Antarctic continent in the stratosphere, additionally
isolates the air inside it. Within the vortex the temperatures can drop as low as
190 K, hence allowing the formation of PSCs. These clouds consist of ice and nitric
acid (HNOg) particles [WMO 2013].

Fig. 1.5 shows an example ozone loss cycle in the presence of PSCs. The clouds
have two negative impacts: On the one hand chlorine bound in reservoir species (cf.
Eq. (1.11)) is activated on the surface of the cloud particles. On the other hand

13



1. The Earth’s atmosphere

HNOj is removed from the stratosphere as precipitation limiting the amount of NOq
available for the deactivation of chlorine into reservoir species.

The main ozone destruction occurs in spring, since the loss cycles depend on the
availability of sunlight (right hand side of Fig. 1.5). However, the sun also heats
the polar stratosphere, dissipating the PSCs and reducing the strong temperature
gradient to lower latitudes. This ultimately leads to the breakdown of the polar
vortex in late spring. Ozone rich air from outside the vortex can now mix with polar

air and the ozone hole dissolves.

1.3. Stratospheric variability

In this section the most important processes leading to natural variability in atmo-
spheric variables such as temperature and ozone are discussed. Natural variability
comprises periodic, quasi-periodic or even sudden changes in the climate system
which are not caused by humans. These changes can be externally forced (e.g.,
the annual cycle caused by solar irradiance variations) or develop within the system
(e.g., the Quasi-Biennial Oscillation (QBO) or volcanic eruptions). It is essential to
account for these natural signals when investigating anthropogenic induced atmo-

spheric trends.

1.3.1. The annual cycle

The annual or seasonal cycle is caused by the tilting of the Earth’s axis against
the ecliptic. The total amount of sunlight reaching the surface of the Earth at a
given latitude is changing with season, influencing the temperature. This change is
more distinct at higher latitudes. Since the troposphere is mainly heated from the
ground its air temperature strongly follows the seasonal cycle. In the stratosphere
the situation is more complex as indirect effects have to be considered.

The annual ozone hole is a phenomenon which follows in principle the seasonal cycle.
But feedback mechanisms amplify the extend of the annual variation. During the
polar night at both, high northern and southern latitudes, the polar vortex builds up.
This atmospheric wind pattern prohibits the exchange of polar air with lower latitude
air, hence leading to even lower temperatures during the winter months. In spring
the weakening of the polar vortex leads to sudden stratospheric warming events or to
a so called final warming if the vortex breaks down entirely. The final warming itself
happens very fast (within several days). The possible time range in which it can
occur is rather long (several months). Thus, the date of the final warming strongly
influences the annual cycle of stratospheric temperature. Moreover, the ozone cycle
is also severely impacted. It is currently under discussion if the climate change may
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Figure 1.6.: Normalized indices of some main sources of atmospheric natural variability.
The time resolution is 1 month. (a) 30 hPa zonally averaged wind speed representing QBO,
(b) Sea Surface Temperature (SST) for the Nino3.4 region representing El Nifio-Southern
Oscillation (ENSO), and (c) 10.7 cm solar flux index representing solar activity.

feed back into the vortex evolution and, e.g., favor a later vortex break down, which
would lead to a further cooling of the polar stratosphere and additional ozone loss
|[Rex et al. 2004; Hitchcock et al. 2009; Manney et al. 2011; Rieder and Polvani 2013|.

1.3.2. The Quasi-Biennial Oscillation

The QBO is an important mode of internal natural variability in the tropical strato-
sphere. It is characterized by changes in the wind speed and associated temperature
and ozone variations. As indicated by its name the QBO has a periodicity of ap-
proximately 2 years [Baldwin et al. 2001].

The QBO induced westerlies (winds from the west) have a maximum amplitude of
about 15ms~!, while the easterlies (winds from the east) reach up to twice that value
[Dunkerton 2002]. The QBO has a period of 24 to 30 months with a mean period of
28.2 mounths from 1953 to 1995. It is influenced but not synchronized to the annual
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Figure 1.7.: De-seasonalized equatorial winds as function of time and altitude from 1964

to 1990. The shading interval is 6ms™!, with £3ms~! unshaded, red shading representing
positive (westerly) winds, and blue shading representing negative (easterly) winds. The
data are merged from different observations near the equator. Adopted from Baldwin et al.
[2001].

cycle, as the change between westward and eastward winds tends to happen in the
northern hemisphere late spring and early summer [Baldwin et al. 2001]. The QBO
reaches its largest amplitude between 10 hPa (32km) and 30 hPa (24 km) directly at
the equator. At higher and lower altitudes the amplitude decreases and moreover the
phase of the QBO is shifted about one month per kilometer altitude (i.e., a certain
state occurs earlier at higher latitudes and propagates downwards with time). This
is seen in Fig. 1.7 which shows de-seasonalized winds at the equator. Towards higher
latitudes the amplitude of the QBO follows roughly a equator centered normal dis-
tribution with a half width of approximately 12°. More theoretical background on
the development of the QBO is provided, e.g., by Holton and Hakim [2013].

QBO index

As proxy for the QBO variability the 30 hPa zonal averaged monthly averaged wind at
the equator is used. The time series was downloaded from a regularly updated online
data set calculated from NCEP reanalysis data provided by the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA.! Fig. 1.6a shows a representation of the 30 hPa zon-
ally averaged wind at the equator. The measurement time series reaches from Jan-
uary 1975 to March 2014 (solid line).

For this thesis I extended the time series into the future (dashed line until 2016) by
appending the April 2009 to December 2011 cycle. It is used as estimate for the
future QBO evolution because it can be considered a typical representation of the
variability in the last decade. Moreover the March 2014 value and the March 2009
value agree within 2%. The extension into the future is necessary for use of the

! www.esrl.noaa.gov/psd/data/correlation/gbo.data, accessed April 2014
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Figure 1.8.: De-seasonalized temperature (red) and ozone (violet) as well as QBO index
(black, dashed) for the 0°N to 10°N latitude band at the 30hPa level. Ozone and QBO
index are denoted on the left axis, temperature on the right axis.

index regression because the downward propagation of the QBO can lead to shifts
of over 30 months between the wind index at 30 hPa and ozone or temperature.

The original data have been normalized following Eq. (1.12):

Toriginal — T
max (’xoriginal - jf‘) ’

(1.12)

Inormalized =

where ¥ is the mean of z computed by averaging over all available data from January
1975 onwards. The denominator represents the maximal amplitude appearing in the
time series. This normalization is applied to the ENSO and solar flux indices as well

and is intended to simplify inter-comparison of the regression coefficients.

Influence on temperature and ozone

In the stratospheric equatorial region the QBO is beside the annual cycle the most
important phenomenon causing natural temperature and ozone variations. Fig. 1.8
shows de-seasonalized temperature and ozone data as well as the normalized QBO
index for the 30hPa level in the 0°N to 10°N latitude band. The quasi two-year
period is clearly visible for all variables. The maximum amplitude of de-seasonalized
ozone and temperature is approximately 0.8 ppm and 5K, respectively. The QBO
accounts for about 0.6 ppm and 4K, respectively, of this variability.

The second obvious feature is a phase shift between temperature, ozone and QBO
index. This lag will be analyzed in more detail in section 3.3.
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1. The Earth’s atmosphere

1.3.3. El Nifnio—Southern Oscillation

El Nirio is a phase of warm SST anomalies in the tropical eastern Pacific. It is closely
connected to the Southern Oscillation, a change in the surface pressure. For the whole
phenomenon the name El Ninio-Southern Oscillation (ENSO) was established.

During ENSO neutral conditions easterly winds in the eastern Pacific move warm
surface water away from the South American west coast. This water is than replaced
by colder water from the deeper ozean — a process called upwelling. This process
causes a temperature gradient of several Kelvin between the eastern and western
Pacific. This gradient is accompanied by different weather patterns, since warmer
oceans favor heavy precipitation in the tropics.

The El Nifio or ENSO warm phase starts with an initial rise in the east Pacific
SST. This weakens the easterlies, which then feeds back, further warming the ocean.
Depending on the magnitude of the El Nifio event the temperature gradient between
the eastern and western Pacific can completely disappear. The weaker easterlies also
lead to the build up of a high pressure region over Oceania. More information can be
found in the book Atmospheric Science by Wallace and Hobbs [2006]. The opposite
ENSO cold phase is called Lg Nifta. The main characteristics of El Nino compared
with neutral or La Nina conditions are:

Weaker easterlies along the equator.

Lower SST in the eastern Pacific.

The surface pressure in the western Pacific and over Australia and Oceania is
higher.

Slight rise (lowering) of the eastern (western) Pacific sea level.

Although ENSO is a local phenomenon in the tropical Pacific it impacts atmospheric
weather patterns globally. For example the 1877 El Nino caused sever droughts
in India, China, Australia, and other countries, which led to the discovery of the
Southern Oscillation [Chang and Zebiak 2002; Wallace and Hobbs 2006].

Modern remote sensing techniques and RadioSonde (RS) measurements allow a de-
tection of ENSO associated variability also in the upper troposphere and stratosphere
as described e.g. by Reid et al. [1989] and Free and Seidel [2009]. Calvo et al. [2008]
give an update on the scientific understanding of the ENSO propagation into the
stratosphere and Randel et al. |2009] discuss its influence on temperature and ozone.
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Figure 1.9.: Reference regions for different ENSO indices in the tropical Pacific. The
Nino3.4 region (dashed, brown) lies between 5°N and 5°S and 120°W and 170°W. Graphic
by W. M. Connolley (CC BY).

ENSO index

To identify ENSO associated atmospheric variability the Nino3.4 index! (Fig. 1.6b)
is used. It utilizes the SST in the tropical Pacific from 5°N to 5°S and 120°W to
170°W as proxy for the ENSO phases. Fig. 1.9 shows different reference regions used
for SST measurements.

1.3.4. Solar flux

The Sun is the Earth’s most important energy source. The Total Solar Irradiance
(TSI) or total radiative energy reaching the Earth changes over time.

This change happens on several different time scales. During the Earth’s history
(comprising several billion years) the Sun’s luminosity has increased by 25% to
30 %, having huge impacts on climate on Earth [Rosing et al. 2010|. The 11 year
solar cycle leads to luminosity changes on a decadal scale. On an annual basis the
largest amount of change is attributable to the elliptic orbit geometry of the Earth,
leading to varying distances to the Sun.

For the time spans investigated in this work the Sun’s long term luminosity trend
is negligible. The IPCC AR5 does not find any significant contribution of solar ir-
radiance changes to the radiative forcing trend since 1750 [IPCC 2013]. The second
source of luminosity changes is the 11 year cycle in solar activity. While the corre-
sponding total variability in TSI is below 0.1 %, the changes in the UV range exceed
4 %. This makes the stratosphere especially sensible to the solar cycle, showing, e.g.,
temperature differences of ~2 K between solar minimum and maximum. About half
of this response is estimated to result direct from TSI changes, while the other half is

lwww.esrl.noaa.gov/psd/data/correlation/nina34.data, accessed April 2014
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due to ozone feedback mechanisms [Gray et al. 2010]. The changes connected to the
Earth’s orbit geometry are not further discussed here since they are removed with

the seasonal cycle.

Solar flux index

Fig. 1.6¢ shows the normalized 10.7 cm radio flux! used as proxy for the solar activity.
The response of temperature and ozone to TSI changes is considered to be immediate,
hence zero lag is used in the entire stratosphere. A detailed review of the solar

influence on climate can be found e.g. in Gray et al. [2010].

lwww.esrl.noaa.gov/psd/data/correlation/solar.data, accessed April 2014
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2. Data sets

2.1. Satellite remote sensing

Global observations of the higher atmosphere rely mainly on remote sensing tech-
niques. In contrast to in-situ measurements remote sensing acquires information
about the atmosphere without being in direct contact with it [Elachi and Zyl 2006].
All observations used in this work are based on satellite remote sensing except the
RS data which are in situ measurements.

The higher up in the atmosphere a region of interest lies, the harder it is to mea-
sure with ground-based systems or in-situ instruments. The reason for the former
is the exponential decay of air density with altitude. When measuring, for exam-
ple, stratospheric properties from the ground the much denser troposphere can pose
a huge source of disturbance for the signal from above. In-situ measurements of
the free atmosphere are limited by the delivering system. RSs for instance rely on
weather balloons to reach higher altitudes and therefore measure in the troposphere
and lower stratosphere, since the balloons burst due to the low pressure at higher
altitudes [DuBois et al. 2002]. Satellite based remote sensing overcomes this re-
strictions by measuring the atmosphere from above. Satellite based remote sensing
can be performed in different measurement geometries. In this work three different

techniques are distinguished:

o Limb-looking instruments observe the atmosphere by looking across it parallel
to the surface. This allows for a high vertical resolution but restricts horizon-
tal localization of the received information. Fig. 2.1 shows a schematic limb
geometry. The black lines represent paths of photons emitted from the sun
before they are scattered into the Line Of Sight (LOS) of the satellite. The
exponential decay of density with altitude plays an important role in assigning
a measured signal to a certain area. At the Tangent Point (TP) the LOS is
exactly parallel to the surface, the distance is minimal and the density there-
fore maximal. As a result the area close to the TP has the largest impact to

the overall signal.

o Occultation instruments are limb-sounding systems. The use a radiation source

at the far end of the LOS. This can either be an artificial signal from a second
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Solar Irradiance

Satellite ... ine of Sight

Surface

Figure 2.1.: Schematic limb geometry. The solid black lines represent possible photon

paths, before they are scattered into the LOS of the receiver satellite. The TP is located on

the LOS above the tangent height (point of minimal distance between surface and LOS at
a given time) [Qu et al. 2006].

satellite, as in the case of Radio Occultation (RO) or a natural source, such
as a star, as in the case of the Global Ozone Monitoring by Occultation of
Stars (GOMOS) instrument. During an occultation event the signal source
either sets or rises from the perspective of the sensor. In this process the LOS
scans through the entire atmosphere from the top down (setting event) or from
bottom up (rising event). A schematic RO setting event geometry is shown
in Fig. 2.2a. A huge advantage of occultation methods is the self calibrating
nature. Regardless of the radiation source, every event can be calibrated by
the original signal, which is defined as the undisturbed sensor reading above
the top of the atmosphere.

Doun-looking (or nadir-looking) systems measure the atmosphere directly be-
neath them. They have a high horizontal resolution but can provide only
limited vertical differentiation. Therefore they are for example used to mea-
sure total column ozone or other integrated properties. It is however possible
to achieve information from different atmospheric layers by using a priori infor-
mation and carefully selected weighting functions as shown in Fig. 2.2b for the
Solar Backscatter UltraViolet 2 (SBUV/2) instrument. The curves represent
different wavelengths, which provide information from different altitude layers.
Note, the dot on the 292nm line at 40 km altitude and at a weighting function
value of 0.25. It denotes that the channel will response to changes at 40 km
by a factor 0.25 less than it would to changes on the top of the atmosphere
[Qu et al. 2006]. Or in other words: 75 % of the back-scattered photons at this
wavelength are from above 40 km.

Tab. 2.1 gives an overview of all data sets used in this work. A more detailed de-

scription of all data sets is given in the following.
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Figure 2.2.: (a) Schematic geometry of an RO setting event. At the time ¢; the undisturbed
signal reaches the receiver satellite. At a later time to the ray path is bend due to the
density of the atmosphere. (b) Possible weighting functions for different wavelengths of a
nadir looking system [Qu et al. 2006].

2.2. Temperature measurements

2.2.1. Radio occultation data

The Wegener Center for Climate and Global Change (WEGC) RO retrieval delivers
global temperature profiles with high vertical resolution. In this work the data are
used from 2002 to 2012 for the stratosphere. The data are based on RO sensors
aboard different Low Earth Orbit (LEO) satellite missions including the CHAlleng-
ing Minisatellite Payload (CHAMP), Gravity Recovery And Climate Experiment
(GRACE), and FORMOSAT-3/COSMIC (F3C). For the retrieval of the temper-
ature profiles the WEGC Occultation Processing System in its latest version 5.6
(OPSv5.6) is used |Schwirz et al. 2013].

RO measures are performed in limb sounding mode, using artificial sources of elec-
tromagnetic waves. The satellites mentioned above receive radiation from the two
Global Positioning System (GPS) frequencies (with wavelengths of several centime-
ters, hence radio-waves). During an occultation event the signals pass through the
Earth’s atmosphere and get bend due to the Earth’s density gradients. This bending
is measured as a phase-shift with respect to the undisturbed signal. This measure-
ment is based on synchronized, high-precise atomic clocks on both satellites.

In the further course of the retrieval unwanted altering is removed. This includes the
Doppler-shift due to the movement of both, the emitter and receiver satellite and the
ionospheric influence on the measurement. The latter is eliminated by a combination

24



2.2. Temperature measurements

of the two GPS frequencies [Liu et al. 2013]. The Doppler-shift correction utilizes
precise orbit information (position and velocity of emitter and receiver satellite),
which is in the next step also used to calculate the bending angle from the phase-
shift.

An inverse Abel integral is then applied to receive the refractivity as a function of
altitude. Due to low signal-to-noise ratio at high altitudes the WEGC OPSv5.6
RO data are initialized using short-range forecast profiles of the European Centre
for Medium-Range Weather Forecasts (ECMWEF). As a result the RO products are
not entirely independent from ECMWEF, although RO information dominates the
retrieval below about 40 km [Schwérz et al. 2013].

Dry atmospheric parameters (e.g., dry temperature) follow from the refractivity in
the next step of the retrieval. Using additional information (e.g., the vater vapor
concentration) also physical parameters (e.g., temperature) can be obtained. In this
work the dry parameters are used in the stratosphere since they are highly consistent
with their physical counterparts due to the low water vapor content. The vertical
resolution of the RO temperature profiles is about 1km. A detailed description of
the WEGC OPSv5.6 retrieval can be found in Schwirz et al. [2013].

WEGC RO temperature data are highly consistent between different receiver satel-
lites due to the self-calibrating nature of the measurements [Foelsche et al. 2011].
Therefore they can be combined to a single climate record without any calibration
or homogenization. RO measurements show high accuracy in the upper troposphere
and LS [Scherllin-Pirscher et al. 2011a; Scherllin-Pirscher et al. 2011b]. Structural
uncertainty was found to be lowest within £50° latitude and below 25km [Steiner
et al. 2013a]. The GPS satellites have a fixed inclination of 55° and therefore the
distribution of occultation events depends on the receiver orbit. All receiver satellites
used in this work are in near polar orbits, hence providing global coverage.

The newly reprocessed data based on the OPSv5.6 are not yet available for public, but
the products of the former version (v5.4) can be found online in the Network Common
Data Format (NetCDF).! For this study monthly means merged to 5° latitude bands
are used. Each band was area weighted with the cosine of the latitude. An additional
averaging was performed to obtain 10° zonal bands in order to compare to the other
data sets. Note that the sampling error due to unequal sampling in space and time
[Scherllin-Pirscher et al. 2011b] is not considered in this work. The time series of RO

temperature are shown in the appendix (Fig. A.1).

Lww . globclim.org
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2.2.2. Radiosonde data

Radiosonde Innovation Composite Homogenization (RICH) is a temperature data
set obtained from RS measurements, covering the time period 1950 to 2012. In
this study I use the data from 1979 onward. RSs perform in-situ measurements
of temperature and other atmospheric properties in the troposphere and LS. RICH
is provided by L. Haimberger, University of Vienna, Austria [Haimberger et al. 2012].

RICH is based on data from a global RS measurement network with over 1000
stations. The coverage is however very unequal and limited to the continents. A
high station density in the northern hemisphere industrialized areas faces sparse
measurements in the southern hemisphere.

RS measurements are synchronized using the Coordinated Universal Time (UTC).
Usual the starting times are 00 UTC and 12 UTC [Haimberger et al. 2008; Ladstadter
et al. 2011]. Over the years many different RS types have been in use. Blaschek [2009]
gives an overview on the most important instruments and their global distribution.
In order to merge RS data from different instruments over time to a consistent
climate record RICH uses advanced homogenization techniques [Haimberger et al.
2012]. The sondes are transported to higher altitudes by weather balloons but if
compared to satellite measurements they have a restricted vertical coverage. RICH
provides data up to an altitude of about 22km (~15km at high southern latitudes).
The data set is available online as NetCDF.! RS time series and their coverage are

shown in the appendix (Fig. A.2).

2.3. Ozone and water vapor measurements

2.3.1. Harmonized dataset of ozone profiles

The HARMonized dataset of OZone profiles (HARMOZ) provides ozone data from
a series of different instruments on different satellites. It includes data from the
GOMOS, the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS),
and the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) instruments on Envisat. Furthermore data are used from the Op-
tical Spectrograph and InfraRed Imaging System (OSIRIS) and the Sub-Millimetre
Radiometer (SMR) instruments on Odin as well as from the Atmospheric Chem-
istry Experiment—Fourier Transform infrared Spectrometer (ACE-FTS) on SCISAT.
HARMOZ covers the upper troposphere up to the mesosphere for the years 2001 to
2012 and was created in the course of the European Space Agency (ESA) Climate

Lftp://srvx7.img.univie.ac.at/pub/vl.5.1, accessed January 2014
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Change Initiative (CCI) project [Sofieva et al. 2013].

For the trend analysis in this thesis only four of the six instruments included in the
HARMOZ data set are used. The selection process follows the comparison performed
by Tegtmeier et al. [2013] as well as the data agreement tables provided by Sofieva
et al. [2013]. The aim was to use only those instruments which show high consistency
in the stratosphere. The used instruments are:

e GOMOS, Envisat: GOMOS uses the occultation of stars to measure the
global night-time concentrations of ozone and related trace gases in an altitude
range between 15km and 100km with a vertical resolution of 2km to 3 km.
The GOMOS instrument was operational on Envisat from 2002 to 2012 [Kyrola
et al. 2004].

e MIPAS, Envisat: Also payload on Envisat, MIPAS covers the same time
period as GOMOS. In 2004 a change in the measurement mode had to be made
for technical reasons |Clarmann et al. 2009]. MIPAS is a Fourier transform
spectrometer, operating in limb mode. It measures ozone and a range of other
trace gases from about 5km to 150 km altitude. Its vertical resolution changes
with height, but is generally better than 3km [Eckert et al. 2013].

e OSIRIS, Odin: Launched in 2001 on board the Odin spacecraft, OSIRIS is
still operational. Its global coverage is restricted due to the sun-synchronous
orbit of Odin. OSIRIS operates in limb mode, measuring ozone from approxi-
mately 10km to 100 km altitude, with a resolution of 2km to 3km [Llewellyn
et al. 2004].

e ACE-FTS, SCISAT: ACE-FTS measures ozone using solar occultation. It
covers the atmosphere from the top of the clouds at around 10km up to 150 km
with a vertical resolution of ~3km. The instrument was launched aboard the
Canadian SCISAT satellite in 2003 and is still operational [Dupuy et al. 2009].

Sofieva et al. [2013] investigated the relative biases from GOMOS, OSIRIS, and
ACE-FTS with respect to MIPAS and found a difference below 5% in most of the
stratosphere. Larger discrepancies appear especially in the US above 40km and in
the LS below 20 km. In the study by Tegtmeier et al. [2013] the difference is taken to
a multi-instrument mean and generally good agreement is found for the tropical and
mid-latitude MS and US. In the LS, GOMOS and OSIRIS show larger disagreement
up to 50 %. At high latitudes the situation is similar and differences up to 50 % with
respect to the multi-instrument mean occur. In a recent study by Eckert et al. [2013]
drifts and trends from MIPAS, OSIRIS, and ACE-FTS are compared to each other.
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The HARMOZ data are provided as NetCDF on the ESA CCI homepage.! The
temporal and spatial data coverage of the time series is generally good for the whole
period. At high southern latitudes some months of data are missing before 2004. The
overall coverage can be seen in the time series plotted in the appendix (Fig. A.3).

The common pressure grid

All instruments deliver their measurements on varying altitude or pressure grids, so
that an interpolation to a Common Pressure Grid (CPQ) is necessary in order to
compare the different data sets. In this work the pressure grid introduced by Sofieva
et al. [2013] is used as CPG for all data sets. It has a vertical resolution of about 1km
below 20 km and of 2km to 3 km above. The transformation from other grids is done
by linear interpolation of the logarithmic pressure coordinate. Additionally each
pressure level is allocated to a corresponding altitude z in km, which is estimated
using a fixed scale height:

101
z = 161ogy < 0 3), (2.1)
p

where p is the pressure in hPa. In this work pressure (altitude) ranges from 250 hPa
to 0.4hPa (10km to 55km). Following Sofieva et al. [2013] the pressure levels [hPa]
and corresponding approximate altitudes [km| within this range are:

Table 2.2.: Pressure (altitude) levels in hPa (km)

250 (9.72) | 70 (18.57) | 4 (38.46)
200 (11.27) | 50 (20.91) | 3 (40.46)
170 (12.4) | 40 (22.46) | 2 (43.27)
150 (13.27) | 30 (24.46) | 1.5 (45.27)
130 (14.27) | 20 (27.27) | 1 (48.09)
115 (15.12) | 15 (29.27) | 0.7 (50.57)
100 (16.09) | 10 (32.09) | 0.5 (52.91)
90 (16.82) | 7 (34.57) 0.4 (54.46)
0 (17.64) |5 (36.91)

2.3.2. The solar backscatter ultraviolet instruments

The Solar Backscatter UltraViolet (SBUV) spectrometers are a series of National
Aeronautic and Space Administration (NASA) instruments designed to monitor the

Mttp://www.esa-ozone-cci.org/?g=node/161, accessed November 2013
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vertical distribution and the total amount of ozone in the free atmosphere. The
first instrument was launched on the Nimbus-7 satellite in 1978. Until now several
follow-up missions have been carried out and the time series covers a 34-year period
until 2012. Though the instruments were designed to measure ozone on a daily basis
(and therefore need careful inter-calibration and drift correction) the length of the
data set makes it interesting to be used as a climatology. The National Oceanic
and Atmospheric Administration (NOAA) has created such a climatology using the
SBUV algorithm version 8.6 (SBUVv8.6) [Bhartia et al. 2013].

The quantity measured for the ozone retrieval is the ratio of radiance emitted from
the earth with respect to to solar irradiance. This is done at 12 wavelengths between
250 nm and 340 nm by a nadir-looking geometry. The SBUV instruments receive solar
UV radiation back scattered from the Earth’s atmosphere and surface. Typically
about once a week a diffuser is used to channel direct sunlight into the down-looking
instruments for irradiance measurements and long-term calibration. The list below
gives an overview of all SBUV instruments which provided data to the climatology
used in this work.

e SBUV, Nimbus-7: October 1978 until June 1990

e SBUV /2, NOAA satellites: The SBUV/2 instruments continued the ozone
measurements from SBUV. They had an additional mercury lamp aboard to
track the reflectivity changes in the diffuser. Until today there have been
several identically constructed instruments on different satellites:

— NOAA-9: February 1985 until January 1998
NOAA-11: January 1989 until March 2001

— NOAA-14: March 1995 until September 2006
— NOAA-16: October 2000 until present
NOAA-17: August 2002 until April 2013

NOAA-18: January 2005 until present
— NOAA-19: March 2009 until present

For a more detailed description of the instruments see the README Document by
Johnson et al. [2012]. The SBUVv8.6 uses an inverse model based on an optimal
estimation approach to retrieve ozone information. More detailed information can
be found in the corresponding publications, e.g., Bhartia et al. [1996], McPeters et al.
[2007|, McPeters and Labow [2012], Johnson et al. [2012], Bhartia et al. [2013], and
Kramarova et al. [2013].
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Different ozone products are provided by NOAA. In this work ozone mixing ratios in
ppm are used. These data cover a pressure range from 50 hPa to 0.5 hPa, which cor-
responds to an altitude range from about 21 km to 53km. The vertical resolution is
comparable to the CPG so that the data can be interpolated to this grid without any
further adaptation. The data are provided in the Hierarchical Data Format (HDF)
at the Goddard Earth Sciences Data and Information Services Center (GES DISC)
homepage.! As stated above and shown e.g. by Bhartia et al. [2013] some of the
SBUV/2 instrument overlap in time. To create a merged ozone time series the av-
erage of the overlapping periods was computed. Moreover the 5° latitudinal bands
were merged to 10° bands to match the horizontal resolution of the other data sets.

The SBUV data are nearly continuously available at middle and low latitudes for the
whole 1979 to 2012 period. Towards high latitudes (polewards of 55°S and of 65°N,
respectively) data are missing in the winter months. For the £85° bands no data
are available. An overview of the SBUV time series of all latitude bands is given in
Fig. A4 in the appendix.

2.3.3. Global ozone chemistry and related trace gas data records for
the stratosphere

The Global OZone Chemistry And Related trace gas Data Records for the Strato-
sphere (GOZCARDS) project is part of the NASA Making Earth Science data records
for Use in Research Environments (MEaSUREs) program and delivers among other
atmospheric trace gases also ozone and water vapor profiles. The data sets are
merged together based on a range of different sources and cover a 28 year period
from 1985 to 2012 (some measurements reach back to 1979) [Froidevaux et al. 2013].

Fig. 2.3 shows the different missions contributing to the GOZCARDS data set be-
tween 1979 and 2012. A more detailed description of the instruments and processing
versions can be found in Froidevaux et al. [2013] and references therein. A detailed
comparison of the different data sets was done by Tegtmeier et al. [2013] for ozone
and by Hegglin et al. [2013] for water vapor. Here only a short summary of the
instruments used for the GOZCARDS data set is given:

e SAGE I, AEM-B: The Stratospheric Aerosol and Gas Experiment I (SAGE I)
was an instrument aboard the Applications Explorer Mission-B (AEM-B) satel-
lite. It measured ozone from 1979 to 1981 using solar occultations.

'disc.sci.gsfc.nasa.gov/datareleases/MEaSUREs-SBUV-Ozone, accessed November
2013
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Figure 2.3.: Temporal coverage of measurements considered for the GOZCARDS project.
The dotted lines towards the end of the SAGE II and UARS MLS coverage indicate degra-
dation in the coverage [Froidevaux et al. 2013].

e SAGE II, ERBS: SAGE II, the successor of SAGE I was launched in 1984 on
the Earth Radiation Budget Satellite (ERBS) and was measuring ozone until
2005.

e HALOE, UARS: Payload on the Upper Atmosphere Research Satellite (UARS)
satellite, the HALogen Occultation Experiment (HALOE) measured ozone and
water vapor using the solar occultation technique. It was operational from 1991
to 2005.

e MLS, UARS: The Microwave Limb Sounder (MLS) on UARS delivered ozone
data from 1991 to 1997 and water vapor data until 1995.

e MLS, Aura: The MLS instrument aboard the Aura satellite delivers ozone

and water vapor measurements from 2004 onwards.

e ACE-FTS, SCISAT: ACE-FTS on SCISAT contributes ozone and water
vapor data to GOZCARDS, from 2004 onwards.

The merged GOZCARDS ozone and water vapor time series are available online as
NetCDF.!

ldisc.sci. gsfc.nasa.gov/datareleases/measures—gozcards—data-now—available,
accessed September 2013
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2.4. Reanalysis fields

The ERA-Interim fields are used in this work for comparison to the temperature,
ozone and water vapor observationl data sets. A reanalysis combines numerical
forecast models and observations. ERA-Interim is updated in near-real time and
covers the time period from 1979 to present! [Simmons et al. 2007; Dee et al. 2011].
All files were downloaded from the ECMWF homepage.? In this work monthly
means of daily mean fields on pressure levels are used. For ozone and water vapor an
additional conversion is necessary since the concentrations are given as mass mixing
ratio. Using that the mass m of a gas equals its mol mass M times the number of
its moles n allows to rewrite Eq. (1.2) into:

ng  mi My  my Myoy V;

= = = 2.2a

Ntot M; myot Mot M; Viot ( )
Using the mol mass of dry air M, = 28.97 gmol ™!, the mol mass of ozone Mmozone =
48.00 gmol ™!, as well as the mol mass of water vapor myager = 18.02gmol ™! yields
[Wallace and Hobbs 2006]:

Vozone Mozone
=0.60———— 2.2b
Vair Majr ( )
Vivater Mryater
= 2.88—— 2.2¢
Vair Majr ( )

The reanalysis has a horizontal resolution of 0.75° times 0.75°. The WEGC CLI-
matology Processing System 2 (CLIPS2) was used compute 10° zonal means. In
the process each latitude band was area-weighted with the cosine of the latitude
|Ladstadter 2014|. The vertical pressure coordinate was interpolated to the CPG to
match the other data sets. For more information about ERA-Interim see, e.g. Poli
et al. [2010], Dee et al. [2011], and Simmons et al. [2014].

Linformation about the coverage can be found at www.ecmwf.int/research/era
’http://apps.ecmwf.int/datasets/, accessed January 2014
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3. Methods

3.1. Notation and basic equations

This section introduces the mathematical notation used in the rest of the work.
Moreover it covers the equations needed for the further processing of the data. The
notation is based on the conventions of the programming language Python, which was
used for computation (i.e. all indices start with 0). The measurand X (i.e. an ozone,
temperature, or water vapor data set) depends on three independent variables, the
latitude ¢, the pressure p, and the tiéme t. All three variables are discrete, hence

¢ — ¢ =—85°,-75° ... fori=0,1,...
p — pj = 450hPa,400hPa,... for j=0,1,...
t — tp = 1979-Jan, 1979-Feb,... for k=0,1,... (3.1)

where ¢; is the center of a latitude band (negative values represent southern lati-
tudes), p; is a pressure level, and ¢, is a time step. The discretised dependent variable

Xy p,t 18 then given by:
X(¢,p:1) = X(9ispj, th) = Xopt (32)

Handling missing data

As discussed in chapter 2 not all data sets cover the entire altitude, latitude, and
time range. Within Python missing data are marked as Not A Number (NAN) which
are omitted in calculations. In the following the number of available measurements
N will be used. E.g. Ny, is the number of time steps minus the number of time
steps marked as NAN at a certain ¢ and p.

Temporal means

The time is different from the other two independent variables as it runs over three
different periods. This will be described in more detail in the next chapter and the

time period over which ¢ runs is not specified here. Note however that all variables,
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which depend on the sum over a certain time range, depend on the selection of this
range.

The time average or climatology Xg’gm of a mesurand is given by:

: 1
Cl
XGlim — N > Xopis (3.3)
’ t

where ngm gives the mean state of X, ; within a selected time range. It is obvious
that the climatology depends on this range and changes when, e.g., running from
1979 to 1996 instead of 1997 to 2012. This is especially true under changing climate

conditions.

AnnCycle
¢.pt”

in two variables, namely the years t; and the months t,:

A special form of ngm is the mean annual cycle X . To calculate it ¢ is split

t; = 1979, 1980, ... forl=0,1,...
=1 (3.4)
t,, =Jan,Feb,... ,Dec form=0,1,...,11
and with this the annual cycle is given by:
A 1
Xopar ™ = 5D Kowvar (3.5)

N¢7p7t// tl

where Ny, ¢ represents the number of available measurements at a certain latitude,

pressure level, and month.

Differences

Subtracting the mean annual cycle from the data yields the de-seasonalized time

: Deseas
series X :
@,p;t

AnnCycl
Xopirin = Xopwar — Xgphn'™ for each ¢ (3.6)

In Eqg. (3.6) the mean annual cycle is removed from the mesurand for each year ¢/
separately. This eliminates the first main source of natural variability. X;i;ffas will
be used for all subsequent calculations.

To detect systematic differences between the data sets they are compared to each
other. This is done for different products such as the climatology or the de-seasonalized
XDiif

time series. Generally, the difference of a variable X with respect to a variable

Y is defined as (all dependencies are omitted here):

xbt— x vy (3.7)
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3.2. Multiple linear regression

For the trend estimation a multiple linear regression model is used, which includes
a constant and a linear term as well as main sources of natural variability, such as
the QBO, the ENSO, and the solar flux (c.f. section 1.3). Natural variability is
represented by proxies, i.e., the 30hPa zonally averaged monthly averaged wind at
the equator @ representing the QBO, the Nino3.4 index E representing ENSO, and
the 10.7cm radio flux index F' representing the solar flux. The regression model
X%I?,? is then defined by:

XY = a5 a1 4 0220 Qa0 Byt R, (380
where afb?;m, aggfar, aﬁ?o, aggso, and ag};X are the regression coefficients (generally
ag hereafter). Note that not all terms on the right hand side are at the same time
step t due to the QBO and the ENSO lags. The QBO lag Aty ), depends on latitude
and altitude as indicated by the indices. The selection of the lags will be discussed
in section 3.3 below.

The water vapor regression uses a simplified model, containing only the constant and
the trend term, hence:

X0t = a4 alte (3.8b)

Subtracting the model from the de-seasonalized time series yields the residuum r¢ ¢
Topt = Xgpi = Xoipi (3.9)

Now the regression coefficients are determined by a least squares approach

aS
RVyp= > 73, — minl, (3.10)
t
where RV is the Residual Variance. Eq. (3.10) varies the regression parameter in
oder to minimize RV. Practically the afbp are computed using the OLS (ordinary
least squares) function of the Python module stat smodels (version 0.5.0).} In the

next chapter also relative coefficients will be used, hence:

| ag,
s,re D
R — (3.11)
.0 Clim
X¢7p

'A documentation as well as the current version can be found online under http://
statsmodels.sourceforge.net/.
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3. Methods

Validity of the model

A simple quality check of the regression model is achieved by computing Fzplained
Variance (EV) and the not explained RV of the Total Variance (TV):

S (Do — xGlim) = N (xhlod - xGlm)® 4 N7 (xDesens — xMod)® - (319)
t t t

TVyp EVgp RV p

The coefficient of determination Rip is then:

EV RV

2 P é.p

= =1—-—>"2-¢]10,1 3.13
o TVsp TVgsp 0.1 ( )

R;p specifies the amount of variability in X(];gffas which is explained by the model
Xg’[;g. The model is considered good at explaining the variability if the coefficient of
determination exceeds a threshold value. In the following this threshold will be taken
as 0.25. To examine the significance of the received trends the methods described in

section 3.4 below are used.

3.3. QBO and ENSO lag

In section 1.3.2 the QBO and its characteristics have been introduced. The QBO
index at the 30hPa (24km) level is used to remove the QBO related variability.
Downward propagation of a certain QBO state takes about 1 month per kilometer
altitude. Thus, shifts between ozone (temperature) and the corresponding index get
larger with increasing altitude. This requires an extension of the index beyond 2014.
But also at the 30 hPa level the QBO index derived from wind measurements is not
in phase with temperature and ozone (Fig. 1.8). Closer analysis reveals that the
temperature is actually in phase with the wind shear rather than the wind itself.
The wind shear has a phase shift with regard to the wind by a quarter period which
corresponds to approximately 6 to 8 months. At a fixed location changes from
easterlies to westerlies with time are associated with positive temperature anomalies
and vice versa [Randel et al. 1999; Baldwin et al. 2001|. This is explained further e.g.
in Dunkerton [2002]| by connecting the horizontal wind shear to vertical components.
For ozone the lag is smaller, ranging from 4 to 6 months. Moreover the more complex
ozone chemistry and dynamics lead to a change from positive to negative anomalies
corresponding to westerly wind at approximately 27 km.

To get a clear lag pattern Aty ), (cf. Eq. (3.8a)) is calculated from the longest avail-
able time series for temperature and ozone, i.e., from the ECMWEF (1979 to 2012)
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and GOZCARDS (1985 to 2012) data sets, respectively. Several different methods
for the identification of the lag have been investigated. It was found that the selec-
tion process requires a certain amount of a priori information to ensure physically
correct results (such as positive coefficients for the regression of the tropical tem-
perature). At the 30 hPa level possible lags for temperature and ozone from zero to
twelve months are allowed. To account for the downwards propagating nature of the
QBO this lag range is shifted by one month per kilometer. For each lag the regression
model was fitted to the data and the lag which lead to the largest EV (largest Ri,p)
was chosen as lag for the corresponding latitude and altitude. Fig. 3.1a (right) shows
the derived QBO index-temperature lag (solid line) in the 0° to 10° latitude band
for different pressure (altitude) levels. The gray shading indicates the allowed lag
range at a certain height. The horizontal dashed line marks 30 hPa, where the wind
lags the temperature by 5 months. This lag is in good agreement with the findings
of the studies discussed above [e.g., Randel et al. 1999]. The left panel of Fig. 3.1a
show the lag distribution for all latitudes (x-axis) and altitudes (y-axis). Shaded in
blue corresponding to negative lags, in red corresponding to positive lags.

Fig. 3.1b shows the lag from the QBO index to ozone. In general, a similar pattern
as for the temperature is found. At 30 hPa the index lags the ozone by 4 months in
the 0° to 10° latitude band. Note the anomaly around 15hPa (30km), where the
selected lag reaches the boundary of the allowed lag. In this region the index-ozone
correlation switches from positive to negative and no clear QBO signal can be found

in this region.

Regarding ENSO, the lag of the Nino3.4 index to temperature and ozone was set to
-3 months for the entire stratosphere, following an analysis of Steiner et al. [2013b]
and in agreement with Randel et al. [2009].

3.4. Significance testing

The t-distribution

To test the significance of the linear trend agf;far a two sided Student’s t-test is used.
It is based on the Student’s t-distribution, which arises if the sample variance (rather
than the true, but unknown variance of the population) is used for the standardizing
of a finite sample of measurements of a normally distributed variable. The sample
size ng, is given by the Degrees Of Freedom (DOF) which are calculated as the
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Figure 3.1.: The lag of the QBO index to ERA-Interim temperature (a) and GOZCARDS
ozone (b). The latitude and altitude dependence is shown in the left panels. The section of
the 0° to 10° band is denoted by the dotted line and extracted in the right panel. The gray
shading indicates the physically allowed lag range (same for all latitudes).

number of available measurements Ny, minus the number of regression coefficients
@ p'

ngp =Ngp—5 (=2 for water vapor) (3.14)
With this the probability density function f(ng,,x) of the standardized Student’s

t-distribution is given by (the ¢ and p dependencies of n are omitted in the next 3
equations):

n+1
P (), ey
= 14+ =
s =t (14 5)
p=0,
o= for n > 2, (3.15)
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where I' is the Gamma-function and x the random variable. p and o are the cor-
responding expectation value and standard deviation of the distribution. For large
DOF, Eq. (3.15) converges into the standardized normal distribution:

22

fn — 00, 2) — 1 ez,
V2
p=0,
o=1. (3.16)

In the case of a normally distributed sample the significance of the mean value can
be expressed by the standard deviation, which corresponds to well defined proba-
bilities (e.g., about 68.3%, 95.5%, and 99.7% of the data lie within 1, 2, and 3
standard deviations around the mean, respectively). The standard deviation of the
t-distribution depends on the DOF ngy ;. For the t-test a theoretical critical t-value
t°rit (ny ,, @) is defined by

tcrit

/ f(n,z) dz =« (3.17)

__¢crit
so that o % of the t-distributed data lay within 4-¢¢tit (ngp,a) . The corresponding
t-value of the trend tgn;ar is given by:

linear

linear __ P
t¢»p - Aglinear’ (318)

é,p
where Aag?;ar is the standard deviation of the trend. Therefore, the t-value gives the

number of standard deviations the trend differs from zero. To calculate Aag?;ar first
the standard deviation of the residua Ary, is computed following Eq. (3.19) (the
mean of 74,4+ equals zero by definition):

.
Argp = || =00t (3.19)

Aagrﬁar then follows as the square root of the corresponding entry in the covariance
matrix scaled with ript or as the square root of the cov_params (scale=dr)
function from Pythons statmodels module (see the documentation for more infor-

mation).

The significance levels in this work are also based on the t-distribution. The a%

confidence interval 5(1%)6‘””(@) is given by

Jalinear (a) = Adlinem x 1 (. ) (3.20)

so that within aé;“;f‘" + 6@2’526“"(0() lay % of the data.
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Hypothesis test

Another way to interpret tgf;far follows from the hypothesis test, which is carried
out here to test the significance of the trend. As indicated at the beginning of this
section the significance test is based on the assumption that the tested values are
random samples from a normally distributed population. The true expectation value
w and standard deviation o are unknown. The null hypothesis Hy now assumes that
the true trend is zero, hence y = 0. The true standard deviation ¢ is approximated

linear

by the sample standard deviation Aayy". In this context Eqg. (3.18) given below
describes a kind of standardization where ag?;ar is the expectation value of the (not

standardized) sample distribution and tgf;far its standardized counterpart:

linear linear
— a

a 1 .
.0 P __ 4linear
o Aagnear - t¢>7p (3'18)
7p

To reject the null hypothesis tgr;far has to lay outside of the a % confidence intervals
+t°(n, ) from the standardized t-distribution with ng, DOF, hence

. ! .
[tinear| > 1% (ng . ). (3.21)

If this holds true a trend is considered statistically significant at the a % level.

Auto-correlation

Eq. (3.14) gives the simplest approach to calculate the DOF ng,. It leads however
to a biased outcome of the hypothesis testing, if the measurands (and their corre-
sponding residua) are auto-correlated. In order to obtain accurate results with the
t-test the effect of the auto-correlation has to be removed. An easy and often used
approach is to use the effective sample size nf;fp:
eff 1 - Po.p

Wp = Np T poy’ (3.22)
where p is the correlation parameter reaching from —1 (perfect anticorrelation) to
1 (perfect correlation). For p = 0 there is no correlation and n°f equals n. The
correlation parameter can be calculated in different ways, here the Durbin-Watson
statistic is used [Wilks 2006]. p is computed for a lag 1 correlation by

2150 (Topt — 7q¢pt71>2
pop=1— pb " épt=l) (3.23)
' 2Zt quﬁ,pvt

n®f is used in the calculation of ¢ in Eq. (3.17) as well as for 1" in Eq. (3.19).

Note however that there are also several other ways to remove the effects of corre-

lation. Even using the simple approach via the effective sample size allows different
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3.4. Significance testing

options. It is possible to calculate p not from the residua but directly from XDeseas,
leading to slightly different results. Moreover the effective sample size may only be
used for the calculation of ¢ but not for t“'*. For a more detailed study see

Santer et al. [2000] and references therein.
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4. Results

Here the results of the investigation of the data sets presented in chapter 2 are given.
This includes an analysis of the mean atmospheric state and the mean annual cycle
for ozone and temperature in different time periods. Moreover the findings of the
trend analysis are presented and the different data sets are compared to each other.
Due to the emission restrictions for ODSs introduced by the Montreal Protocol ozone
decline started to slow down in the 1990s. The scientific literature agrees that the
trend reversal occurred in the mid 90s and ozone is recovering since [Steinbrecht et al.
2006; Jones et al. 2009; IPCC 2013; Kyrola et al. 2013; Tegtmeier et al. 2013]. In
this work the depletion period reaches from January 1979 to December 1996, hence
covering an 18 year period. The recovery period covers 16 years from January 1997 to
December 2012. A special focus is given to the 11 year period from January 2002 to
December 2012, for which RO temperature data are available (RO period hereafter).
In the following the extraction of the trends for the depletion and the recovery period
will be described to set a framework for the more detailed study of the RO period

in section 4.3.

4.1. The state of the atmosphere

4.1.1. Climatologies

The climatology or mean state of an atmospheric variable within a certain time
range is calculated applying Eq. (3.3). Fig. 4.1 shows two example climatologies for
the period from 1979 to 2012. Fig. 4.1a shows the temperature climatology for ERA-
Interim. The lowest temperatures are found in the tropical tropopause from 15km
to 20km and within +25° latitude. In the MS to US the temperature increases to
260 K. Note the slightly cooler temperatures in the southern polar LS, in comparison
to the northern hemisphere due to the effects of the stronger Antarctic polar vortex
and the ozone hole.

The mean ozone concentration from 1979 to 2012 is shown in Fig. 4.1b for the GOZ-
CARDS data set. The ozone concentration increases rapidly above the tropopause
until it peaks between 30km and 35km at low latitudes. In the US ozone concen-

tration decreases again with altitude. The distribution is mostly symmetric with
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Figure 4.1.: Mean atmospheric state from 1979 to 2012 as function of latitude and altitude:
ERA-Interim temperature (a) and GOZCARDS ozone (b). Missing data are given in gray.

respect the equator, but at high latitudes the southern hemisphere ozone is slightly

lower.

Fig. 4.2 shows the difference of the SBUV (a) and ERA-Interim (b) ozone climatolo-
gies with respect to GOZCARDS, following Eq. (3.7). SBUV shows generally good
agreement and ozone concentrations lie within +0.3 ppm in most of the stratosphere.
At high southern latitudes larger positive anomalies up to 0.6 ppm are found. Nega-
tive anomalies slightly exceeding —0.3 ppm are visible just below the ozone maximum
in MS and above 45km outside the tropics. The differences show a clear altitude-
dependent pattern. The strong ozone increase towards the maximum in the MS and
US is somewhat underestimated by SBUV compared to GOZCARDS. On the other
hand the peak concentrations between 30 km and 40 km are higher in the SBUV data
set. This may be due to the lower vertical resolution of the SBUV data set, which is
based on nadir measurements, with respect to the limb measurements used for the
GOZCARDS data set.

The difference of ERA-Interim ozone to GOZCARDS, visible in Fig. 4.2b, shows a
similar pattern, however with an up to three times larger amplitude. The positive
anomaly at southern polar latitudes does not appear in ERA-Interim, but strong
negative differences of about —1ppm are found at 30km in the tropics and above
40km at mid latitudes.

4.1.2. Annual cycle

Fig. 4.3 shows the mean annual cycle calculated after Eq. (3.5) for ERA-Interim
temperature (top) and GOZCARDS ozone (bottom) at two selected latitudes. Note
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Figure 4.2.: Difference of the mean atmospheric state (1979 to 2012) with respect to
GOZCARDS ozone: SBUV (a) and ERA-Interim (b) ozone.

the different colorbar compared to Fig. 4.1 for both, temperature and ozone. The
tropical temperature visible in Fig. 4.3a shows hardly any annual variability in the
LS and MS. In the US a semi-annual cycle can be identified. At mid latitudes,
represented by the 40° to 50° latitude band shown in Fig. 4.3b, an annual cycle is
found in the entire stratosphere. The mean annual cycle for all latitudes is shown in
Fig. A.10 and Fig. A.11 in the appendix. The strongest annual variations are seen
at high latitudes beyond the Arctic and Antarctic circle (see Fig. A.10). They result
from the absence of sunlight during the polar nights and the subsequent build up of
the polar vortex. The annual cycle of ozone is similar to that of temperature. At
low latitudes a weak semi-annual cycle is visible (Fig. 4.3¢), while seasonal changes
dominate the mid latitudes (Fig. 4.3d).

4.1.3. De-seasonalized anomaly time series

Removing the mean annual cycle from the data via Eq. (3.6) yields the de-seasonalized
anomaly time series. At low latitudes the QBO signal becomes evident in most of
the data sets. Fig. 4.4 shows de-seasonalized anomaly time series for the 0° to 10°
latitude band. The ERA-Interim temperature in Fig. 4.4a shows a clear ~2-year
cycle of cold and warm anomalies in the entire LS and MS, reaching down to about
15 km.

The ozone data reveal a more diverse picture. GOZCARDS ozone (Fig. 4.4b) shows
a clear downward propagating QBO signal in most of the LS and MS. At about
27km a phase shift in the anomalies occurs. This phenomenon is linked to the
change from dynamical ozone control in the LS to chemical ozone control in the MS
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Figure 4.3.: Mean annual cycle from 1979 to 2012 for ERA-Interim temperature (top) and
GOZCARDS ozone (bottom) for the 0° to 10° (left) and the 40° to 50° (right) latitude
band.

and US [Randel and Thompson 2011; Bourassa et al. 2014|. Fig. 4.4c and Fig. 4.4d
show SBUV and ERA-Interim ozone, respectively. The 2-year QBO pattern and the
switch at approximately 27 km are also identifiable for these two data sets, however
less clear. In particular ERA-Interim seems not to be able to resolve most of the
QBO wvariability in stratospheric ozone. Moreover a change from mostly negative
ozone anomalies to mostly positive ozone anomalies occurs from 1995 to 1996 in the
ERA-Interim data but not in the other two ozone data sets. ERA-Interim ozone
trends should therefore be interpreted with care.

Note that before 1985 the coverage of GOZCARDS is very sparse (gray areas in
Fig. 4.4b). Still, for the climatology and the annual cycle calculations, the whole
1979 to 2012 period was used to conserve consistency with the other data sets. For
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Figure 4.4.: De-seasonalized time series in the 0° to 10° latitude band for ERA-Interim
temperature (a) as well as GOZCARDS (b), SBUV (c), and ERA-Interim (d) ozone.

the trend analysis in the depletion period however, GOZCARDS will be used only
from 1985 onwards.

4.2. The ozone depletion and recovery period

As mentioned at the beginning of this chapter the scientific literature states that the
emission restrictions for ODSs in 1986 have resulted in an ozone trend reversal in the
mid 1990s. If looking at linear trends of ozone and related quantities it is therefore
reasonable to compute trends separately for the depletion and for the recovery period.
Here 1996/1997 was chosen as turning point, following, e.g., Steinbrecht et al. [2006],
IPCC [2013], and Kyrola et al. [2013]. As suggested, e.g., by Jones et al. [2009] a more
detailed approach would require several separate turn around points for different
altitudes and latitudes. Moreover is it reasonably to assume that the turn around
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Figure 4.5.: Global total column ozone deviations relative to the 1964 to 1980 ground
based time average. The represented data sets are given on the right hand side of the plot.
Adapted from WMO [2011].

did not happen from on full year to another, hence monthly time resolution should
be used.

Fig. 4.5 shows the global total column ozone evolution from the 1960s onwards as
presented in the last Scientific Assessment of Ozone Depletion [WMO 2011]. The
anomalies are calculated as deviation from the ground based average from 1964 to
1980. During this time the total column ozone measured from the ground showed
no obvious trend (black line in Fig. 4.5). The trend reversal in the 1990s is visible as
clear minimum in all data sets. The ozone increase in the late 1990s follows however
a stagnation in the last decade, when looking at integrated ozone.

4.2.1. The ozone depletion period

In the depletion period reaching from 1979 to 1996 (1985 to 1996 for GOZCARDS)
ozone is declining over large areas of the stratosphere as a result of anthropogenic
ODSs. Fig. 4.6 shows the results of the regression study for different data sets.
The significance test is based on the auto-correlation corrected t-test explained in
section 3.4. Statistically significant trends on the 95% level are indicated by an X.
Note that the marks also give an indication on the vertical resolution of the data.
Fig. 4.6b (top), Fig. 4.6¢, and Fig. 4.6d show consistent negative ozone trends below
~35km for GOZCARDS, SBUV, and ERA-Interim, respectively. In the tropical
tropopause region slightly positive trends appear, especially ERA-Interim shows a
statistically significant ozone trend at about 20 km. Other studies also found indica-
tions that LS tropical ozone might have increased regionally before 1997 [Jones et al.
2009; Kyrola et al. 2013].

At mid latitudes all three data sets show a statistically significant ozone decrease
over large parts of the stratosphere, only ERA-Interim ozone trends are positive
above 35km. GOZCARDS ozone increases above 35km in the tropics, while SBUV
shows negative trends in the entire MS and US. In the LS ozone concentrations
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Figure 4.6.: Trends per decade for the ozone depletion period (1979 to 1996): ERA-Interim
temperature (a) as well as GOZCARDS (1985 to 1996) (b), SBUV (c), and ERA-Interim
(d) ozone. Regions with trends significant at the 95 % level are marked with an x sign. For
ERA-Interim temperature (a) and GOZCARDS ozone (b) three selected de-seasonalized
anomaly time series are shown for specific levels:
bottom). Note the different time span for GOZCARDS ozone.

2hPa, 7hPa, and 50hPa (from top to
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are generally small, therefore only weak signals are found when looking at absolute
trends. Thus, also relative ozone trends in % decade™! are shown in the appendix for
ERA-Interim, GOZCARDS, and SBUV (Fig. B.3f, Fig. B.4f, and Fig. B.5f). When
put into perspective of the total ozone concentration the trend signals in the LS
become much more distinct.

For three selected pressure levels (2hPa, 7hPa, and 50 hPa) in the tropics (0° to 10°)
the de-seasonalized anomaly time series and the corresponding trends are shown in
Fig. 4.6b (bottom). Note the high ozone variability at 35km in comparison to the
low changes at higher and lower altitudes. The trend values and the 95% confi-
dence intervals for the three pressure levels are (0.17 4 0.09) ppm decade™! (2hPa),
(—0.21 4 0.57) ppm decade™! (7hPa), and (—0.13 & 0.08) ppm decade™! (50 hPa). The
strong QBO variability at 7hPa leads to the high uncertainty intervals at this pres-

sure level.

The temperature trends during the ozone depletion period are shown in Fig. 4.6a for
ERA-Interim. The US shows significant cooling of up to ~3 K decade™! at almost all
latitudes. In the MS and LS an asymmetry is visible between the hemispheres. While
hardly any significant trend is found near the equator and at southern latitudes, the
northern mid latitudes show a statistically significant cooling trend of ~1 K decade™!.
For compleneness also relative temperature trends were computed. The trend pattern
is fully consistent with absolute temperature trends shown in Fig. B.1f. Fig. 4.6a
(bottom) shows the de-seasonalized temperature anomaly time series for the same
three pressure levels as for GOZCARDS. The overall variability is more homogenous
when compared to ozone. While at 22km and 35 kmn a distinct QBO signal is visible
in the data, the 43 kin anomaly time series shows no clear pattern.

Fig. 4.7a shows the coeflicient of determination for the ERA-Interim temperature
regression in the ozone depletion period. High values are found at all altitudes close
to the equator as well as at mid latitudes in the US. In the MS low values are located
at 15°S and 15°N. To further investigate the low coefficient of determination outside
the £10° latitude band Fig. 4.7b to Fig. 4.7d show the regression coefficients for
the QBO, ENSO, and the solar flux, respectively. As described, e.g., by Baldwin
et al. [2001] the QBO influence is largest directly at the equator but has subsequent
maxima between 20° to 40° in both hemispheres. The low QBO regression coefficients
just outside the £10° band is reflected in the coefficient of determination. Overall,
the contribution of the QBO to variability of both, temperature and ozone decreases
rapidly towards high latitudes. To keep the regression model (Eq. (3.8a)) as general
and as simple as possible the QBO index was nevertheless included in the regression
for all latitude zones. In regions where no QBO influence is present a low coefficient
is automatically without any effect in the regression.
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Figure 4.7.: Results of the ERA-Interim temperature regression for the depletion period:
coefficient of determination (a) (black line is 0.25) as well as relative QBO (b), ENSO (c),
and solar flux (d) coefficient.

The ENSO regression coefficients are shown in Fig. 4.7c. At low latitudes the regres-
sion coefficients are positive below 30km and mainly negative above. The northern
high latitudes show positive values over the entire stratosphere, while negative coef-
ficients appear south of —55° latitude in the LS and MS.

The solar flux regression coefficient is positive in most of the stratosphere. Local
negative values appear above 30km especially towards higher latitudes and in the
polar LS in the northern hemisphere.

In general the QBO variability dominates most of the low and mid latitudes with
amplitudes up to three times larger than ENSO and solar flux. Towards the poles
all three coefficients contribute at the same order but explain only a small fraction
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Figure 4.8.: Results of the GOZCARDS ozone regression for the depletion period: co-
efficient of determination (a) as well as relative QBO (b), ENSO (c), and solar flux (d)

coefficient.

of the total natural variability (R? < 0.1).

Fig. 4.8a and Fig. 4.8b show the absolute and relative QBO regression coefficients
for the GOZCARDS data set, respectively. Note that the large absolute QBO co-
efficients between 30km and 40km in Fig. 4.8a are distinctively smaller in relative
terms (Fig. 4.8b). The change between positive coefficients in the tropical LS and
negative coefficients in the MS is due to the phase shift seen in Fig. 4.4b. The pat-
tern is comparable to earlier findings by, e.g., Baldwin et al. [2001] and Eckert et al.
[2013]|. The absolute ENSO coefficients shown in Fig. 4.8c have a maximum in the
low latitude MS, which mostly disappears when looking at it in relative trends (not
shown). The solar flux coefficient is positive over most of the stratosphere with a
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4.2. The ozone depletion and recovery period

maximum around 40km. At high southern latitudes negative coefficients exceeding
—0.5ppm are found in the LS and MS.

For completeness Fig. B.1 to Fig. B.5 in the appendix show the results of the regres-
sion analysis for the ozone depletion period for all data sets, showing the QBO (a),
ENSO (b), and solar flux (c) coefficients as well as the coefficient of determination
(d). Moreover the absolute (e) and relative (f) trends are given for comparison.

4.2.2. The ozone recovery period

In this work the ozone recovery period is defined from 1997 to 2012 and there-
fore overlaps with the RO period (2002 to 2012) for about two thirds of the time.
Fig. 4.9a shows the temperature change within the recovery period regressed from
ERA-Interim. In large areas of the stratosphere the sign of the temperature trend
has changed compared to the depletion period. The statistically significant cooling
between 15 km and 30 km visible in Fig. 4.6a has changed to a not significant positive
trend in the recovery period. From 35km to 40km the temperature decreases for
both periods while the US shows positive trends during the recovery period. Note
the strong natural variability in Fig. 4.9a (bottom) which makes it difficult to detect
statistically significant trends.

The ozone trends in the recovery period show similarities as well as some obvious
differences among the three data sets (Fig. 4.9b to Fig.4.9d). At mid latitudes
around 35 km a statistically significant and consistent ozone increase is found. SBUV
shows the strongest signal with respect to the amplitude as well as the spatial extend,
while the ERA-Interim data feature the smallest but still statistically significant
positive trends in this area. In the tropical MS an ozone decrease is found, although
the amplitude and exact location varies across the data sets. The drop in ozone
concentrations in this region is in general agreement with other studies, e.g., Jones
et al. [2009], Eckert et al. [2013], Kyrold et al. [2013], and Gebhardt et al. [2014].

The US ozone trends are inconsistent across the three data sets. ERA-Interim and
SBUYV both find statistically significant trends but with different signs, while GOZ-
CARDS shows hardly any trend. The LS ozone shows signs of recovery for ERA-
Interim as well as in some regions for GOZCARDS and SBUV. However, in the later
two data sets also regions with continuing ozone decline can be identified in the LS
although most of them are not statistically significant at the 95% level.

Again Fig. C.1 to Fig. C.5 in the appendix show the results of the regression analysis
for the ozone recovery period for all data sets, showing the QBO (a), ENSO (b), and
solar flux (c) coefficients as well as the coefficient of determination (d). Moreover
the absolute (e) and relative (f) trends are given for comparison.
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Figure 4.9.: Trends per decade for the recovery period (1997 to 2012). ERA-Interim
temperature (a) as well as GOZCARDS (b), SBUV (c), and ERA-Interim (d) ozone. Same
layout as Fig. 4.6.
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Figure 4.10.: Mean climatology for the RO period (2002 to 2012): RO temperature (a)
and HARMOZ ozone (b) as well as GOZCARDS (c) and ERA-Interim (d) water vapor at
different latitudes and altitudes.

4.3. The RO period

4.3.1. Data set differences

The RO period covers the time from 2002 to 2012 due to the availability of the
RO data set (cf. Fig. A.1). The focus of this section is the comparison of the
RO temperature anomaly time series and trends with the other data sets. The
top panels of Fig. 4.10 show the mean state of RO temperature (left) and HAR-
MOZ ozone (right) for the RO period calculated after Eq. (3.3). The GOZCARDS
and SBUV ozone climatologies are in good agreement with HARMOZ (not shown).
The differences are less than 0.4ppm across the stratosphere. ERA-Interim ozone
shows larger discrepancies with respect to HARMOZ, especially in the MS and US
(Fig. 4.11b). ERA-Interim temperatures agree well with RO temperatures between
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Figure 4.11.: Climatology differences of ERA-Interim temperature (a) and ozone (b) with
respect to RO temperature (shown in Fig. 4.10a) and HARMOZ ozone (shown in Fig. 4.10Db).

20 km to 35 km, not exceeding 0.4 K difference (Fig. 4.11a). Above a stronger positive
difference is visible (ERA-Interim - RO; cf. Eq. (3.7)) followed by a cold bias above
40km. Chauhan et al. [2009] compared ECMWEF analysis data to MIPAS and MLS
temperatures and also found larger differences above approximately 10hPa, which
the authors contributed to deficits in the ECMWF analysis data. In the tropical
tropopause (~17km) ERA-Interim temperatures are approximately 1 K higher than
RO temperatures.

Fig. 4.10c and Fig. 4.10d show the water vapor climatology for GOZCARDS and
ERA-Interim, respectively. Both data sets show a similar pattern with increasing
concentrations towards higher altitudes and latitudes in the stratosphere. The low
water vapor concentrations in the tropical LS are due to the cold tropopause at low
latitudes. As first suggested by Brewer [1949| stratospheric water vapor is mostly
controlled by the temperature of the tropical tropopause, where air enters the strato-
sphere from the troposphere. A more comprehensive study of stratospheric water
vapor can be found in Hegglin et al. [2013]. A visualization of the water vapor time
series for both the GOZCARDS and ERA-Interim data can be found in the appendix
(Fig. A.6 and Fig. A.9).

Using Eq. (3.6), the mean annual cycle is removed from each data set, resulting in
de-seasonalized anomaly time series presented in Fig. 4.12 for different data sets for
the 0° to 10° latitude band. Fig. 4.12a and Fig. 4.12b show de-seasonalized RO and
ERA-Interim temperature, respectively. The differences are shown for all latitude
bands in Fig. 4.13. In the LS and MS the difference is mostly within 0.5 K. Largest
differences are visible at high latitude showing a pronounced pattern. Another promi-

o6



4.3. The RO period

40

n A < R

70@
S 20
2y -
7@8
7&@ ?
2y, s
ry, o0s
w@ew
N

2y
&
005

[edy] ainssaid

2

IS
L5
005

J.&w
NSQN
2, o0
N,%GQN m
NN&QN
NG&QW
NW;QQN
2z, v&QN

2y
&
1N

IS
L
005

-2.0 -1.0 0.0 1.0 2.0 3.0
Temperature anomaly [K]

3.0

20 10 00 10 20 30
Temperature anomaly [K]

3.0

(b)

(a)

[w>] apniny
n 2 P

o
S 8

as
3

°
]

bl

2

“ : "t
-
T 2
— 20,
-
“ ‘g,
— ‘ 3
2,
* 005 m
— & =
- w,éew
—— ‘ 2,
hQQN
- ﬁoa@
T .
— ~,§w
— 2,
005
- e
2,
e k- %00,
[edy] @inssaid
[wi] apmnly
W 2 o e w o = o
2 8 B % & R’ =n =2
S——
- ez,
-
2,
‘ 2
— -
-
~,$aw
— ~,m§w
—
o Z 00, u
2 - =
X IS
- <00,
-
pe—— -l 2
0,
l ww@w
- = .
- - 2
& v 02
- "
=2 ¥
hoos—_—— " ol .
IS
] ] <00,

[edy] a4nssaid

-0.6 -0.4 -0.2 0.0 0.2 0.4
Ozone anomaly [ppm]

0.8

-1.0

-0.4 -0.2 0.0 0.2 0.4
Ozone anomaly [ppm]

0.6

0.8

1.0

(d)

)

2
[edy] @4nssaud

[w:

Y
o

~

M op

5
4

%

° n
] 2

(c)

[edy] a4nssaud

10

2.0

1.0

-1.0 0.0
Water vapor anomaly [ppm]

2.0

3.0

20 3.0

1.0

-1.0 0.0
Water vapor anomaly [ppm]

2.0

(f)

(e)

Figure 4.12.: De-seasonalized anomaly time series of RO (a) and ERA-Interim (b) tempera-
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to 10° latitude band.
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Figure 4.14.: (a) Difference of SBUV ozone with respect to HARMOZ for the 0° to 10°
latitude band. (b) Difference of ERA-Interim ozone with respect to HARMOZ for the —30°
to —20° latitude band.

nent feature is the change of a predominantly positive systematic difference from 2002
to 2006 to a negative systematic difference from 2006 to 2009 in the MS and US. In
the RO data set larger temperature anomalies are apparent in 2002 and during 2006
to 2009, which are less pronounced in the corresponding ERA-Interim anomalies (vi-
olet circles in Fig. 4.12a and Fig. 4.12b). This leads to the strong negative difference
when subtracting RO from ERA-Interim temperatures.

The RS data set reaches only up to approximately 22km altitude. If compared to
the RO temperatures the difference is mostly within +1 K (not shown). Larger dis-
crepancies only appear in the —10° to 0° latitude band. Here a 2-year pattern, most
likely connected to the QBO, can be found. It seems that the RS data set has a
slightly higher amplitude for both the warm and cold anomalies. This is however
not seen north of the equator. The difference reaches a maximum of approximately
2.5K between 15km and 20km during the strong positive anomalies between 2010
and 2011. A summery of the regression results for the RS data can be found in the
appendix Fig. D.3.

Two de-seasonalized anomaly ozone time series are shown in Fig. 4.12¢c (HARMOZ)
and Fig. 4.12d (GOZCARDS). HARMOZ ozone has not been shown before, since it
is only available for the period from 2002 to 2012. When compared to GOZCARDS
the two data sets show excellent agreement and the differences are mostly within
+0.4ppm. From 2002 to 2004 the GOZCARDS data set has larger gaps in the
coverage and the difference can locally reach up to 1ppm (not shown).
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Fig. 4.14a shows the difference between SBUV and HARMOZ data in the 0° to
10° latitude band. Since SBUV does not capture the QBO well (cf. Fig. 4.4c) but
HARMOZ does (cf. Fig. 4.12c) the differences in Fig. 4.14a show the distinct pattern
of the QBO close to the equator. At higher latitudes the differences are significantly
smaller and are mostly within £0.4ppm. The only exception is a strong positive
anomaly in the first year of the time series (2002). It is visible in nearly all latitude
bands in the MS and US, although stronger in the northern hemisphere. The anomaly
origins from low concentration values found in the HARMOZ time series in mid 2002
and higher concentration measured by SBUV.

The ERA-Interim ozone anomaly time series shows larger differences relative to HAR-
MOZ. The difference can reach 1ppm at all latitudes. Fig. 4.14b shows the —30°
to —20° latitude band as a representative example for the other latitude bands. An
annual cycle can be identified in the difference time series. The changing gradient at
approximately 29 km is also visible as a switch from positive to negative anomalies
(or vice versa). Moreover the anomalies change from mostly negative (positive) to
mostly positive (negative) from 2007 to 2008 below (above) 29km (also true for all
latitude bands). This leads to large trend differences from ERA-Interim to the other
data sets (see Fig. 4.17 below).

Fig. 4.12e and Fig. 4.12f show the de-seasonalized water vapor anomalies in the 0°
to 10° latitude band for GOZCARDS and ERA-Interim, respectively. The approxi-
mately annual variations in the anomalies are connected to the tropical tape recorder
first suggested by Mote et al. [1996]. Mote and colleges linked the stratospheric water
vapor anomaly changes to the tropical annual cycle and confirmed the earlier work
from Brewer [1949]. For more information see also Randel et al. [2004] and references
therein.

4.3.2. Regression results
Natural variability

From the de-seasonalized anomaly time series the regression coefficients were ob-
tained following Eq. (3.8a) to Eq. (3.10). The Explained Variance (EV) in the RO
temperature regression is shown in Fig. 4.15a via the coefficient of determination.
The QBO regression coefficient (shown in Fig. 4.15b for RO temperature) is very
similar for all three temperature data sets and also consistent with the regression
results of other time periods (cf. Fig. 4.7b). In the tropical stratosphere the QBO is
positively correlated to the temperature and shows the largest coefficients, while the
correlation is negative at mid latitudes and the coefficients are smaller.

The ENSO regression coeflicient aggso is shown in Fig. 4.15¢ for the RO tempera-

ture regression. It is about a factor 2 lower than QBO coefficients. In the tropics to

60



4.3. The RO period

45 45
40 - 40
35 35
&1 'g 810 E
= 130X = 305
o L} [ o
> B 3> °
2 {25 2 2 - 22
o = o =
I < a <
20 20
10° 10°
o 15 o 15
S L
¢ 2

S 5 5 S 5 o S © S S 5 5 5 o o S 9 9 © S 8 5 5 © © & 8 8 5 o o5 o o
KL EH PP YNy ey e L EE P HT LY YN OEEE
Latitude [°] Latitude [°]
00 01 0.2 03 0.7 08 0.9 10 50 40 30 20 10 10 20 30 40 50
Coefficient of determination QBO coefficient [K]
(a) (b)
45 45
* Q “
35 35
& 10 € &0 €
= 302 = 30X
o L1} [ o
° °
] -
@ 22 a 252
Q = o =
I < I <
20 20
2 2
10 1 10 1
10 ‘10
S S8 & o o o o S S S S 8 8 & o5 o S © © © © © & © © S & © & o o o o 0o
LA S N R R R - 4 L EE P HF YL CE N
Latitude [°] Latitude []
50 40 30 20 10 00 10 20 30 40 50 50 40 -30 20 10 00 10 20 30 40 50
ENSO coefficient [K] Solar flux coefficient [K]
(c) (d)

Figure 4.15.: Output values of the RO temperature regression: (a) coefficient of determi-
nation, (b) QBO regression coefficient, (¢) ENSO regression coefficient, and (d) solar flux
regression coefficient.

subtropics a positive ENSO coeflicient up to the tropopause shows positive correla-
tion, while the ENSO coefficient becomes negative in the tropical LS and MS. In the
northern mid-latitudes above 30 km larger negative coefficients up to 1.5 K appear.
The southern hemisphere middle and high latitudes show positive ENSO coefficients
in the entire stratosphere.

gl;x is shown in Fig. 4.15d also for the RO regression.

While the agreement to ERA-Interim and RS is given in the LS and MS the distinct
minimum in the tropical US is not visible in the ERA-Interim regression.

The solar flux coefficient «

Fig. 4.16a and Fig. 4.16b show the QBO coefficients for the HARMOZ and SBUV
time series, respectively. GOZCARDS is in excellent agreement with HARMOZ
in the whole stratosphere (not shown). ERA-Interim QBO coefficients have some
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Figure 4.16.: QBO regression coefficient for HARMOZ (a) and SBUV (b).

small differences in the MS and US, i.e., the QBO influence in the HARMOZ data
set is larger than for ERA-Interim (cf. Fig. D.4a and Fig. D.7a). The SBUV QBO
coefficients shown in Fig. 4.16b generally agree with the HARMOZ coefficients in the
MS and US but differ from it by a factor 3 in the LS. This discrepancy is attributed
to the bad representation of the QBO in the SBUV time series (see Fig. 4.4c).

The ENSO coefficients of the four ozone data sets agree reasonably well in the entire
stratosphere (cf. Fig. D.4b, Fig. D.5b, Fig. D.6b, and Fig. D.7b).

Trends

Fig. 4.17 shows the trends for all ozone and temperature data sets available for the
RO period, except for the RS temperature, which covers only the LS. High agree-
ment is found between the RO (Fig. 4.17a) and ERA-Interim (Fig. 4.17b) temper-
ature trends. The strongest warming signal (around 2K decade™!) is found in the
tropical MS at about 30km to 35km. Towards mid latitudes at the same altitude
a weak cooling trend is visible in both data sets. In the northern hemisphere US
the negative trend exceeds —3Kdecade™! for RO but is slightly smaller and not
statistically significant in the ERA-Interim data. Between 20km and 30km hardly
any statistically significant trends are found, except for a weak warming signal in the
20° to 30° latitude band. In the tropical LS just above the tropopause a significant
warming trend is found in both data sets. It extends a bit further to southern mid
latitudes and reaches about 1.5K decade™! near the tropopause at low latitudes.

Fig. 4.18a shows the difference between ERA-Interim and RO temperature trends.
The differences in the LS and MS trends are mostly within +0.4 K decade™!, with
the maximum difference slightly exceeding 0.6 K decade™! at high northern latitudes
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Figure 4.17.: RO period trends per decade for RO (a) and ECMWF (b) temperature as
well as HARMOZ (c¢), GOZCARDS (d), SBUV (e), and ECMWF (f) ozone. Regions with
trends significant at the 95 % level are denoted with an x sign.

63



4. Results

g

Pressure [hPa]
Altitude [km]
Pressure [hPa]
Altitude [km]

S S S S S S S S S S S S S
FEP L TOT L E S

Latitude [7] C C T Latitude )

S o o o

S SRR S S S SN
P A LA I

e,
o5,
>
Yo
6
Yo

20 16 12 08 04 00 04 0.8 12 16 20 05 04 03

K X X 02 03 04 05
Trend difference [K/decade]

02 0.0
Trend difference [ppm/decade]

(a) (b)

Q

Pressure [hPa]
Altitude [km]
Pressure [hPa]

€
~
o
]
3
2
£
<

S P S S S S LSS S SSS S S S S SIS SIS SIS SSS
FREFTFFI N L7 TN H T ENS §REFTFFI N L7 TN HEFTENS
Latitude [°] Latitude [°]

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 03 0.4 0.5
Trend difference [ppm/decade] Trend difference [ppm/decade]

(c) (d)

Figure 4.18.: Trend differences in the RO period (2002 to 2012): ERA-Interim minus
RO temperature (a) as well as GOZCARDS (b), SBUV (c), and ERA-Interim (d) minus
HARMOZ ozone.

near 25km altitude. In general over all latitudes negative differences are evident
below about 15 km, positive differences are found from 15km to 33 km and negative
differences of up to —1 K decade™" are apparent from 33 km to 40 km. The larger am-
plitude of the northern mid-hemisphere US cooling in the RO data leads to positive
differences above 2 K decade™!.

The ozone trends (Fig. 4.17c to Fig. 4.17f) show some consistend features across all
data sets, but also distinct differences in some regions. The most persistent and
noticeable signal is a local decline of ozone at approximately 30 km to 36 km in the
tropics (cf. also Fig. 4.9 for the ozone recovery period). Significant negative trends
are found in all four data sets, although the amplitudes vary. GOZCARDS shows the
strongest trend signal, reaching —0.77 ppm decade™!. HARMOZ and ERA-Interim
agree well with —0.51 ppm decade™ and —0.46 ppm decade™!, respectively. It is
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Figure 4.19.: RO period trends per decade for GOZCARDS (a) and ECMWF (b) water
vapor. Regions with trends significant at the 95 % level are denoted with an x sign.

however noted again, that the ERA-Interim trends have to be treated and interpreted
with care since large discrepancies with respect to the other ozone data sets were
found. The weakest but still statistically significant trend signal is found in the
SBUV data with —0.37 ppm decade™!. Moreover the decline reaches over a broader
altitude range in this data set.

The decline in the tropical MS is embedded into positive trends at higher latitudes.
HARMOZ, GOZCARDS, and SBUV data show a consistent ozone increase in the
MS and US outside the tropics in both hemispheres. The amplitudes are also in good
agreement, ranging between 0.25 ppm decade ™! to 0.35 ppm decade™!. ERA-Interim
agrees with the other data sets in the US but shows a significant ozone decrease in
the MS, which is connected to the anomaly change discussed in section 4.1.3. The
same holds true for the strong increase in the LS, which exceeds 0.70 ppm decade™!
for some regions.

HARMOZ, GOZCARDS, and SBUV data find a small, not-significant increase of
tropical LS ozone. Towards mid latitudes HARMOZ and GOZCARDS show some
significant negative trends, especially in the southern hemisphere. Fig. 4.18b to
Fig. 4.18d show the trend difference with respect to HARMOZ in ppm decade ™!
for GOZCARDS, SBUV, and ERA-Interim, respectively. ERA-Interim shows large
discrepancies in large parts of the stratosphere, partly exceeding 0.5 ppm decade™!.
GOZCARDS and SBUV show better agreement although SBUYV also deviates from
HARMOZ by about 0.5 ppm decade™! in some regions.

Finally, Fig. 4.19a and Fig. 4.19b show the water vapor concentration trend for GOZ-
CARDS and ERA-Interim regressed with a simple linear regression (Eq. (3.8b)). A
simple regression model is used because no clear QBO signal is apparent in the de-
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seasonalized anomaly time series of water vapor. An investigation reveals that the
trend signal of water water vapor is hardly influenced by the consideration of ad-
ditional regression terms like QBO, ENSO, and solar flux. Increasing water vapor
mixing ratios in the entire stratosphere are found in both data sets. The GOZCARDS
trends are about 0.5 ppm decade™! larger than ERA-Interim trends and statistically
significant on the 95 % level in large areas of the stratosphere. A comparison of ab-
solute and relative water vapor trends as well as the coefficient of determination for
the regression can be found in the appendix for GOZCARDS (Fig. D.8a, Fig. D.8b,
and Fig. D.8c) and ERA-Interim (Fig. D.8d, Fig. D.8e, and Fig. D.8f).

Fig. D.1 to Fig. D.7 in the appendix show the results of the regression analysis for the
RO period for the ozone and temperature data sets, showing the QBO (a), ENSO
(b), and solar flux (c) coefficients as well as the coefficient of determination (d).

Moreover the absolute (e) and relative (f) trends are given for comparison.
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5. Summary and discussion

This work surveys global ozone and temperature changes from 1979 to 2012 based
on different satellite data sets. The ozone evolution is investigated based on Global
OZone Chemistry And Related trace gas Data Records for the Stratosphere (GOZ-
CARDS), the National Oceanic and Atmospheric Administration (NOAA) Solar
Backscatter UltraViolet (SBUV) instruments, and the HARMonized dataset of OZone
profiles (HARMOZ). Temperature time series are based on RadioSondes (RSs) and
satellite-based Radio Occultation (RO) measurements. The ECMWEF ReAnalysis-
Interim (ERA-Interim) field by the European Centre for Medium-Range Weather
Forecasts (ECMWTF) was also used for both, ozone and temperature.

Trends are calculated for three different periods using a linear regression model. The
regression uses proxies to account for the main sources of natural variability. For
the Quasi-Biennial Oscillation (QBO) the 30 hPa zonal averaged monthly averaged
wind at the equator is used. In agreement with theoretical considerations, e.g., by
Baldwin et al. [2001] a 5 month (4 month) lag of the wind index with regard to
temperature (ozone) at 30 hPa is found. The downwards propagation of QBO states
by about 1km per month leads to an increase of this lag to above 30 months in the
Upper Stratosphere (US). The El Nifio-Southern Oscillation (ENSO) is represented
by the Nino3.4 index of Sea Surface Temperatures (SSTs), using a constant lag of
stratospheric ozone and temperature of 3 months. Finally, the 10.7cm radio flux
represents the solar flux variations.

In the ozone depletion period 1979 to 1996 a clear decrease in the ozone concentration
is found for the GOZCARDS and NOAA data sets (Fig. 4.6b and Fig. 4.6c). ERA-
Interim ozone shows a different trend pattern which does not match the observations
(Fig. 4.6d).

The ozone decline is in agreement with several other studies, which have investigated
ozone trends for similar time periods. Jones et al. [2009] looked at three different
altitude ranges in the 30°S to 30°N as well as the 30° to 60° latitude range in both
hemispheres. They found significant ozone decrease in most of the investigated areas
for the 1979 to 1997 period. Kyrold et al. [2013] surveyed vertically resolved ozone
profiles and found mostly decreasing ozone values from 1984 to 1997 in most of the
stratosphere. The 5™ Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC ARD) finally states that “it is certain that global stratospheric ozone
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has declined from pre-1980 values” and that “most of the decline occurred prior to
the mid 1990s” [IPCC 2013].

Investigating temperature it also shows decrease in most of the stratosphere during
the ozone depletion period. The cooling is found strongest in the US, where most of
the trend is statistically significant on the 95% level (Fig. 4.6a). This is consisted
with the results from Ramaswamy et al. [2001] who also found stratospheric cooling
in the 1979 to 1994 period of approximately —0.6 K decade™! in the Lower Strato-
sphere (LS) and up to —4 K decade™! in the US.

Investigation of the ozone recovery period from 1997 to 2012 revealed a change in the
ozone trends from decline to general increase. The strongest increase was found in
the Middle Stratosphere (MS) at middle and high latitudes (Fig. 4.9b and Fig. 4.9¢).
However, GOZCARDS shows a strong decline in the tropics at ~35km, which is not
visible in the NOA A data. In the recovery period ERA-Interim is in better agreement
with the ozone measurements than for the depletion period but still shows significant
differences (Fig. 4.9d).

Regarding temperature, a positive increase is found for the recovery period except
for a decrease in a 5km layer centered about 37km in all latitudes (Fig. 4.9a).

The RO period from 2002 to 2012 was chosen due to the availability of the Wegener
Center for Climate and Global Change (WEGC) RO temperature data set. This
period is moreover covered by a third observational ozone data set (HARMOZ).
The three observational ozone data set show good agreement regarding the general
evolution pattern in the RO period. Ozone is increasing in the US and in the middle
and high latitude MS. A decline is found from 30 km to 35 km in the tropics by all data
sets. However, the amplitude of the decline varies by more than 50 % (Fig. 4.17¢ to
Fig. 4.17¢). The ERA-Interim ozone trends show again large differences with respect
to sign and amplitude when compared to the observational data sets.

For the 1997 to 2012 period (and the 2002 to 2012 sub-period) a range of scientific
publications investigating the ozone recovery exists. The general increase and the
distinct declining feature in the tropical MS is found by several of them [Kyrola et al.
2013; Eckert et al. 2013; Gebhardt et al. 2014].

The RO and ERA-Interim temperature trends show excellent agreement in most
of the stratosphere. Larger differences only appear at high altitudes above 40 km
and especially at high southern latitudes (Fig. 4.18a). In general, hardly any signif-
icant trend could be detected in 2002 to 2012 due to the strong natural variability
(Fig. 4.17a and Fig. 4.17b).

A study by Randel and Thompson [2011] found strong correlation between temper-
ature and ozone in the LS and anti-correlation above approximately 30km. When
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comparing ozone and temperature in the ozone depletion period this anti-correlation
pattern above 30 km is also found in this work (Fig. 4.9 and Fig. 4.17). The strongest
warming signal in the tropics at ~35km is in the same region as the strongest ozone
decline. Since a direct influence of ozone on temperature would lead to a positive
correlation it is assumed that more complex mechanisms (e.g., changes in dynamical

patterns, temperature-ozone feedbacks) lead to this anti-correlation pattern.

In general the detection of statistically significant trends is very difficult at low
latitudes due to the strong QBO signal (Fig.4.4a to Fig. 4.4d and Fig. 4.12a to
Fig. 4.12d). This is especially true for the comparatively short RO period. The
contribution of the QBO variability as identified by the 30 hPa wind proxy can reach
4K and 0.5 ppm for temperature and ozone, respectively (Fig. 4.15b and Fig. 4.16a
and Fig. 4.16b).

This underlines the importance of thoroughly estimating and removing natural vari-
ability in vertically high-resolved data sets. It is evident that a proxy which is defined
only on a single pressure level such as the 30 hPa winds for the QBO is not suffi-
cient to remove the QBO variability in the entire stratosphere. Therefore further
research is necessary to better identify and remove natural variability patterns to
isolate significant trends in stratospheric ozone and temperature.
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A. Data set coverage and annual cycles
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Figure A.1.: RO temperature time series for the period 2002 to 2012 based on the WEGC
Occultation Processing System version 5.6 (OPSv5.6) data set. The center of the latitude

band is given in the top right corner of each subplot, negative values correspond to the
southern hemisphere.
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time series from 1979 to 2012. Same layout as Fig. A.1.
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Figure A.4.: NOAA SBUYV ozone time series from 1979 to 2012. Same layout as Fig. A.1.
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Figure A.5.: GOZCARDS ozone time series from 1979 to 2012. Same layout as Fig. A.1.
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Figure A.7.: ERA-Interim temperature time series from 1979 to 2012. Same layout as
Fig. A.1.
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Figure A.10.: Mean annual cycle averaged over 1979 to 2012 of ERA-Interim temperature.
The center of the latitude band is given in the top right corner of each subplot, negative
values correspond to the southern hemisphere.
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A. Data set coverage and annual cycles
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Figure A.11.: Mean annual cycle averaged over 1979 to 2012 of GOZCARDS ozone. Same
layot as Fig. A.10
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B. Ozone depletion period (1979 to 1996)
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Figure B.3.: Results of the regression analysis for the ERA-Interim ozone data set in the
depletion period 1979 to 2012. Same layout as Fig. B.1.
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Figure B.5.: Results of the regression analysis for the NOAA SBUV ozone data set in the
depletion period 1979 to 2012. Same layout as Fig. B.1.
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Figure C.1.: Results of the regression analysis for the ERA-Interim temperature data set
in the recovery period 1997 to 2012. QBO (a), ENSO (b), and solar flux (c) coefficients as
well as coefficient of determination (d). The solid line in (d) marks a determination value of

0.25. Absolute (e) and relative (f) trend, the x sign denotes regions significant on the 95 %

level.
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Figure C.2.: Results of the regression analysis for the RICH RS temperature data set in
the recovery period 1997 to 2012. Same layout as Fig. C.1.
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C. Ozone recovery period (1997 to 2012)
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Figure C.3.: Results of the regression analysis for the ERA-Interim ozone data set in the
recovery period 1997 to 2012. Same layout as Fig. C.1.
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C. Ozone recovery period (1997 to 2012)
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Figure C.5.: Results of the regression analysis for the NOAA SBUYV ozone data set in the
recovery period 1997 to 2012. Same layout as Fig. C.1.
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D. RO period (2002 to 2012)
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D. RO period (2002 to 2012)
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Figure D.1.: Results of the regression analysis for the RO temperature data set in the RO
period 2002 to 2012. QBO (a), ENSO (b), and solar flux (c) coefficients as well as coefficient
of determination (d). The solid line in (d) marks a determination value of 0.25. Absolute
(e) and relative (f) trend, the x sign denotes regions significant on the 95 % level.
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Figure D.2.: Results of the regression analysis for the ERA-Interim temperature data set
in the RO period 2002 to 2012. Same layout as Fig. D.1.
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D. RO period (2002 to 2012)
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Figure D.3.: Results of the regression analysis for the RICH RS temperature data set in
the RO period 2002 to 2012. Same layout as Fig. D.1.
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Figure D.4.: Results of the regression analysis for the HARMOZ ozone data set in the RO
period 2002 to 2012. Same layout as Fig. D.1.
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D. RO period (2002 to 2012)
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Figure D.5.: Results of the regression analysis for the GOZCARDS ozone data set in the
RO period 2002 to 2012. Same layout as Fig. D.1.
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Figure D.6.: Results of the regression analysis for the NOAA SBUYV ozone data set in the
RO period 2002 to 2012. Same layout as Fig. D.1.
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D. RO period (2002 to 2012)
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Figure D.7.: Results of the regression analysis for the ERA-Interim ozone data set in the
RO period 2002 to 2012. Same layout as Fig. D.1.
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Figure D.8.: Results of the regression analysis for the GOZCARDS and ERA-Interim
water vapor data set in the RO period 2002 to 2012. Absolute trends for GOZCARDS (a)
and ERA-Interim (e), relative trends for GOZCARDS (b) and ERA-Interim (f), as well as
coefficient for determination for GOZCARDS (c) and ERA-Interim (d).

117









Abstract:

Investigating ozone and temperature related processes in the stratosphere is crucial for our
understanding of the Earth's climate system. In recent decades satellite-based remote
sensing has created new opportunities to measure physical properties of the free
atmosphere with global coverage. Ozone and temperature evolution in the stratosphere are
closely connected. The stratospheric temperature structure is mainly determined by the
ozone concentration. But temperature changes also feed back, influencing ozone variability.
In this thesis stratospheric ozone evolution from three observational data sets for 1979 to
2012 is investigated. Corresponding temperature changes are derived from radiosonde and
GPS Radio Occultation (RO) measurements, covering 1979 to 2012 and 2002 to 2012,
respectively. For comparison also ERA-Interim reanalysis fields are considered. All data sets
have high vertical resolution allowing for distinction of trends in different altitudes.

Three different time periods are investigated, using multiple linear regression to separate
trend signals from natural variability, accounting for EI Nino-Southern Oscillation, the Quasi-
Biennial Oscillation, and solar flux variations. From 1979 to 1996 decreasing ozone
concentrations and statistically significant cooling are found in large regions of the
stratosphere. For the period 1997 to 2012 ozone shows signs of recovery especially in mid
latitudes, mitigating further cooling in most of the stratosphere. In the period 2002 to 2012,
with RO data availability, no significant trends are found due to the large natural variability.

Zusammenfassung:

Detaillierte Untersuchungen von Ozon und Temperatur in der Stratosphare sind von
entscheidender Bedeutung flr unser Verstandnis des globalen Klimasystems. In den letzten
Jahrzehnten hat die satellitengestitzte Fernerkundung neue Mdoglichkeiten erdffnet
physikalische GroRen in der freien Atmosphare mit globaler Abdeckung zu messen. Die
stratospharische Temperatur ist eng mit Ozon verknUpft, da Absorption von Strahlung durch
Ozon die wichtigste Warmequelle in der Stratosphare darstellt. Andererseits beeinflussen
Temperaturanderungen durch Rickkopplungen auch den Ozonzyklus.

Diese Arbeit untersucht die Entwicklung von stratospharischem Ozon von 1979 bis 2012
basierend auf drei Beobachtungsdatensatzen. Die Temperaturdaten stammen von
Radiosonden- (1979 bis 2012) und GPS Radiookkultationsmessungen (2002 bis 2012). Fir
einen weiteren Vergleich werden auch Ozon und Temperatur Reanalysen von ERA-Interim
untersucht. Alle Datensatze haben eine hohe vertikale Auflésung, was eine Unterscheidung
von Trends in verschiedenen Hohen ermaoglicht.

Mittels multipler linearer Regression werden in drei Zeitperioden Trends von naturlicher
Variabilitat, wie ENSO, QBO und Sonnenzyklus, getrennt. Von 1979 bis 1996 sank die
Ozonkonzentration ebenso wie die Temperatur in weiten Teilen der Stratosphéare. Fir den
Zeitraum von 1997 bis 2012 zeigt Ozon Zeichen von Regeneration, insbesondere in mittleren
Breiten was eine weitere Abklhlung der Stratosphare grofdtenteils verhindert. Von 2002 bis
2012 wurden aufgrund der hohen naturlichen Variabilitdt keine statistisch signifikanten
Trends gefunden.

\Wegener Center for Climate and Global Change
University of Graz

Brandhofgasse 5

A-8010 Graz, Austria

www.wegcenter.at

ISBN 978-3-9503608-6-8



	Wegener Center for Climate and Global Change
	Scientific Report No. 59-2014

	thesis.pdf
	Abstract
	Zusammenfassung
	Acknowledgments
	Acronyms
	Introduction
	The Earth's atmosphere
	Composition and layering
	Trace gases
	Atmospheric layers
	The stratosphere
	Anthropogenic greenhouse gases

	The stratospheric ozone layer
	Anthropogenic ozone depleting substances
	Stratospheric ozone chemistry
	The ozone hole

	Stratospheric variability
	The annual cycle
	The Quasi-Biennial Oscillation
	El Niño–Southern Oscillation
	Solar flux


	Data sets
	Satellite remote sensing
	Temperature measurements
	Radio occultation data
	Radiosonde data

	Ozone and water vapor measurements
	Harmonized dataset of ozone profiles
	The solar backscatter ultraviolet instruments
	Global ozone chemistry and related trace gas data records for the stratosphere

	Reanalysis fields

	Methods
	Notation and basic equations
	Multiple linear regression
	QBO and ENSO lag
	Significance testing

	Results
	The state of the atmosphere
	Climatologies
	Annual cycle
	De-seasonalized anomaly time series

	The ozone depletion and recovery period
	The ozone depletion period
	The ozone recovery period

	The RO period
	Data set differences
	Regression results


	Summary and discussion
	List of figures
	Bibliography
	Data set coverage and annual cycles
	Ozone depletion period (1979 to 1996)
	Ozone recovery period (1997 to 2012)
	RO period (2002 to 2012)

	WCV-SciRep-NoX-VNachname-Mon20YY_Backpage_lukas.pdf
	Wegener Center for Climate and Global Change

	WCV-SciRep-NoX-VNachname-Mon20YY_Backpage_lukas-1.pdf
	Wegener Center for Climate and Global Change




