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“The noblest pleasure is the joy of understanding.”
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Abstract

Changes in the Brewer-Dobson circulation (BDC) were identified using data of ozone
measurements of Michelson Interferometer for Passive Atmospheric Sounding (MI-
PAS). CCI3F (CFC-11), CClpFy (CFC-12) and carbon tetrachloride (CCly), long-lived
trace gases in the atmosphere, were then used to improve the understanding of these

changes.

Evidence of changes in the BDC was found when calculating and examining the
temporal development (trends) of the ozone concentration in the stratosphere. These
trends cover the entire MIPAS measurements period, from Juli 2002 to April 2012. For
trend estimation, the quasi biennial oscillation (QBO), annual oscillation (AO) and
semi-annual oscillation (SAO) were taken into account, as well as several overtones of
these variations. MIPAS measurements cover the periods of July 2002 to March 2004
(full spectral resolution) and January 2005 to April 2012 (reduced spectral resolution).
The full data error covariance matrix was used and the unknown bias between the data
subsets was accounted for by consideration of a fully correlated block in the covariance
matrix for one of the periods. The distribution of the resulting trends hints at changes
in the BDC. In particular, negative ozone trends were found between 25 and 35 km in
the tropics, as well as positive trends just above the tropical tropopause and an overall
hemispheric asymmetry, which was not expected. These patterns could, however, be
explained by a shift of the subtropics mixing barriers, which are closely linked to the
BDC.

To further look into these changes, long-lived trace gases, such as CFC-11, CFC-12
and CCly can be used. Since these reside in the stratosphere for approximately 60,
110 and 44 years, respectively, they are excellent tracers for large circulation patterns,
such as the BDC. Thus, the already existing data products of CFC-11 and CFC-12
were reviewed in an extensive validation. Good agreement with other instruments was
found for both trace gases. However, a slight high bias of approximately 5% exists
in CFC-11 below ~15km. Studies of consecutive profiles in a quiescent atmosphere
showed that MIPAS error estimates are presumably accurate for the full spectral
resolution CFC-12 product. For the reduced spectral resolution CFC-12 product and
both CFC-11 product the errors are underestimated by approximately one quarter to
one third. While temporal stability is very good for CFC-11, large drifts ranging from
-50 to 50%/decade were found in CFC-12 measurements above 30 km.

Since a CCly product had not yet been derived from MIPAS, a retrieval strategy
has been developed for this gas, and global distributions were retrieved using the
scientific level-2 processor run by Karlsruhe Institute of Technology (KIT), Institute
of Meteorology and Climate Research (IMK) and Consejo Superior de Investigaciones
Cientificas (CSIC), Instituto de Astrofisica de Andalucia (IAA). Various other trace
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gases and the temperature had to be taken into account. In addition, line-mixing of
the COy Q-branch at 792 cm ™! had to be considered. Using a new spectroscopic data
set for CCly improved the results significantly, as it lead to lower volume mixing ratios
which agree better with values reported in recent literature. Comparisons with other

instruments also show very good agreement with MIPAS results.

Finally, the retrieved and validated data products of CCly, CFC-11 and CFC-12
were used in an inverse 2D transport model based on the continuity equation. The
results show that including newly assessed trace gases in the inverse model could

significantly reduce uncertainties in the derived quantitites.
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Zusammenfassung

Die Brewer-Dobson Zirkulation ist eine grofrdumige, meridionale Zirkulation in der
Atmosphire, die Luft vom Aquator in héhere Breiten transportiert. Sie beeinflusst so-
mit die Verteilung von Spurengasen in der Atmosphére. Die Konzentrationen diverser
Spurengase kénnen mit Messgerdten, wie beispielsweise dem Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS), welches eine Nutzlast des européischen

Satelliten Envisat war, gemessen werden.

Im Rahmen dieser Arbeit konnte gezeigt werden, dass sich die rdumliche Verteilung
des Spurengases Ozon wihrend des MIPAS-Messzeitraums (Juli 2002 bis April 2012)
aufgrund von Anderungen in der Brewer-Dobson Zirkulation verindert. Hierbei wur-
de eine multivariate Regressionsmethode verwendet, um lineare Variationen (Trends)
der Ozonkonzentrationen iiber den gesamten MIPAS-Messzeitraum zu bestimmen. Bei
der Trendbestimmung wurden, neben dem linearen Term, auch die quasi-bienniale
Oscillation (QBO), der Jahresgang und die halbjdhrige Oszillation beriicksichtigt,
ebenso wie diverse Oberténe dieser Variationen. MIPAS-Messungen setzen sich aus
dem “full spectral resolution” Zeitraum (Juli 2002 bis Mérz 2004) und dem “reduced
spectral resolution” Zeitraum (Januar 2005 bis April 2012) zusammen. Die komplet-
te Fehlerkovarianzmatrix wurde verwendet und der unbekannte Versatz zwischen den
Teildatensatzen wurde beriicksichtigt, indem ein voll korrelierter Block zum Kovari-
anzmatrixteil eines der beiden Zeitrdume addiert wurde. In den Tropen zwischen 25
und 35 km wurden negative Ozontrends gefunden, sowie positive Trends direkt ober-
halb der tropischen Tropopause und eine generelle hemisphérische Asymmetrie. Diese
Strukturen waren so nicht zu erwarten. Sie konnten jedoch mit einer Verschiebung der
subtropischen Mischungsbarrieren, welche direkt mit der Brewer-Dobson Zirkulation
zusammenhingen, erklirt werden und weisen somit auf Anderungen in der Brewer-

Dobson Zirkulation hin.

Mithilfe der Inversion der Kontinuitédtsgleichung, welche im Programm zur “Ana-
lysis of the Circulation of the Stratosphere using Spectroscopic Measurements”
(ANCISTRUS-SPEC) umgesetzt wurde, kénnen Anderungen in der Brewer-Dobson
Zirkulation in kleinen zeitlichen Schritten (Monaten) verfolgt werden. Diese Metho-
de verwendet Spurengaskonzentrationen aufeinanderfolgender Monate um daraus 2D-
Transportgeschwindigkeiten und Mischungskoeffizienten zwischen den jeweiligen Mo-
naten zu berechnen. Als Eingabe werden monatlich gemittelte Konzentrationsvertei-
lungen langlebiger Spurengase verwendet. Diese kdnnen mithilfe von MIPAS bereit-

gestellt werden.

Der zweite Teil dieser Arbeit befasst sich mit der Bereitstellung entsprechender
Daten fiir das ANCISTRUS-SPEC Programm. Geeignete Spurengase sind CFC-11,
CFC-12 und CCly. Diese Gase haben atmosphérische Lebensdauern von etwa 60, 110
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und 44 Jahren. Die bereits existierenden Datenprodukte fiir CFC-11 und CFC-12
wurden einer umfassenden Validierung unterzogen. Fiir beide Spurengase wurden gu-
te Ubereinstimmungen mit den Ergebnissen anderer Instrumente gefunden. Jedoch
zeigte sich fiir CFC-11 unterhalb von 15 km eine leichte Tendenz zu erhohten Werten.
Untersuchungen zu direkt aufeinanderfolgenden Profilen in einer ruhigen Atmosphére
zeigten, dass die Fehlerabschatzung nur fiir das “full spectral resolution” CFC-12 Pro-
dukt als realistisch angesehen werden kénnen. Fiir das “reduced spectral resolution”
CFC-12 Produkt, sowie beide Produkte von CFC-11 werden die Fehler um ein Viertel
bis ein Drittel unterschétzt. Wahrend CFC-11 eine sehr gute zeitliche Stabilitat auf-
weist wurden fiir CFC-12 oberhalb von 30 km starke Drifts, die von -50 bis +50% pro
Dekade reichen, gefunden. Die Daten eignen sich jedoch dennoch fiir die Verwendung
durch das ANCISTRUS-SPEC Programm, da hier kleine Zeitschritte von Monaten

betrachtet werden. Fiir solch kleine Zeitschritte ist die gefundene Drift irrelevant.

Da CCly noch nicht auf MIPAS Messungen abgeleitet worden war, wurde eine
Retrievalstrategie entwickelt, und globale Verteilungen wurden mithilfe des MIPAS-
Datenprozessors am Karlsruher Institut fiir Technologie, Institut fiir Meteorologie und
Klimaforschung abgeleitet. Dabei mussten diverse interferierende Spurengase und die
Temperatur beriicksichtigt werden. Zudem musste der Einsfluss von Line-Mixing auf-
grund des COy Q-Zweigs bei 792 cm ™! beachtet werden. Die Verwendung eines neuen
spektroskopischen Datensatzes fiir CCly fiihrte zu niedrigeren Mischungsverhéltnis-
sen, welche besser mit der aktuellen Literatur {ibereinstimmen. Auch Vergleiche mit
anderen Messgeriten zeigten sehr gute Ubereinstimmungen mit MIPAS Ergebnissen.
CCly eignet sich somit hervorragend fiir eine Verwendung im ANCISTRUS-SPEC

Programm.

Abschliefsend wurden die neu bereitgestellten Datenprodukte von CFC-11, CFC-12
und CCly als Eingabe fiir das ANCISTRUS-SPEC Programm verwendet. Die daraus
resultierenden Ergebnisse zeigen eindeutig, dass eine Hinzunahme der neu verfiigbaren
Datenprodukte zu einer signifikanten Reduzierung der Unsicherheiten der abgeleiteten

Zirkulationsgeschwindigkeiten fiihrt.
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1. Introduction

The distribution of trace constituents in the atmosphere is regulated by chemical
processes and atmospheric transport and mixing, as well as surface and ocean sinks
on the boundaries. Chemical processes include reactions between trace gases and
photochemical reactions due to the absorption of e.g., ultraviolet (UV) radiation.
However, chemical processes are only one factor influencing trace gas distributions
in the atmosphere. Depending on altitude and latitude, the distribution of trace gas
concentrations in the atmosphere is predominantly controlled by atmospheric trans-
port and mixing. A particularly prominent transport process in the stratosphere is
the Brewer-Dobson circulation (BDC) (Fig.[1.1). Tropospheric air masses to enter the
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FiGure 1.1: Schematic  display of the  Brewer-Dobson circula-

tion and the transport processes in the middle atmosphere -
Source: Bonisch et al. (2011) - CC BY 3.0 License.
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stratosphere in the region of the tropical tropopause. After ascending further and also
traveling polewards, the air subsides at middle and high latitudes. The subtropical
mixing barriers (Fig. indicated by thick green lines close to the equator) prevent
most two-way mixing processes (Fig. red wiggling arrows) between the tropics
and mid-latitudes. During wintertime, a mixing barrier also forms close to the re-
spective pole (Fig. thick green line near the winter pole) due to strong potential
vorticity gradients associated with the polar vortex.

The possibility of such a long-range, global circulation was mentioned by Dobson as
early as 1929 , who stated that “ The only way in which we could reconcile the observed
high ozone concentration in the Arctic in spring and the low concentration within the
Tropics, with the hypothesis that the ozone is formed by the action of sunlight, would be
to suppose a general slow poleward drift in the highest atmosphere with a slow descent
of air near the Pole. Such current would carry ozone formed in low latitudes to the
Pole and concentrate it there.” (Dobson et al., 1929), referring to observed ozone val-
ues in the tropics which were lower than expected, compared to higher than expected
ozone values over high latitudes. However, information on the vertical distribution
of ozone was sparse then and global measurements, e.g., from satellites, were not
available yet. The term "Brewer-Dobson circulation" was already used in the early
1960’s. Yet, it took until the late 1970’s for a sound theoretical concept to be devel-
oped in terms of the "Transformed Eulerian-mean" (TEM) (Andrews and McIntyre,
1976, 1978) which was later refined by Plumb (2002). The BDC is a global circulation
phenomenon between the tropics and the poles. It consists of a "deep branch" in the
middle and upper stratosphere and a shallow branch in the lower stratosphere. The
deep branch exhibits a pronounced annual cycle and is particularly pronounced in the

respective winter hemisphere.

The BDC is driven by waves propagating upwards from the troposphere, e.g.,
planetary- and synoptic-scale Rossby waves, as well as buoyancy waves that dissipate
higher up in the atmosphere and deposit angular momentum when they break. How-
ever, drag from planetary-scale Rossby waves, which are the predominant driver of
the deep branch of the BDC, can only be westward. Because of the Earth’s rotation,
this westward drag results in poleward motion of the air. The deep branch of the BDC
is particularly pronounced in the winter hemisphere, because planetary-scale Rossby
waves can only propagate into the stratosphere when the mean underlying flow is east-
ward. The thermal wind balance implies an eastward flow in the winter hemisphere
and a westward flow in the summer hemisphere. Due to this, planetary-scale Rossby
waves can only drive a deep branch in the respective winter hemisphere. Two-way
mixing induced by breaking waves is strong within the surf-zone, but weak around
the subtropical an polar mixing barriers due to the steep potential vorticity gradients
being present there. The surf-zone is located in the mid-latitudinal stratosphere and
is defined as the zone where planetary-scale Rossby waves break.

The shallow branches of the BDC are also driven by Rossby waves, but other than for

the deep branch, these waves are at the synoptic scale. These synoptic-scale Rossby
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waves propagate into the subtropical lower stratosphere of both hemispheres year-
round and induce a poleward motion in both hemispheres at altitudes of the lower
stratosphere and upper troposphere.

Beside the stratospheric circulation, there exists an overturning circulation in the
mesosphere that is driven mainly by buoyancy and gravity waves and enables mass

transport from the summer to the winter pole.

A prominent means for diagnosing the BDC, more precisely its strength, is the
so-called Downward-Control Principle (Haynes et al., . It states that the mass
flux across a particular altitude (or pressure) level can be identified solely from the
zonal forces above that level.

It is often used to estimate
changes in the BDC from multi- _ W' at 70hPa,

year model runs. In particu-

lar, the integrated tropical up-

welling mass flux in the lower 201 = :

Latitude
o

stratosphere has been used for

quantifying the strength of the
.40-__/ \ L

BDC. The general agreement

_60.
is to use the mean mass _80: i

A

flux at 70hPa between the J F M A M J J A S O N D
. 10 -08 -06 -0.4 -02 00 02 04 06 08 10
so-called turnaround latitudes, e o I ) A ) o
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which are the latitudes at which mm s

the residual-mean velocities w*

change sign from upwards to FiguRE 1.2: Mean residual vertical velocities
downwards. It is particularly w* from ERA-Interim reanalysis at 70 hPa for
important not to use a fixed lat-  1989-2009. The position of the turnaround lati-
itude to determine the flux, be- tydes are indicated by thick black lines where the
cause the turnaround latitudes residual-mean vertical velocities, w*, change sign
vary considerably throughout a from upward to downward. - Source: Butchart

year (Fig. [1.2). The pressure (2014) - CC BY-NC-ND 3.0 License.
level of 70 hPa excludes most of

the two-way mixing of the shallow branches, while including most of the deep branch
of the BDC.

Another possibility to take a closer look at changes in the BDC is based on the age of
stratospheric air. It is defined as the time lag since the air parcel observed had passed
the tropopause (Hall and Plumb, . Changes in the age of air over time hint at
changes in the BDC. Engel et al. estimated age of air from 27 balloon flights
using of carbon dioxide (CO2) and sulfur hexafluoride (SF¢). Stiller et al.
derived age of air from global vertical profile measurements of SFg of the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS). The fact however, that
Hall and Plumb did not consider the existence of the tropical tropopause layer

(TTL) in their definition, gave rise to an ambiguity in the interpretation of where the
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age of air is zero. Stiller et al. (2012) calculate the age of air relative to the lower
boundary of the TTL, because the atmosphere is well mixed below and thus mixing
ratios of long-lived trace gases there can be assumed to equal those at the surface.
This unambiguity in the point of zero leads to age estimates which are up to half a
year older than those derived from models which commonly use the tropopause as a
reference point, for which no measurements are available.

Unfortunately, using long-lived tracers can lead to large uncertainties in the resulting
ages and trend estimates of changing ages. However, diagnosing the BDC using age
of air has the advantage that mixing and stirring are taken into account.

Reanalyses, such as the European Centre for Medium-range Weather Forecasts
(ECMWEF) Interim Reanalysis (ERA-Interim), were also used to study the BDC us-
ing their wind and temperature estimates, but except from ERA-Interim and the
Japanese 25-Year Reanalysis (JRA-25), the zonal-mean vertical velocities in the lower

stratosphere exhibited rather large standard deviations.

Since several years, general circulation models (GCMs) and chemistry-climate
models (CCMs) have been used to study the BDC in further detail, e.g., to estimate
the tropical upwelling, location of the turnaround latitudes and possible changes due
to a changing climate. Rind et al. (1990) found that doubling the CO2 amount in
their model lead to a significantly stronger residual-mean circulation. These findings
are consistent with multi-model projections within the SPARC Report No. 5 (Eyring
et al., 2010) and of the work of Hardiman et al. (2013).

However, Stiller et al. (2012) could only partly confirm these findings: They found
decreasing age of air for the lowermost and upper tropical stratosphere in addition
to some areas in southern mid-latitudes and northern polar regions. These findings
agree with model estimates of increased tropical upwelling, which is associated with
the speeding up of the BDC. Increasing age of air, which they found for the southern
polar and most of the southern mid-latitudes as well as the lower to middle tropi-
cal stratosphere, rather hints at the BDC slowing down. The results of Stiller et al.
(2012) were confirmed in the study of Haenel et al. (2015), except for the northern
polar stratosphere and the middle tropical troposphere. The findings of Haenel et al.
(2015) are based on a slightly longer and improved set of SFg data from the MIPAS.
As a result of these complex patterns and seemingly partly contradicting findings,
the need for further tools and analyses of the BDC is obvious and this thesis origi-
nates from the need to provide more reliable input data for one of these tools: the
Analysis of the Circulation of the Stratosphere using Spectroscopic Measurements

(ANCISTRUS-SPEC) model (von Clarmann and Grabowski, [2016)).

In several model studies concentrations of ozone and ozone-depleting substances
(ODS), e.g., chlorofluorocarbons (CFCs), in the atmosphere were found to change
due to climate change induced changes in the BDC. Details on these changes in ozone
and CFC distributions will be described in Section and Section respectively.

While modelling changes in the concentration of these atmospheric constituents due
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to climate change’s influence on the BDC using CCMs and GCMs is common prac-
tice, the reverse way is also possible. Wind speeds and mixing coeflicients can be
derived using measurements of concentrations of atmospheric trace species as input in
an inverse model. This is not surprising, since the BDC was partly discovered because
of unexpected ozone concentrations (higher than expected concentrations in middle
and high latitudes and lower than expected concentrations at tropical latitudes). The
ANCISTRUS-SPEC model was developed to derive wind speeds and mixing coeffi-
cients from measurements of long-lived atmospheric constituents. It is a 2D model
(latitude-altidude grid) and employs the inversion of the continuity equation. Concen-
trations of long-lived atmospheric trace gases serve as an input for the model. Further
details on ANCISTRUS-SPEC will be given in Section

This thesis relies heavily on measurements of atmospheric constituents performed with
MIPAS. The instrument, its basic concept of measurement and its measurement ge-
ometry are introduced in Section [3| The underlying concepts of atmospheric radiative
transfer, retrieval theory and their applications in the case of MIPAS, e.g., the Karl-
sruhe Optimized and Precise Radiative transfer Algorithm (KOPRA) (Stiller, [2000)
and the MIPAS retrieval processor (both of which were developed at Karlsruhe In-
stitute of Technology (KIT) Institute of Meteorology and Climate Research (IMK) -
Atmospheric Trace Gases and Remote Sensing (ASF) - Satellite-borne Remote Sens-
ing of Trace Gases (SAT)), are described in Section |4.3|

After a section on the scientific publications which contribute to this thesis and
overviews of how these publications fit into the overall context of this thesis (Sec.
and @, the results obtained with ANCISTRUS-SPEC are presented (Sec.|8) and final
conclusions are drawn. All first author and co-author publicaton relevant to this thesis

are appended for further reading.






2. Ozone and Ozone Depleting Substances

in the Atmosphere

2.1 The Atmosphere of the Earth

The atmosphere of the Earth consists of several layers which are associated with
characteristic temperature profiles. The lowermost layer of the atmosphere is the
troposphere. It extends up to ~18km in the tropics, to usually less than ~8km at
polar latitudes and to around 10km at mid-latitudes. The troposphere is the layer
of the atmosphere, where all phenomena associated with synoptic meteorology (most
of what we commonly call weather) take place, e.g., clouds and cloud formation, sur-
face pressure systems such as lows and highs, precipitation of all kinds and weather
fronts. About 75% of the total mass of the atmosphere is contained in the tropo-
sphere and almost all water vapour (about 99%). In this atmospheric layer, the
temperature decreases with altitude at a rate of approximately 9.8 K/km for dry air
and about 5.5 K/km for saturated air, while the average is usually around 6.5 K/km.
The boundary between the troposphere and the ensuing stratosphere is called the
tropopause which exhibits a vertical temperature gradient of close to zero. Its tem-
perature is about -55°C on global average, but can easily get as low as -80°C in
the tropics where it exhibits the lowest temperature due to strong convection. This
so-called cold point (in the tropical tropopause) causes almost all water vapour to
"freeze out" when air crosses the tropopause on its way up. From the tropopause up
to approximately 50 km follows the stratosphere, a layer in which the temperature in-
creases with altitude, mainly due to absorption of ultraviolet (UV) radiation by ozone.
This is the layer, in which the Brewer-Dobson circulation (BDC) mainly takes place.
The stratopause is the boundary between the stratosphere and the mesosphere and
marks the point of the temperature gradient reversal. The mesosphere extends up to
about 90 km with decreasing temperature as altitude increases, again. It is followed
by the mesopause and the thermosphere, a region in which temperatures can rise to
as high as 1500 °C, depending on solar activity.

This thesis focuses on processes in the stratosphere, but, as the layers are not strictly
independent of each other, changes in the stratosphere also influence the troposphere

and thus are important for changes in weather, climate and our natural habitat.

2.2 Ozone

Ozone (O3) is a trace gas in the atmosphere and its molecule consists of three oxygen
atoms. The gas has a distinct smell (Greek: dCeww - pronounced ozein - "to smell")

and is colorless in its gaseous phase, e.g., in the atmosphere. It was first isolated and
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named by Christian Friedrich Schonbein in 1839 (Schénbein, , while its chemical
formula wasn’t determined until 1863, when Jacques-Louis Soret suggested ozone’s,
later confirmed, composition. Atmospheric measurements of ozone were performed
starting in 1853 and the column density was first reliably estimated by Fabry and
Buisson . Shortly afterwards, Dobson used a Féry spectrograph (Dobson,
Gotz et al., to measure vertically integrated ozone concentration at Oxford and
subsequently established a network of column ozone measurements, first in Europe
and later on even in the Southern hemisphere (Christchurch, New Zealand) (Dobson,
. Instruments similar to the one Dobson used back then are still used today but
measurements are now complemented by balloon, aircraft and satellite measurements

as well as ground-based techniques.

Figure shows a distribution of ozone in the stratosphere (between 10 and
50 km) for the year 2012. This distribution was derived applying the trend estimation
method introduced by von Clarmann et al. (2010)) to data from the MIPAS (Chap. |3).

Using the trend estimation method helps avoiding distortion of the distribution due

Constant term (drift—corrected trend used):
year=2012.
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FIGURE 2.1: Altitude-latitude cross-section of ozone distribution in the stratosphere
for the year of 2012. The Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) data were deseasonalized using the trend estimation method by von
Clarmann et al. (2010). - Source: Eckert et al. - CC BY 3.0 License.
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to, e.g., atmospheric oscillations mapping onto the ozone. Figure shows that
the mixing ratio maximum (ppmv = parts per million volume) of ozone is centred
roughly between 30 and 35km, while it would rather be around 25km if displayed
in number density
(Fig. [2.2).  Number density
and the mixing ratio are re-

Ozone in the Atmosphere lated by pressure and tempera-

' T ' T ture through the ideal gas law

*r oo (PV = nRT; P: pressure of
30 the gas, V: Volume of the gas,

5 o5l >§;fé:1rtlgsphefic . n: amount of the gas in moles,
é Ozone Layer 8  R: ideal/universal gas constant,
= 20 % T: temperature of the gas).
g 15 < -10 ;é No matter which measure you
E o . 7 S Zhos§, mixing ratio or number
THTERE, e s ensity, most of the ozone re-

5| ?m pollution — sides in the stratosphere, about

N f&lﬂﬂi: 90 % to be precise. It is com-

° ‘ oZOnel abundalmce (mPa) —> monly known as the ozone layer

and it absorbs most of the UV

radiation coming from the Sun.

FIGURE 2.2: Vertical distribution of ozone in the In other words, the ozone layer

tropics in number density. - Source: Hegglin et al.
(2015)) - public domain.

prevents most of this radiation
reaching Earth’s surface where
it can increase risk of skin can-
cer and cataracts and can also impair the human immune system. Thus, ozone in the
stratosphere is vital for life on Earth and its careful monitoring is very important.
On the other hand, excess tropospheric ozone can pose health problems. Higher than
natural amounts of the gas residing close to the ground are strongly associated with
anthropogenic pollution, e.g., in the downstream of urban areas during warm periods.
They can lead to respiratory issues and negatively affect already existing heart and
lung conditions, as well as fauna and flora. In addition, ozone is a greenhouse gas

(GHG), which is another good reason for minimizing its emissions at ground level.

In the stratosphere, ozone is formed by UV radiation. When an oxygen molecule
absorbs wavelengths of less than 242.4 nm it photo-dissociates into two oxygen atoms
(Chapman, 1930):

Oz +hv —- O+ O, (2.1)

with the Planck contant (h) and the frequency (v). When these oxygen atoms then
react with molecular oxygen, they form ozone (Eq. :

O+ 02+M — Osg, (2.2)
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where M is a third body, e.g., an atom or molecule (Brasseur and Solomon, 2005))
that does not chemically react in the given situation, but e.g., carries off excess energy.
Since this mechanism requires sunlight, the largest amount of ozone is produced in the
tropical stratosphere. While ozone is continually formed whenever sunlight is present,
absorption of UV radiation and subsequent recombination with atomic oxygen reduce

its amount in the atmosphere:

O3 + hr (A <320nm) — O2 + O (2.3a)
O34+ 0O — 202 (2.3b)

Numerous reactions with other constituents of the atmosphere also add to the bud-
get, namely catalytic losses through hydrogen oxide radicals (HOx) (OH and HO3)
(Egs. [2.4), nitrogen oxide radicals (NOx) (NO and NO3)(Egs. and chlorine radi-
cals (ClOx) (Cl and ClO; Sec. [2.3).

Hydrogen compounds participate in the following catalytic cycles in which ozone is

destroyed (Brasseur and Solomon, [2005) :

OH + O3 — HO9 + O9 (2.4&)
HO35 + O3 — OH + 209 (2.4b)

or
OH + O3 — HO9 + Oy (2.4C)
HO5 + O — OH + Oy (2.4d)

or
OH+0 — H+ 0y (2.4¢)
H+0s+M— HOs + M (2.4f)
HO3 + O3 — OH + 209 (2.4g)

or
OH+0 — H+ 0y (2.4h)
H+ O3 — OH + Oy (2.41)

The first cycle is predominant near the tropopause, because it is the only one which
does not involve atomic oxygen, which is only formed to larger extents at higher
altitudes, e.g., in the middle and higher stratosphere, where all of the above cycles
contribute to catalytic ozone destruction.

Nitrogen compounds also have the potential to catalytically destroy ozone. Possible
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cycles are:

NO + O3 —+ NO3 + O9 (2.5&)
NOs + O — NO + O, (2.5b)

or
NO + O3 — NOy + Og9 (2.5C)
NO3 + O3 —+ NO3 + O9 (2.5d)
NO3 + hv — NO + Oq (2.5e)

or
NO + O3 —+ NO3 + Og (2.5f)
NO3 4+ O3 — NO3 + O9 (2.5g)
NO3 4+ NOs + M — NoOs + M (2.5h)
N205 +hy — N03 =+ N2 (251)
NOj; + hw — NO + O, (2.5))

The first cycle is most efficient one at altitude ranges between 35 and 45 km, while
the others are secondary. In the latter two cases, ozone is only destroyed when NOsg
is photolysed to NO + Os. When photolysis results in NOy + O, the net destruction

of ozone equals zero.

Ozone formation and destruction are in equilibrium. This equilibrium depends on
temperature, sunlight, location in the atmosphere and the amount of possible reac-
tants and was found to have shifted to lower ozone amounts in the late 1970s and
afterwards due to anthropogenic emissions of chlorofluorocarbons (CFCs) (Sec. [2.3).
This lead to the formation and annual recurrence of the Antarctic ozone hole and also
to, often severe, ozone depletion over the Arctic (Sinnhuber et al., 2011). First evi-
dence of the Antarctic ozone hole through measurements was provided by Chubachi
(1985) and Farman et al. (1985).

2.2.1 Influence of the Brewer-Dobson Circulation on the Ozone Dis-
tribution

As already mentioned, the BDC also influences the distribution of ozone in the strato-
sphere significantly. In a model study with doubled carbon dioxide (CO2) amounts,
Mahfouf et al. (1994) found midlatitude column ozone to increase. However, this
could not unambiguously be attributed to an accelerated BDC as GHG-induced cool-

ing of the stratosphere might slow down photochemical ozone destruction and it is
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difficult to tell from this study how large the contribution of each process is. Nev-
ertheless, photochemical processes are dominant above ~10 hPa while transport and
chemistry predominate below this level (Butchart, [2014). Shepherd (2008) and Li
et al. (2009) were able to distinguish them impact of the different processes further.
In both model studies, upper stratospheric ozone was found to increase approximately
uniformly with latitude, which can be mostly attributed to changes in photochemistry
due to GHG induced cooling of the stratosphere. On the other hand, enhanced pole-
ward transport due to a enhanced BDC causes lower stratospheric ozone to decrease
in the Tropics and increase in the Extratropics. These finding were also confirmed
by Austin et al. (2010) and Oman et al. (2010). Furthermore, the study by Austin
et al. (2010) revealed that, due to the hemispheric asymmetry of the BDC caused
by stronger wave-forcing in the Northern winter hemisphere, column ozone in the ex-
tratropical Northern hemisphere will recover (to 1980 levels) approximately 10 years
faster than in the Southern hemisphere midlatitudes. Unfortunately, they could not

find an accelerated BDC to speed up the recovery of Antarctic ozone.

2.3 Ozone Depleting Substances

Ozone-depleting substances (ODS) are anthropogenically produced atmospheric con-
stituents whose decomposition products have the potential to release reactive chlorine
and can thus lead to the catalytic destruction of stratospheric ozone. Major ODS are
carbon tetrachloride (CCly), methyl chloroform (CH3CCl3) and CFCs such as CCl3F
(CFC-11), CClaF2 (CFC-12) and C2CCl3F3 (CFC-113). They are long-lived species,
particularly the CFCs, and thus are excellent tracers for e.g., the BDC. In the tropo-
sphere they are almost inert, because UV light strong enough to photolyze them is
almost entirely absorbed in the stratosphere.

ODS covered in this thesis are:

e trichlorofluoromethane - CCI3F (CFC-11)
e dichlorodifluoromethane - CClaFy (CFC-12)
e carbon tetrachloride - CCly

CFC-11 and CFC-12 were widely used as refrigerants and blowing agents during the
second half of the 20th century before being banned under the Montreal Protocol in
1987. CCly was additionally commonly used refrigerant and as a solvent e.g., for dry
cleaning and in fire extinguishers. It was banned under the London Amendment of the
Montreal Protocol in 1990. CFC-11 and CFC-12 have atmospheric lifetimes of 60.2
(54.3-66.3) years and 109.5 (102.9-116.1) years (Ko et al., 2013 Tab. 3.7), respectively.
The atmospheric lifetime of CCly was recently reassessed to be 44 (36-58) years (Liang
et al., 2016). Simply put, the atmospheric lifetime, 7, of an atmospheric constituent
is the time the gas resides in the atmosphere, i.e., from its entry through e.g., anthro-

pogenic emission until it is removed from the atmosphere for example by photolysis
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or chemical reactions. Lifetimes are calculated, e.g., from model studies, as the global
burden of a gas B (total number of molecules of the atmospheric constituent divided

by its globally integrated loss L (in molecules/year):

T=— (2.6)

2.3.1 Influence of the Brewer-Dobson Circulation on the Lifetimes
of Ozone Depleting Substances

As photolysis rates are highly dependent on the gases temporal and spacial distribution
in the atmosphere, climate-change induced changes in the BDC were found to influence
atmospheric lifetimes of CFCs. In their model study, Rind et al. (1990) found that
an accelerated BDC lead to faster removal of CFCs from the atmosphere. Results
from Butchart and Scaife (2001) showed that a 3% per decade strengthening of the
BDC caused the amounts of CFCs to return to 2050 and 2080 levels approximately
5 and 10 years earlier, respectively. These findings were, however, gained assuming
that the efficiency of the photodegradation of CFCs is not altered by climate change
or the recovery of stratospheric ozone. Nevertheless, Douglass et al. (2008) confirmed
stratospheric loss rates to increase, corresponding to decreasing CFC lifetimes, also
when effects of a faster circulation and changes in photodegradation efficiency were

accounted for.

2.3.2 Catalytic Ozone Destruction through Ozone Depleting Sub-

stances

In 1974 Molina and Rowlan published their groundbreaking work on the impact
of CFCs from industrial sources. Once ODS, also known as halogen source gases,
are photolyzed in the stratosphere, they are converted into so-called reactive halogen
gases. Reactive halogen gases is an umbrella term and halogen species under this term

can be divided into two categories, so-called reservoir gases:

e hydrogen chloride (HCI)
e chlorine nitrate (CIONO2)
e hypochlorous acid (HOCI)

and most reactive species:

e chlorine atoms (Cl)

e chlorine monoxide (ClO)

Molina and Rowland (1974)



14 Chapter 2. Ozone and Ozone Depleting Substances in the Atmosphere

TABLE 2.1: Global emissions of selected ozone-depleting substances (ODS) and their
ozone depletion potential (ODP). - Source: Hegglin et al. (2015).

Gas Global Emissions in 2012 Ozone Depletion Potential
[Kt/yr] (ODP)

Chlorine gases

CFC-11 46-68 1

CFC-12 16-64 0.73

CCly 40-74 0.72

Bromine gases

Halon-1301 (CBrF3) 1.4-2 15.2

Halon-1211 (CBrCIF3) 0.3-9.3 6.9

The following cycle of ozone destruction involving chlorine species is particularly ef-

fective in the upper stratosphere:

Cl+ O3 — ClO + O9 (2.7&)
ClO + 0 — Cl+ O (2.7b)

Below 30 km, chlorine species are rather present in the form of reservoir gases. While
this limits ozone destruction below 30 km, another cycle is still important at around
20 km:

Cl+ O3 — ClO + Oy (2.8a)
ClO + HOy — HOCL + O, (2.8b)
HOCI + hv — Cl+ OH (2.8¢)

OH + O3 — HO; + O, (2.8d)

Similar pathways as pointed out in Egs. and also exist for bromine species.
Bromine species have even higher ozone depletion potential (ODP) than their chlorine
counterparts (Tab. . The ODP describes the effectiveness of a gas to destroy ozone:
the higher the ODP of a gas, the more ozone it can destroy during its atmospheric
lifetime. Fortunately, anthropogenically emitted amounts of bromine source gases are
considerably smaller than for chlorine species and thus they play a subordinate, even

though not negligible, role in ozone depletion through ODS.
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2.3.3 The Ozone Hole

Reservoir gases play a significant role in ozone depletion as they can, under certain
conditions, be transformed into most reactive species in large quantities which then
catalytically destroy ozone. For this to happen, it needs so-called polar stratospheric
clouds (PSCs). These form at very low temperatures which only occur inside the
polar vortex during the respective hemisphere’s winter time. At 195K (-78°C), liquid
and solid PSCs consisting of nitric acid (HNO3) form. When temperatures drop as
low as 187K (-85°C), it is cold enough for the very low amounts of water vapour to
freeze and form PSCs consisting of ice particles. Solomon et al. (1986)) pointed out

that heterogeneous chemistry (Eq. occurring on the surface of these clouds

The excess Cly formed this way is then photolyzed (Eq. once the sun rises again
after polar winter
Cly + hv — 2CL. (2.10)

Through the following catalytic cycle, ozone is then destroyed in large amounts:

2(Cl+ 03 — ClO 4 O3) (2.11a)

ClO + ClO + M — ClyO2 + M (2.11b)
Cl,09 + hr — Cl + C100 (2.11c)
ClIOO+M — Cl+ Oz +M (2.11d)

The cycle of the so-called ClO dimer is the most effective way of ozone destruction
and is responsible for approximately 75 % of the ozone loss within the polar vortex
(Solomon, (1999). In addition to providing Cla, Eq. also generates HNOj3, which
remains in the PSCs. This process removes NOx from the atmosphere and stores
it in the liquid and solid phase. Once the cloud particles grow large enough, they
sediment and thus permanently remove NOx from the stratosphere. This is called
denitrification. Denitrification prevents active chlorine from returning to reservoirs
(Eq. and thus significantly increases the amount of ozone destroyed by one

chlorine radical as it remains chemically active for a longer time.
ClO + NO3y + M — CIONOs + M. (2.12)

Accordingly, formation of PSCs, heterogenous chemistry on their surface and denitri-
fication are the major factors that lead to severe ozone depletion over the poles during
late winter and early spring. Because the polar vortex is more stable in the Southern
Hemisphere, stratospheric temperatures generally drop lower than in the Northern

Hemisphere. As a result, PSCs are more likely to form in the Southern polar vortex,
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especially those consisting of water, which barely ever form in the Northern Hemi-
sphere. In the Southern Hemisphere, PSCs also tend to span a wider, more coherent
range than in the Northern hemisphere. For these reasons, ozone depletion is more

severe in the Southern Hemisphere.
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3. The Michelson Interferometer for Pas-
sive Atmospheric Sounding (MIPAS)

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) was
one of ten instruments aboard the Environmental Satellite (Envisat) operated by the
European Space Agency (ESA). The satellite was launched into a sun-synchronous
polar orbit with an inclination of 98.5° on March 1, 2002. Contact with the satellite
was lost on April 8, 2012, which implied the end of the mission. Envisat orbited the
Earth 14.4 times a day at an altitude of approximately 800 km. The satellite’s orbit
ensured global coverage of measurements with equator crossing times of 10:00 and
22:00 local time. Every 35 days the satellite started a new cycle, as it then returned
to the same orbit. Due to an instrument failure, MIPAS measurements consist of
two periods. The full spectral resolution (FR) period consists of measurements from
June 2002 to March 2004 and the reduced spectral resolution (RR) period covers
measurements from January 2005 to April 2012. The MIPAS FR and RR period
differ in both vertical sampling (Sec. and spectral resolution (Sec. . This
can lead to a bias between the FR and the RR product of the same atmospheric

constituent, which has to be taken into account, e.g., for trend estimation.

Satellite
Ground Track

Tangg
SH

~ Rearward Sideways
Viewing Range Viewing Rang

FI1GURE 3.1: Schematic display of MIPAS scanning geometry - Source: Fischer et al.
2008) - CC BY 3.0 License.
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(MIPAS)

3.1 Scanning Geometry

MIPAS measured in limb view (Fig. , meaning that it looked tangentially through
the atmosphere, instead of looking straight downward (nadir). It detected mid-

infrared radiation emitted along the line of sight and thus originating from all

TABLE 3.1: Scan sequences for the MIPAS
FR and RR period (Kellmann et al., [2012).
The RR-Nominal mode altitudes are lati-
tude dependent.

Measurement mode FR RR
Scan no. 1 68 km 70 km
Scan no. 2 60 km 66 km
Scan no. 3 52 km 62 km
Scan no. 4 47 km 58 km
Scan no. 5 42 km 54 km
Scan no. 6 39 km 50 km
Scan no. 7 36 km 46 km
Scan no. 8 33 km 43 km
Scan no. 9 30 km 40 km
Scan no. 10 27 km 37km
Scan no. 11 24 km 34 km
Scan no. 12 21 km 31km
Scan no. 13 18 km 29 km
Scan no. 14 15km 27 km
Scan no. 15 12km 25 km
Scan no. 16 9km 23 km
Scan no. 17 6 km 21 km
Scan no. 18 - 19.5km
Scan no. 19 - 18 km
Scan no. 20 - 16.5 km
Scan no. 21 - 15km
Scan no. 22 - 13.5km
Scan no. 23 - 12km
Scan no. 24 - 10.5 km
Scan no. 25 - 9km
Scan no. 26 - 7.5km
Scan no. 27 - 6 km

atmospheric layers on the ray path. The
point along this path which is closest to
the Earth’s surface is referred to as the
tangent altitude. At the tangent point,
the instrument’s instantaneous field of
view (FOV) is 3km in the vertical and
30km in the horizontal domain. While
the small extension in the FOV in the
vertical domain ensures excellent verti-
cal resolution, the wider range in the
horizontal domain improves the signal to
noise ratio since more radiation reaches
the detector. During the FR period, the
vertical scanning pattern of the MIPAS
nominal mode consisted of 17 tangent
altitudes, changing to 27 tangent alti-
tudes during the RR period (Tab. [3.1)).
The horizontal spacing of the limb scans
changed from 510 to 410 km for the FR
and the RR period, respectively, while
the number of measurements per day in-
creased from about 1000 to about 1300.
However, the price to pay for this im-
proved sampling was a degradation of the
spectral resolution (Sec. [3.2)).

3.2 Principle of Measure-

ment

MIPAS is a cryogenic limb emission
Fourier transform spectrometer detect-
ing mid-infrared radiation in the range
of 685 to 2410cm™! (14.6 to 4.1pm)
(Fischer et al., |[2008). It consists of eight
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detectors measuring in 5 different bands (A-band: 685-970cm ™!, AB-band: 1020-
1170 cm™!, B-band: 12151500 cm ™!, C-band: 1570 - 1750 cm ™! and D-band: 1820 -
2410cm™!). Measurements of emission, as opposed to solar occultation, allow for
observations during day and

night, since no background

source, like the sun, is needed. Mirror 1
Figure shows a schematic
of a Michelson Interferometer. T l <~

It basically consists of two mir- s
ource

rors, a semi-permeable mirror Mirror 2
. {moving mirror)
- also called a beamsplitter -
and a detector. At least one of r
the two retroreflecting mirrors of
. . Detector
a Michelson Interferometer is a

moving mirror, Mirror 2 in Fig-
urel3.2l A beam of radiation - in
the case of MIPAS mid-infrared FIGURE 3.2: Schematic of a Michelson Interferom-
emissions from the atmosphere - eter.

enters the Michelson Interferom-

eter. At hitting the beamsplit-

ter, it is split into two parts, each continuing to one of the mirrors. Both parts of the
beam are reflected at the mirrors, recombined at the beamsplitter and directed to the
and directed to the detector.

Depending on the difference of Constructive Intetference Destructive Interference

the path lengths travelled by /\/\/\/

each of the beams, the signal | == +

is amplified, weakened or even /\/\/\/ \/\/\/\
0

cancelled out entirely. To ex-

plain this in detail, we assume
a monochromatic (only compris-

ing one wavelength) beam of ra-

diation entering the instrument.

When the two beams, previously FIGURE 3.3: Schematic of constructive (left) and
split at the beamsplitter, are re- destructive (right) interference.

combined when the two mirrors

are equally far apart from the beamsplitter and thus cause the two beams to travel the
same distance, the detector will receive a maximal signal. If the mirrors are positioned
such that the path difference of the two beams is equal to half their wavelength, they
cancel out when recombined and the detector receives no signal. To better understand
this, we have to assume that light is a wave. The left panel of Figure displays
the situation, when the two beams travel the same distance or when the path differ-

ence is equal to a multiple of the beams’ wavelength: Al = n - \; with Al being the
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path difference, n being an arbitrary integer greater or equal zero and A being the
wavelength of the radiation. The right panel of Figure shows what happens
when the two beams travel distances with a difference of one half of their wavelength,
or Al =1/2+n- A, before being recombined. During a certain amount of time, the
mirror moves from zero path difference to the maximum path difference. This cre-
ates a continuous, sinusoidal pattern, since the recombined signal alternates between
constructive and destructive interference (coming past any states in between). The
result is called an interferogram and for monochromatic radiation looks simply like a

sinusoidal wave.

For MIPAS (Fig. , there are two essential differences compared to this very
simple model:
First, in the case of MIPAS, both mirrors moved in opposite directions, but this does
not change the measurement principle. It did, however, allow for an efficient use of
space inside the instrument while still achieving a maximum optical path difference
(MOPD) of 20 cm. The MOPD is the difference of the distances the two beams travel
when the mirrors are the furthest apart, while zero optical path difference (ZOPD)
is the position of the mirrors when the two beams travel an equally long distance
before being recombined. Unfortunately, an instrument failure resulted in reducing
the MOPD to 8 cm.
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The second difference compared to the previously introduced, very simple model
is that MIPAS does not receive only one wavelength, but all wavelengths between 4.1
and 14.6 pm, with certain band gaps where the atmosphere is opaque and no useful
information is available. Due to that, interference patterns for all wavelengths are
superimposed when reaching the detector. Their signals can, however, be separated
by the means of Fourier transformation which results in a radiance spectrum. The
spectrum represents the frequency distribution of the incoming radiation. Due to
the maximum path difference of the instrument being finite, only a finite number of
maxima (from constructive interference) and minima (from destructive interference) is
detected for each wavelength. If the maximum path difference was infinite, we would
be able to distinguish all wavelengths from each other perfectly and unambiguously.
But in reality, this results in the spectral resolution of the instrument being finite
as well. However, the longer the MOPD, the better the spectral resolution of the

instrument. The spectral resolution of an instrument is calculated as follows:

1

AV = 5 310PD

(3.1)

Accordingly, the spectral resolution of MIPAS deteriorated from 0.025cm™! during
the FR period to 0.0625cm™! during the RR period, as MIPAS’ ZOPD decreased

from 20 cm to 8 cm.

Nevertheless, deriving a spectrum from a finite interferogram using Fourier trans-
formation has its pitfalls. A finite interferogram is equal to an infinite interferogram
multiplied with a rectangu-

lar function and, according

to the convolution theorem Re

A Im
F{f =g} = F{ft - g} its
Fourier transform equals the

pointwise product of the Dirac

delta function and the so-called \/ \/
sinc function sinc(z) = %(m) N
(right panels in Figure. The Im
side wiggles of the sinc function o ~
cause ambiguities in the attribu- \/ )
tion of the spectral signal, which w

is highly undesirable. A often-

used work-around for this prob-

lem is the so-called apodization: FIGURE 3.5: Rectangular function and its
The interferogram is multiplied Fourier transform - Source: By Stawomir Bialy,
with a smoothing function - in Ikamusu-meFan - Own work, CC BY-SA 4.0,
the case of MIPAS the Norton- https://commons.wikimedia.org/w/index.php?curi
Beer "strong" apodization (Nor- d=42300194.

ton and Beer, [1976) - leading to
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a smoother transition at the outer edges of the interferogram. This prevents un-
wanted side wiggles in the spectrum for the most part. However, it comes at the cost
of degraded spectral resolution, because by smoothing the original interferogram we
remove some of the information content in there. After apodization, MIPAS spec-
tral resolutions deteriorate to 0.048 cm™! and 0.121 cm ™' for the FR and RR period,

respectively.

3.3 Scientific Publications

MIPAS measurements were used to derive numerous atmospheric constituents, sub-
divided into several data products. All IMK MIPAS publications can be found at
https:/ /www.imk-asf.kit.edu/english /298.php. For most reliable and valuable data
products, the precise location of the tangent altitude (von Clarmann et al., |2003) is
required as well as knowledge about a possible spectral shift of the spectra. Since MI-
PAS measures in infrared (IR) emission instead of occultation, the temperature has
a major impact on the emitted radiation intensity. Therefore, a calibration of black
body radiances at known temperatures is essential. This makes the retrieval some-
what vulnerable, as errors in temperature propagate onto all subsequent retrievals.
Nevertheless, the advantage of being independent from a background source like the

sun compensate for this downside of IR emission measurements.

Several previously retrieved MIPAS products, including temperature and spectral
shift, were used in the retrievals of products validated and/or retrieved within the

scope of this thesis. These are:

e ozone (O3): Gil-Lopez et al. (2005); Glatthor et al. (2006); von Clarmann et al.
(2009)

e chlorine nitrate (CIONOg): Hopfner et al. (2004); von Clarmann et al. (2009)

e chlorine monoxide (ClO): Glatthor et al. (2004); von Clarmann et al. (2009)

e methane (CHy): Glatthor et al. (2005); von Clarmann et al. (2009)

e nitrous oxide (N2O): Glatthor et al. (2005); von Clarmann et al. (2009)

e nitric acid (HNOs): Stiller et al. (2005); von Clarmann et al. (2009)

e CCI3F (CFC-11): Kellmann et al. (2012)

e ethane (CyHg): von Clarmann et al. (2007)

e hydrogen cyanide (HCN): Glatthor et al. (2009)

e peroxynitric acid (HNOy): Stiller et al. (2007)


https://www.imk-asf.kit.edu/english/298.php
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4. Retrieval Procedure and Fundamentals

of Atmospheric Radiation

This chapter is dedicated to the description and explanation of the entire retrieval
process, which leads from measured radiances to vertical profiles of atmospheric con-
stituents. The processing of the data collected by the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) is covered in detail, as well as radiative trans-
fer and retrieval theory. These theories lay the foundation for retrieving ozone (Og),
CCIs3F (CFC-11), CClyFy (CFC-12) and carbon tetrachloride (CCly), alongside many
others, and thus are essential for this thesis and the scientific conclusions drawn from

the data as well as subsequent analyses.

4.1 Data Processing

To successfully derive vertically resolved profiles of atmospheric constituents from
the original MIPAS measurements, several steps are necessary. Essentially, MIPAS
measures spectrally resolved infrared (IR) radiances emitted by trace gases in the
atmosphere (Sec. and , which are converted into electronic signals by its
detectors. These raw data - the Level 0 data - are checked for missing and erroneous
data, which are excluded from further data processing. The Level 0 data are then
transmitted to the ground.

The European Space Agency (ESA) transforms the Level 0 data into fully recon-
structed interferograms, which are called Level la data. Afterwards, the data are
further processed into calibrated emission spectra - Level 1b data - by the means of
Fourier transformation and calibration (Kleinert et al., 2007)).

The Satellite-borne Remote Sensing of Trace Gases (SAT) research group at the Insti-
tute of Meteorology and Climate Research (IMK), Karlsruhe Institute of Technology
(KIT), receives the Level 1b data from the ESA and use their in-house processor de-
veloped specifically for this purpose to gain vertical profiles of the temperature and
atmospheric trace gases. Three other MIPAS retrieval processors exist. These are:
at the ESA (Raspollini et al., 2013)), at Oxford University (The University of Oxford
Physics Department, 2008 and in Bologna (Dinelli et al., 2010). For this thesis, only
data processed at IMK in Karlsruhe were used. Figure shows a schematic of the
MIPAS IMK/IAA retrieval processor. Level 1b data provided by ESA serve as in-
put and the final products are vertical profiles of atmospheric constituents, such as

CFC-11 or ozone, and temperature.
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FIGURE 4.2: Entire MIPAS spectrum as detected at 18.7 km with spectral emission

lines of numerous trace species. - Source: Fischer et al. (2008) - CC BY 3.0 License.

4.2 Spectroscopy

The basic concept behind MIPAS measurements is spectroscopy. Spectroscopy is
based on interactions of electromagnetic waves - IR radiation in the case of MIPAS
- with matter, e.g., the molecules in the Earth’s atmosphere. The energy (F) of a

photon is proportional to its frequency (v) through the Planck contant (h):
E = hv. (4.1)

This energy can be absorbed by a molecule in the atmosphere, providing that the pho-
ton’s energy equals the energy difference between two energy states of that molecule

before the interaction (E’) and after the interaction (E”):
E'—E =hv (4.2)

because possible energy states of the molecule are discrete (quantized). Through en-
ergy absorption, the molecule will jump from a lower to a higher energy state. The
reverse process is called emission, where a molecule drops from a higher to a lower en-
ergy state, emitting a photon with the energy equal to the difference of the two energy
states of the molecule. When absorption/emission is quantized, like it is when IR ra-
diation interacts with molecules of the atmosphere, the resulting absorption/emission
spectra are called line spectra, because they consist of distinct lines characteristic for
each molecule, even though certain processes alter the line shape and energy distri-
bution (Sec. . As an example, an emission spectrum, as acquired by MIPAS at
18.7km, is shown in Figure [1.2] However, the detected signal does not exclusively
consist of line spectra because, e.g., clouds and aerosols produce a signal which is only
weakly dependent on frequency. This is known as continuum.

Measurements of the absorption/emission spectra of the atmosphere can reveal its

molecular composition. In the atmosphere, three different processes are of interest:

e clectronic excitation in the ultraviolet (UV) and visible part of the spectrum
e vibrational excitation in the near and mid-IR part of the spectrum

e rotational excitation in the far-IR and microwave part of the spectrum
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A photon doesn’t only carry a specific energy/frequency but also has a so-called
spin. Whenever this photon interacts, its spin has to be conserved, which results in
a change of angular momentum of the absorbing molecule. Due to this, usually a
combined vibrational-rotational excitation takes place. Exceptions from this occur,
when vibrations superimpose in a way that results in net rotation. An example for
this is the vo mode of the carbon dioxide (CO2) molecule. The resulting Q-branch
(Sec. @ in the spectral region around 792 cm™! caused some problems during the
MIPAS CCly retrieval (Eckert et al., 2017).

For MIPAS measurements, only the vibrational and rotational excitation are impor-

tant and, hence, these are described in more detail in the following.

4.2.1 Rotational Transitions

Like all physical objects (except a point mass, e.g., a single isolated atom in good
approximation), molecules have a moment of inertia (I). Similar to the mass in trans-
lational acceleration, the moment of inertia of an object indicates the resistance of
that object to rotational acceleration applied through an external torque. However,
at the molecular level, this moment of inertia is quantized. In addition, electromag-
netic radiation can only interact via rotational transition with molecules that have a
permanent magnetic or electric dipole moment. Molecules composed of two identical
atoms, e.g., molecular nitrogen (N3) or oxygen (O2), don’t exhibit a permanent dipole
moment, but Og possesses a permanent magnetic dipole moment. CO5 and methane
(CHy4) have no permanent dipole moments due to their symmetry, which can however
be altered by bending vibrational motion. Other molecules which are of interest in
IR spectrometry of the atmosphere present permanent electric dipole moments.
The set of discrete rotational energy levels (E,) of a rotating rigid diatomic molecule,
e.g., carbon monoxide (CO), is given by:

Byor = g7 +1) (4.3)

21

with the Dirac constant (reduced Planck constant) i = % and the rotational quantum
number (J), which is an integer and cannot be negative. Looking at the transition
from one rotational energy state to its neighbour we find that the corresponding change

in energy is:
AE =E,ot(J+1) — Eppi(J)

h h
(4.4)

7
= —(2J+2
2]_(J+)

h

= Z(J+1).
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Introducing the rotational contant

B=— 4.
- (45)

Eq. transforms into
AE = 2Bh(J +1). (4.6)

With Eq. we gain the appropriate photon energies for this transition
v=2B(J+1), (4.7)

which form a spectrum of equally spaced lines with the distance of 2B. However,
a diatomic molecule is a very simple case, but similar relationships as shown in the
example above exist for more complex molecules as well. These molecules have up to
3 moments of inertia (one for each axis in space/degree of freedom) and rotational
quantum numbers. Furthermore, each quantum number has its own set of energy
levels and, as in the very simple example above, the spacing of the respective lines
depends on their moment of inertia. Accordingly, heavier, more complex molecules

have denser lines than simple, light ones with lesser spacial extent.

4.2.2 Vibrational Transitions

When molecules vibrate, their molecular bonds act like springs, e.g., they can contract
or stretch parallel to the bond or they can bend orthogonally to the bond. Which
vibrations are possible depends on the molecule’s geometry. For a diatomic molecule,

like O9 or N9, with masses of m; and mq the set of discrete rotational energy levels

is given by:
1
Eyib = (K + 2) Tiwy (4.8)
with the vibrational quantum number (K) and the resonant frequency w, = %

k is the spring constant of the covalent bond. Like the rotational quantum number,
the vibrational quantum number is an integer and cannot be negative. The more com-
plex a molecule is, the more normal modes of vibrations it has. For molecules with
at least 2 atoms, the number of normal modes is N = 3n - 6 for nonlinear molecules
and N = 3n - 5 for linear molecules (Petty, 2006).

4.2.3 Vibration/rotation spectra

In reality, vibrational and rotational transitions are often superimposed. These super-
positions are sometimes abbreviated rovibrational transitions. Since rotational tran-
sitions are associated with considerably smaller energies than vibrational transitions,
the energy of rovibrational transitions is either slightly smaller or slightly larger com-

pared to the frequency associated with a pure vibrational transition. In other words,
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rotational transitions superimposing on vibrational transitions form fine structures of
closely spaced separate lines in the vibrational spectrum. Depending on whether the
rotational quantum number (J) increases (AJ = +1) or decreases (AJ = —1), these
fine structures belong to the R-branch or the P-branch, respectively (cf. Petty, |2006,
Fig. 9.3). When AJ equals zero, the respective feature is called the Q-branch. vy is
the nominal frequency of the pure vibrational transition. In some molecules, like CO,
changes in the vibrational quantum number AK = =+1 are required to be accompa-
nied by non-zero rotational transitions (AJ = +1), according to quantum mechanics.

In that case, the Q-branch is missing from the spectrum.

4.2.4 Line Shape and Line Mixing

The distinct line shape characteristic for each molecule is altered in the atmosphere
mainly by two processes. Since all molecules have a temperature above 0 K they are
in motion (Brownian motion). The hotter the gas, the faster the molecules move as

their average translational kinetic energy (E) in 3D space (with 3 degrees of freedom)

is proportional to the temperature (1) as follows:

E= ngT (4.9)

with the Boltzmann constant (kg). This motion leads to a Doppler effect - compara-
ble to that known from acoustics - that, in statistical superposition, broadens the line
shape and is accordingly called Doppler broadening. Its effect increases with temper-
ature and thus is the predominant mechanism in the high atmosphere, e.g., from the
mesosphere upwards.

In addition, molecules in motion collide which leads to a the so-called Lorentz broad-
ening. Because the chance of collision increases when more molecules are present in
the a specific volume, Lorentz broadening effects increase with pressure. Therefore,
this is the predominant mechanism at lower altitudes, e.g., in the troposphere and
lower stratosphere. A graphic comparison of the Doppler and the Lorentz profile can
be found in Liou (1980, Figure 1.9).

The Voigt line shape (Eq. is a convolution of the Lorentz profile and the
Doppler profile and thus describes the overall line shape when the half with of the
pressure broadening (@ orentz) is of similar magnitude as the half width of the Doppler

broadening (apeppier). This is usually the case for our regions of interest.

0 erp— ( v—v” )2

' _ OLorentz “Doppler dv/ 4.10

gvozgt(y - VO) - / 2 2 v ( ) )
WﬁaDoppler 0 (V - 1/0) + AT orentz

The Voigt line shape behaves similar to the Doppler profile close to the center of the

line and more like the Lorentz profile further away from the center.

When molecules collide, angular momentum can be transferred. This leads to
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modifications in the molecules’ energy levels, which, in turn, can lead to shuffling be-
tween proximate transitions. Accordingly, the resulting energy distribution is altered
without any interaction of radiation with the molecules. This phenomenon is com-
monly known as line mixing. Since energy levels of Q-branches are particularly close
to each other, line mixing is most prevalent here, e.g., for the spectral region around
792 cm~! where the COy Q-branch influences the retrieval of CCly. The effect of line
mixing increases with increasing pressure, which makes sense since collisions are more

likely the more molecules are present.

4.3 Retrieval of Atmospheric Constituents

In order to gain information on the composition of the atmosphere from emission
spectra, in-depth understanding of radiative transfer processes is crucial (Sec. m
Modelling radiative transfer then allows us to solve the inverse problem which links
measured irradiance with concentrations of atmospheric constituents. However, it is
usually not possible to strictly solve the problem. Hence, we instead look for the most
likely solution (Sec. using powerful computer clusters. All necessary steps to

derive vertical profiles from limb emission spectra will be covered in the following.

4.3.1 Radiative Transfer in the Atmosphere and Forward Modelling

The theory of radiative transfer is based on the work of Chandrasekhar (1960)). The
equation of transfer describes what happens to radiation when it travels through a

medium. The main influencing factors are:

e absorption
e scattering

e emission

which potentially happen at every molecule in the atmosphere. Absorption and scat-
tering are gathered under the term extinction. While so-called Rayleigh scattering
covers cases where the scattering particles are much smaller than the wavelength, Mie
theory deals with scattering by particles similar to or larger than the wavelength.
Scattering plays a very subordinate role in the IR, because the wavelength depen-
dence for Rayleigh scattering is A™% and and Mie scattering usually only happens
when sufficiently large water, ice or aerosol particles are in the atmosphere. However,
in the thermal and far IR, water clouds look very similar to black bodies while they
are almost transparent for microwaves. Nevertheless, scattering has to be accounted
for in the UV and visible part of the spectrum.

While emission is the only “true” source of radiation, smaller portions of radiation can

also be scattered into the direction of interest.
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Whenever a pencil of radiation travels through a medium, e.g., the atmosphere, it
is attenuated by extinction (Chandrasekhar,|1960; Liou, |1980). The respective change
in radiance (dI, ¢;t) at a specific frequency as a beam of radiation travels through a

medium for a certain distance (ds) can be written as:
dlyext = —(kva + kv sc)lupds = —1,dr (4.11)

with the density (p) of the medium, the mass absorption coefficient (k,,) and the
mass scattering coefficient (k, ) for the frequency v. In turn, the change in radiation

due to emission (dI,.) can be written as

dIV,em = (.71/ + jmsc)pds (4'12)

with the emission coefficient (j,) and the contribution to emission by scattering (jy, sc)-
The overall change in radiance (dI,) including absorption, scattering and emission is
thus

dly = dlyeot + dly e = (—(kv,a + kuse)lv + Ju + Ju,se) pds. (4.13)

For MIPAS, we can neglect scattering effects, which leads to the simplified equation
of
dl, = (—kyoly, + ju)pds (4.14)

Kirchhoft’s law of thermal radiation tells us, that for a body in local thermodynamic
equilibrium (LTE) emissivity and absorptivity are equal. Thus, on a short path the

change in radiation due to emission is equal to its black body absorption:
jl/ = ku,aBu(T) (4.15)

with Planck’s law
2hv? 1
c? e’“’J;VT -1

(4.16)

with the temperature (T"), the speed of light (¢) and the Boltzmann constant (kp).
With this, Eq. turns into

dl, = [—kvaly + ko By (T)|pds = [B,(T) — 1, ]ky qpds (4.17)

or e
Y —B,(T) -1, 4.18
= BT) (118)

which is known as Schwarzschild’s equation.

To derive the intensity of radiation measured by a detector looking at the at-
mosphere remotely, we have to integrate Schwarzschild’s equation. For this, we first

introduce the optical path (7,) between two points (Chandrasekhar, [1960; Liou, |1980;
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Petty, 2006) , s and s;, as depicted in Figure
s1
T,(8,81) = / kya(s)p(s)ds' (4.19)
S
with .y )
(8,8
L = —hua(s)p(s) (4.20)
Accordingly, the transmission (¢,) is:
t(s,s1) = e (=) (4.21)
Using Eq. [4.20 Schwarzschild’s equation can be rewritten as:
dl,
Y BT 4.22
dry(s, s1) (T) (422)

We apply the integrating factor e~ (551 to Eq. [4.22 (Petty, 2006):

dl,
—e

L) — pemns) g () (4.23)

We now use the product rule, according to which

d (Iye_T”(8781)) _ (dIye—n(s,ﬂ) +T d) <e_7'u(8,81))>

dr, (s, s1) dr, (s, s1) Ydr, (s, s1

dl, d
_ 14 —7u(8,51) I —7u(8,51) .
<dﬂ,(s,81)6 e dTy(S,Sl)( TV(S’SI))>
dl
- v —1u(s,81) —7u(8,81)
<dry(8,51)e Tm(s,s1)e )
— L _ L/ e—Tu(S,Sl).
dr, (s, s1)

(4.24)

After transposing Eq.

dl
——Y I, )e ™5 = B (T)e (550 4.2
(s 1) (T)e 7o), (4.25)
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we can use Eqs. leading to:

d

S — —7u(5,51) ) — —-B,(T _Tl/(5751)‘ 4.26
dTU(S’&)( e ) ( )6 ( )

We can now integrate from 7,(s1,s1) = 0 to 7,(sg, s1) resulting in:

7 (80,51) d Tu(50,51)
I, —7u(s,51) 5 _ _/ B, (T —7u(s,81) 5
/0 dro(s,51) ( e )dT (s,81) ; (T)e dr, (s, s1)

Tu(50,51)
I (s0)e=™05) _ [ (s7) = — / By(T)e=™) dr, (s, 51).
0

(4.27)
Resolving for I,(s1) and resubstituting gives:
I(s1) = I (so)e™Cos0) 4 / " ba(9)(5) BoT)e ™00 ds (4.28)
50
Using Eq. [£.21 on Eq. leads to:
I,(s1) = L,(s0)tu(s0,51) + /81 kya(s)p(s)By(T)t,(s, s1)ds. (4.29)
50

This is the radiative transfer equation. It tells us how much radiation reaches the

point s; when I, (so) is the radiation at the point sp.

Due to its complexity and multi-variable dependency, the radiative transfer equa-
tion cannot easily be solved analytically. In order to be able to use it in numeric
models, it has to be discretized, as has the space considered by the model. Thus,
the atmosphere is divided into spherical layers which are assumed to be homogeneous
(Fig.[4.4). One of these radiative transfer models is the Karlsruhe Optimized and Pre-
cise Radiative transfer Algorithm (KOPRA) (Stiller, [2000), which is used at IMK in
Karlsruhe within the scope of deriving profiles of atmospheric constituents from MI-
PAS measurements (Sec. [1.3.2). The discrete form of the radiative transfer equation

(Eq. is given as (Hopfner, 2000):

N N N
I(V) = B(Tbackground)]__[ti +ZJ(T17V)(1 _ti(V)) H tk(l/) (430)
=1 =1 k=i+1

In there, i indicates the layers, with 1 denoting the layer farthest away from the instru-
ment and N that being closest, and .J(T}, v) is the source function. The transmission

is given as:

ti(v) = e ) (4.31)
with :
G By
Ti(”) = Te,aerosol,i(l/) + Z kig(V) + Z aigbk?a,igb(l/) Uig (4.32)
g=1 g=1
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FIGURE 4.4: MIPAS limb geometry for the tangent altitude z.

Te,aerosol,i(V) is the optical depth with respect to aerosol extinction, kig(v) and kg igp(v)
are the absorption coefficients for all local thermodynamic equilibrium (LTE) bands
and non-LTE band b for the gas g, respectively, and ;g is the ratio of these coeffi-
cients indicating the part of non-LTE compared to LTE absorption. wu;4 is the column
density for the gas g in layer . In a measurement geometry like that of MIPAS, the
background is space, which is very cold (at 2.7K), and thus the first term on the
right hand side of in Eq. is negligible. In the simplest cases the source func-
tion (J(T},v)) is equal to Planck’s law (B, (T)) for the temperature of air for layer i,
while it becomes considerably more complex under non-LTE conditions (Funke and
Hépfner, 2000).

KOPRA is a complex radiative transfer model, which contains all of the important
physical effects emerging in the atmosphere from the troposphere up to the ther-
mosphere, including refraction, i.e., bending of rays due to density changes between
different layers in the atmosphere (Hase and Hopfner, 2000), and line mixing (Funke,
2000). The numerical approximation of the radiances detected by MIPAS is calculated
by KOPRA as the weighted sum of so-called pencil-beams, infinitesimally narrow rays
simulated to form the viewing path of the instrument. This is indispensable to tackle
the problem of deriving vertical profiles of atmospheric constituents from MIPAS mea-

sured radiances, which is an inverse problem.

4.3.2 Retrieval Theory

If used in the context of the retrieval of atmospheric constituents, models like KOPRA
are called forward models. This is the case, because they model radiances based on
the given state of the atmosphere, while retrieval theory helps us to go the reverse

way and estimate the state of the atmosphere (e.g., the amount of atmospheric trace
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gases in the atmosphere) based on measured radiances. The simplest formalization to

describe a forward model (f) in principle is:

y = f(x;b), (4.33)

in which y is an m-dimensional vector containing the radiances associated with the
tangent altitudes of one scan sequence of the instrument (e.g., MIPAS) and « is an
n-dimensional vector consisting of the amount of an atmospheric trace gas we are
interested in (e.g., in our case CCly). b contains additional parameters (e.g., con-
centrations of other trace gases) that influence the radiances, but are not treated
as variables in the inversion but kept constant. However, in order to calculate an
appropriate spectrum, all trace gases contributing to the radiances at the examined
wavelength range have to be taken into account in the forward model. Their abun-
dances are part of the b-vector.

The model f is usually non-linear but can be linearized by considering only the first

two terms in the Taylor expansion of f around xg:

f(x) =~ f(xo;b) + g—i(m — x0), (4.34)

where g—i is called the Jacobian matrix (K) (Rodgers, 2000).

I: Least Squares Fit

In the context of retrieving profiles of atmospheric constituents from measurements
of radiances, we would like to go the reverse way to Eq. [£.33 and estimate x from a
known y. To solve Eq. @ for x, the Jacobian matrix (K) has to be inverted, which
is only possible when K is quadratic and not singular (e.g., its determinant must be
non-zero, granting full information content of the matrix). a could then simply be
calculated as:

x=xo+ K 'y — f(xo;b)). (4.35)

In reality, we usually have more measurements (m) than unknowns (n) so that the
inverse problem is overdetermined resulting in K not being quadratic, e.g., not di-
rectly invertible. In addition, real measurements always have an error. Accordingly,
it will be impossible to find an exact solution for the given problem. However, we
can search for the most likely one using the least square approach. It relies on the
assumption, that the measurements are normally distributed (Gaussian distribution
function). The conditional probability of y being measured when x is the actual at-

mospheric state (Rodgers, 2000)) is given by:

1 ! TS,
Plyla) = —— L (- F@)7S; w-F (@) 4.36
(yl) Ts (4.36)



4.3. Retrieval of Atmospheric Constituents 35

where Sy, is the measurement error covariance matrix, containing the variances of y
as the diagonal of the matrix, and error correlations as off-diagonal elements in the
case when the values of y are not entirely independent from each other. The most
likely y for a given @ is that for which the probability density function, P(y|x), has
its maximum. To find it, we have to maximize P(y|x). This is done by minimization
of (y— f(a:))TSy_l(y — f(x)), which is the so-called cost function (x?). This is called
the least squares fit method, because the sum of the squares, of (y minus f(x)) in

our case, is minimized:

2
% = % ((y — f(@)"S, (y — f(x)))
~ % ((y — f(x0;b) — K(z — 20))"S;  (y — flzo:b) — K(z — 20))) (4.37)

Il
<

Y

the result is:
& =mo+ (K'S,'K) 'K"S, (y — f(x0;b)), (4.38)

where the “-symbol denotes the estimate instead of the true value. This is called the
maximum likelyhood solution.
As the model f is usually not linear, which is usually not sufficiently satisfied, Eq. [4.38

has to be solved iteratively:
zi1 ~a;+ (K]S K) T K]S, (y — f(ai; b)) (4.39)

For the first iterative step, the respective x; equals g, the so-called initial guess,
which can be taken from e.g., a climatology. For each subsequent step, x; is taken

from the previous iterative step.

In Eq. |4.38
_ (T o-1g\—-17-T g1
G=(K S, K)'K S, (4.40)

is called the gain matrix and describes the sensitivity of the retrieval to the measure-

ment (g—i). We can use it to calculate the covariance matrix for x:
S, =GS,G". (4.41)
Using Eq. [4.40 we get:

S. = (K"S,'K)"'K"8,") 5, (K", 'K)"'K”s; )"

(4.42)
= (K"S;'K)™".

It describes the error propagation of y onto @ (generalized Gaussian error propaga-

tion).
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II: Optimal Estimation

Previously, we assumed that we have more measurements (m) than unknowns (n) and
also that these measurements provide enough information to solve the problem. While
we usually do have more measurements than unknowns, in reality, the measurements
carry largely redundant information, leading to almost linear dependencies in the lines
of K T.S'y_ I K making the matrix inversion instable. This is referred to as an ill-posed
problem.

Bayes offered a solution to this problem in his "Essay towards Solving a Problem
in the Doctrine of Chances" (Bayes and Price, 1763). He suggested that additional
information, so-called a priori knowledge, can be used to find the most likely solution,
e.g., we can use a climatology to confine @ to a range close to its climatological value.
In that case, we assume that @ is less likely the more it deviates from the climatological
mean. Explicitly, we assume that x is normally distributed around the climatological

mean:

P(w) _ 1 e—%((m—ma)TSa—l(m—ma)) (443)

(27)™| S|
where x, denotes our a priori knowledge and S, is the respective covariance matrix.
Bayes’ theorem tells us that the probability of & lying within a certain range (x,z+dx)

when vy is measured is

P(y|x)P(x)
P(y)

Under the conditional probability density function, P(x|y), the prior probability den-

P(aly) = (4.44)

sity function of the measurement, P(y), is only a normalizing factor (cf. Rodgers
(2000), Fig. 2.3, which illustrates what the conjoined probability of z and y in the

two-dimensional case looks like), so that
P(aly) x P(yle)P(a). (4.45)
Using Eqgs. [4.36 and [4.43 this leads to

P(zly) o e~ 30— F @Sy y=F(@)+(z—2a) S (@—wa)] (4.46)

Minimizing the cost function x* = (y— f(z))" S, (y — f(z)) + ( — )" S; H(x—x4)
leads to:
&=mo+ (K'S,'K + S, ) 'K"S, ' (y — f(x0;b)). (4.47)

Again, this can be solved iteratively in case the model is not sufficiently linear:
2o = @i+ (KT, K+ 8,) 7 [KTS,  y - f(@isb) - S, (@ — 24)] . (4.48)
According to the above, the gain matrix in this case is

T g—1 1T g—1
G=(K"S;'K +8,)'K"S, (4.49)
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and the covariance matrix for  can be calculated following Eq. [4.41. Since a priori
knowledge brings additional information into the system, the errors will always be
smaller than if only measurements were used.
While G is the sensitivity of the retrieval to the measurement, the averaging kernel
matrix (A) describes the sensitivity of the retrieval to the true state:

A=22_ (K"S 'K +8,) 'K"S 'K = GK (4.50)

ox Y Y

It describes the smoothing of the retrieved profile of an atmospheric constituent due
to the usage of a priori information. Without the usage of a priori information, A
is the identity matrix (I). Column ¢ of the averaging kernel matrix describes how
the system reacts to a Dirac delta function (d(x)) applied at altitude level i, while
row ¢ gives information on the composition of the signal at altitude level i, e.g., how
strongly the signal from each altitude level contributes to the signal at altitude level 7.
The diagonal elements of A reveal how much a priori information contributes to the
solution. The larger they are, the smaller is the portion of the a priori information in
the final result and vice versa. It is also possible to estimate the vertical resolution
from the averaging kernel matrix. It is most commonly calculated as the full width
at half maximum (FWHM) of each row of A.
The degrees of freedom of the estimated profile can be calculated from the averaging

kernel matrix as follows:

dgf =tr(A) (4.51)

Since an approach as shown above attempts to find the best estimate for the sum of

both contributing terms, is known as “optimal estimation”.

III: The Tikhonov Approach

While optimal estimation allows us to retrieve atmospheric constituents from mea-
sured radiances even for underdetermined or ill-posed problems it has its pitfalls. If
the state of an the atmosphere, x, is far away from the a priori, x,, it is considered
very unlikely and thus the result is drawn towards the a priori. First occurrences are,
naturally, not part of the climatology, so that a first occurrence could be missed or at
least its effect can be severely underestimated. Even though rare events are part of
the climatology, they have very little influence on the climatological mean and thus,
rare events can also be overlooked. In addition to that, the covariance matrix of x

(S,) is often not known.

In such cases, a variant of the regularization approach suggested by Tikhonov
(1963) can be more adequate. Based on the assumption that vertical profiles of atmo-

spheric constituents, as derived by MIPAS, have a certain smoothness, a first order
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differential operator, with dimensions (n — 1) x n, is introduced

S
0 0 11
resulting in the cost function
X =(y— Ff(@)"S, (y— fx)) + 12" L L1z (4.53)

with v being a scalar weighting factor, so it is possible to control the influence of this

term. This leads to the best estimate of
&=+ (K'S,'"K +~yL{ L) 'K"S, ' (y — f(x0;b)). (4.54)
Like for the other approaches, we can solve this iteratively following

zir1 = o + (K] S, K; +7L{ L)' [K{ S, (y — f(2i;b)) = vL{ L1 (2 — x4)] -

(4.55)
Accordingly, the gain matrix is
G=(K"S,'K +~yL{L)"'K"S,! (4.56)
and the respective averaging kernel matrix is given by
A=GK = (K"S;'K ++L{L) 'K"S,'K. (4.57)

In the case of the MIPAS retrieval, the IMK-ASF-SAT group took the Tikhonov
approach even a step further and introduced an altitude dependent =, so that Eqs.|4.58
and [4.59 transform into

& =wmo+ (K'S, 'K + L{vL1) ' K"S, ' (y — f(x0; b)) (4.58)
and

zip1 = ai + (K] S, Ki + LivL1) ™ [K] S, (y — f(#:;b)) — L{vLa(®; — z4)] -

(4.59)

respectively. In there, 7 is an (n — 1) x (n — 1) diagonal matrix with the weighting

factors for the respective altitudes as diagonal elements.

By using a priori information in the sense of optimal estimation or Tikhonov, the

previously irregular matrix in the model becomes regular (and invertible) again. Ac-

cordingly, such constraints are commonly known as regularization matrixs (R). Reg-

ularizing reduces the degrees of freedom because the latter is a measure of how many

independent data points exist.
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4.3.3 Error Estimation

The total error of the modelled solution consists of several error components:

Stotal == Sac + Smodel + Ssmoothing + Z Sw,b (460)
b

where S, is the noise error, Sy,04e is the model error, Sgo0thing i the smoothing

error and S, ; are parameter errors.

The noise error was already introduced within the scope of the least squares fit
(Eq. and describes the error due to the noise of the measurement. In case a
regularization is used, Eq. 4.41 results in

S, =GS,G"
— (K”S;'K + R)"'K"S,") S, (KTS,'K + R)'K"S,")"  (4.61)
=(K"S;,'K+R)"'K"S,K(K"S,'K + R)™"

(von Clarmann et al., 2003). Measurement noise is usually randomly distributed and
can also lead to negative values, which have noch physical meaning. Nevertheless, it is
recommendable to tolerate these negative data points, since forcing results to positive

values would lead to biases.

Another error component result from uncertainties in parameters in the forward
model. These parameters are assumed to be known and held constant during the
inversion, e.g., profiles of other trace gases contributing to the spectrum. Uncertainties

in a scalar parameter are estimated as follows
ApE = G(f(2;0+ Ab) — f(&;0)) (4.62)

where b is the parameter and Ab is its uncertainty. In matrix notation (in case the

parameter is e.g., a profile b) this leads to
S,y = GK,S, K G”. (4.63)

Here, K} denotes the sensitivity of the measurement to a variation in b and Sy is the

covariance matrix of this parameter.

Since certain simplifications are often used in the model, the influence of these
simplifications has to be quantified. Such simplifications include the assumption of
local thermodynamic equilibrium (LTE) for all altitudes or not taking line mixing
into account, because these processes can be very computationally demanding. In
general, assuming LTE for the MIPAS nominal mode is justified (Lopez-Puertas et
al., 2003) but becomes less accurate above 50km. As stated in Section line
mixing becomes more important at higher pressure, i.e., lower altitudes. To estimate

the effect of using a simplified model, this model is compared to the simplified model
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leading to
Amoder® = G(f(#;b) — f(&;b)) (4.64)

where f is the simplified model and A,,,qe;& is the resulting uncertainty. While this
looks very similar to the scalar parameter error (Eq. , here, the simplified model
is used and the parameters are held constant. However, the algebraic sign of model
errors is deterministic and thus the latter add up linearly, while parameter errors add

up quadratically. Eq. |4.64 can also be written in matrix notation resulting in
Amodel9"3Amodel:f:T = Smodel = GSfGT (465)

with S being the covariance matrix of the model error.

The last source of error to be mentioned here, is the regularization. In leading to
a smoother profile, it introduces an error based on the strength of the regularization.
The stronger the regularization, the more the profile is smoothed and thus leads to a
larger deviation from the true state. This is characterized by the so-called smoothing
error

Ssmoothing = (I - A)T S, (I - A) . (466)

However, the covariance matrix S, is often not known and, in addition to that, von
Clarmann (2014), shows that the smoothing error does not comply with Gaussian
error propagation. Thus, it is questionable whether including the smoothing error in
the total error budget is desirable. It might be better to characterize the influence of
the a priori information just by the A itself.

Nevertheless, smoothing differences have to be taken into account, when comparing

measurements with noticeably different vertical resolutions.
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5.1 Drift-corrected trends and periodic variations in MI-
PAS IMK /TAA ozone measurements

Authors: E. Eckert, T. von Clarmann, M. Kiefer, G. P. Stiller, S. Lossow, N.
Glatthor, D. A. Degenstein, L. Froidevaux, S. Godin-Beekmann, T. Leblanc, S. Mc-
Dermid, M. Pastel, W. Steinbrecht, D. P. J. Swart, K. A. Walker, and P. F. Bernath

In: Atmos. Chem. Phys., 14, 2571-2589, 2014 www.atmos-chem-phys.net /14 /2571 /2014 /
doi:10.5194 /acp-14-2571-2014
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trend, I also estimated drifts by comparison to other instruments, including satel-
lite borne and ground-based lidar measurements. For this, I first selected coincident
measurements among MIPAS and each of the comparison instruments complying with
pre-selected coincidence criteria, depending of the coverage of the comparison instru-
ments. I then calculated the difference between MIPAS and each comparison for each

profile pair. I made sure to take the different vertical resolution of the instruments
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into account by applying the respective MIPAS averaging kernel.

Michael Kiefer provided his expertise on convolution with the MIPAS averaging ker-
nel following a concept first applied during the extensive validation of the MOHAVE-
2009 campaign (Stiller et al., 2012). Doug Degenstein (University of Saskatchewan,
mission Principal Investigator of the Odin-OSIRIS instrument), Lucien Froidevaux
(Jet Propulsion Laboratory (JPL), Pasadena, California, USA, Deputy Principle In-
vestigator of the Earth Observing System (EOS) Microwave Limb Sounder (MLS)),
Sophie Godin-Beekmann (Observatoire de Versailles Saint-Quentin-en-Yvelines, Di-
rector of Observatoire de Haute Provence (OHP)), Thierry Leblanc (JPL, Principal
Investigator for the JPL atmospheric lidar measurement programs initiated at the
JPL Table Mountain Facility), Wolfgang Steinbrecht (Meteorological Observatory,
Deutscher Wetterdienst, Hohenpeissenberg, Germany, Principal Investigator for lidar
measurements at Hohenpeissenberg), and Kaley Walker (University of Toronto, Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)) provided
data and valuable information about their instruments. Thomas von Clarmann und

Gabriele Stiller initiated and supervised the paper.

Abstract

Drifts, trends and periodic variations were calculated from monthly zonally averaged
ozone profiles. The ozone profiles were derived from level-1b data of the Michel-
son Interferometer for Passive Atmospheric Sounding (MIPAS) by means of the sci-
entific level-2 processor run by Karlsruhe Institute of Technology (KIT), Institute
for Meteorlogy and Climate Research (IMK). All trend and drift analyses were per-
formed using a multilinear parametric trend model which includes a linear term,
several harmonics with period lengths from three to twenty four months and the
quasi-biennial oscillation (QBO). Drifts at 2-sigma significance level were mainly neg-
ative for ozone relative to Aura MLS and Odin OSIRIS and negative or near zero
for most of the comparisons to Lidar measurements. Lidar stations used here include
those at Hohenpeissenberg (47.8°N, 11.0°E), Lauder (45.0°S, 169.7°E), Mauna Loa
(19.5°N, 155.6°W), Observatoire Haute Provence (43.9°N, 5.7°E) and Table Moun-
tain (34.4°N, 117.7°W). Drifts against ACE-FTS were found to be mostly insignifi-
cant. The assessed MIPAS ozone trends cover the time period of July 2002 to April
2012 and range from -0.56 ppmv/decade to +0.48 ppmv/decade (-0.52 ppmv/decade
to 4+0.47 ppmv/decade when displayed on pressure coordinates) depending on alti-
tude/pressure and latitude. From the empirical drift analyses we conclude that the
real ozone trends might be slighly more positive/less negative than those calculated
from the MIPAS data, by conceding the possibility of MIPAS having a very small
(approx. within -0.3 ppmv/decade) negative drift for ozone. This leads to drift-
corrected trends of -0.41 ppmv/decade to +0.55 ppmv/decade (-0.38 ppmv/decade
to +0.53 ppmv/decade when displayed on pressure coordinates) for the time period

covered by MIPAS Envisat measurements with very few negative and large areas
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FIGURE 5.1: Comparison of the results of the ozone trend estimation (left) with a
simulation of the subtropical mixing barrier shift (right). Red areas indicate increasing
concentrations of ozone, while blue areas indicate decreasing concentrations. Hatching
in the left panel shows where no trend at 2o significance level could be found. In the
right panel, atitudes beyond 60°S and 60 °N were omitted to avoid interference with
the polar mixing barriers. - Source: Eckert et al. (2014) - CC BY 3.0 License.

of positive trends at mid-latitudes for both hemispheres around and above 30 km
(~10 hPa). Negative trends are found in the tropics around 25 and 35 km (~25 and
5 hPa), while an area of positive trends is located right above the tropical tropopause.
These findings are in good agreement with recent literature. Differences of the trends
compared with recent literature could be explained by a possible shift of the sub-
tropical mixing barriers. Results for the altitude-latitude distribution of amplitudes
of the quasi-biennial, annual and the semi-annual oscillation are overall in very good

agreement with recent findings.
The full article is reprinted in Appendix [A.

Relevance within the scope of this thesis

In this study, pronounced hemispherically asymmetric distributions of ozone trends
were found (left panel in Figure [5.1) which were not expected from what we knew
from model predictions in recent literature (World Meteorological Organization, .
Particularly interesting are positive ozone trends in the regions around the tropical
tropopause (red outline) and the negative ozone trends in tropical mid-stratospheric
regions (yellow outline). From model calculations in recent literature, we expected
positive ozone trends throughout the stratosphere, but negative ozone trends in the
region around the tropical tropopause. The latter was expected due to an postulated
increase of the Brewer-Dobson circulation (BDC) due to climate change and increased
tropical upwelling of air with lower amounts of ozone from tropospheric altitudes (s.
Fig. , which would thus result in negative trends in this region.
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The right panel of Figure [5.1]show the result of a simple test: here, an ozone distribu-
tion from the beginning of the MIPAS measurement period was shifted by 5° to the
south at altitudes below 30km and expanded by 5° above that altitude to simulate
a shift of the subtropical mixing barriers (s. Fig. [L.1). Latitudes beyond 60°S and
60 °N were omitted to avoid interfering effects by the polar mixing barriers. This sim-
ulation (Fig. right) resembles the estimated trends (left) very well. Accordingly,
a shift of the subtropical mixing barriers can sufficiently explain differences to results
that could be expected from recent literature. This effect is discussed in Stiller et al.
(2017).

In this publication, I was able to show clearly that changes in the BDC occurred
during the 10-year measurement period of MIPAS. Furthermore, it showed need of
investigation on the topic and my following first author publications, together with
the development of the ANCISTRUS-SPEC inverse model, facilitate a closer, more

sophisticated outlook.
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5.2 MIPAS IMK /IAA CFC-11 (CCL;F) and CFC-12 (CCLF>)
measurements: accuracy, precision and long-term sta-
bility

Authors: E. Eckert, A. Laeng, S. Lossow, S. Kellmann, G. Stiller, T. von Clarmann,
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sessed.

Within the scope of an exten-

sive validation study, I com-
pared both the full spectral resolution (FR) and the reduced spectral resolution (RR)
data sets of both trace gases with various instruments, including satellite borne, air-
plane borne, balloon borne and ground-based measurements. I performed most of the
comparisons using coincident profile pairs. Since the vertical resolution of some of
the comparison instruments was significantly different from that of Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS) (s. Table[5.1)), I convolved each

profile of the better resolving instruments with the respective MIPAS averaging kernel.
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TABLE 5.1: Vertical resolution of MIPAS RR (FR) period and those of comparison
instruments used for the validation study on CFC-11 and CFC-12.

Instrument Vertical Resolution CFC-11 Vertical Resolution CFC-12
MIPAS Envisat (3-7km) 2-6 km (3-8 km) slightly better
ACE-FTS 3-4km 3-4km

HIRDLS 1-1.2km 1-1.2km

ILAS-II 1.5-2.5km 1.5-2.5km

MKIV 2-4km 2-4km
Cryosampler 1-2km 1-2km

MIPAS-B 2-5km 2-5km

HATS none — ground-based none — ground-based
MIPAS-STR 1-2km 1-2km

The vertical resolutions given in Table are average estimates. For all instruments
except MIPAS Envisat these estimates are approximately the same for CFC-11 and
CFC-12. However, averaging kernels differ from measurement to measurement. Thus,
I had to use the respective MIPAS averaging kernel for every collocated profile pair
instead of using an average MIPAS averaging kernel for all of them.

Alexandra Laeng provided IDL routines for this validation exercise, which I extended
or chanced according to the needs of my study and she also prepared figures on
comparisons of MkIV and Cryosampler with MIPAS and a figure to determine how
realistic the MIPAS error estimates are. Gerald Wetzel provided figures of the com-
parison with MIPAS-B. Similar to my first study - regarding stratospheric ozone -
the instrument PI’s of the comparison instruments contributed by providing data and
answering instrument-specific questions. Thomas von Clarmann und Gabriele Stiller

initiated and supervised the paper.

Abstract

Profiles of CFC-11 (CCI3F) and CFC-12 (CClyF2) of the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) aboard the European satellite Envisat
have been retrieved from versions MIPAS/4.61 to MIPAS/4.62 and MIPAS/5.02 to
MIPAS/5.06 level-1b data using the scientific level-2 processor run by Karlsruhe In-
stitute of Technology (KIT), Institute of Meteorology and Climate Research (IMK)
and Consejo Superior de Investigaciones Cientificas (CSIC), Instituto de Astrofisica
de Andalucia (IAA). These profiles have been compared to measurements taken by
the balloon borne Cryosampler, Mark IV (MkIV) and MIPAS-Balloon (MIPAS-B),
the airborne MIPAS-STRatospheric aircraft (MIPAS-STR), the satellite borne At-
mospheric Chemistry Experiment Fourier transform spectrometer (ACE-FTS) and
the High Resolution Dynamic Limb Sounder (HIRDLS) as well as the ground based
Halocarbon and other Atmospheric Trace Species (HATS) network for the reduced
spectral resolution period (RR: Jan. 2005 - April 2012) of MIPAS. ACE-FTS, MkIV
and HATS also provide measurements during the high spectral resolution period (FR:
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July 2002 - March 2004) and were used to validate MIPAS CFC-11 and CFC-12
products during that time, as well as profiles from the Improved Limb Atmospheric
Spectrometer ILAS-II. In general, we find that MIPAS shows slightly higher values
for CFC-11 at the lower end of the profiles (below ~15km) and in a comparison of
HATS ground-based data and MIPAS measurements at 3 km below the tropopause.
Differences range from approximately 10 to 50 pptv (~5-20 %) during the RR period.
In general, differences are slightly smaller for the FR period. An indication of a slight
high-bias at the lower end of the profile exists for CFC-12 as well, but this bias is far
less pronounced than for CFC-11 and is not as obvious in the relative differences be-
tween MIPAS and any of the comparison instruments. Differences at the lower end of
the profile (below ~15km) and in the comparison of HATS and MIPAS measurements
taken at 3km below the tropopause mainly stay within 10 to 50 pptv (corresponding
to ~2-10% for CFC-12) for the RR and the FR period. Between ~15 and 30 km,
most comparisons agree within 10 to 20 pptv (10 to 20 %), apart from ILAS-II, which
shows large differences above ~17km. Overall, relative differences are usually smaller
for CFC-12 than for CFC-11. For both species - CFC-11 and CFC-12 - we find that
differences at the lower end of the profile tend to be larger at higher latitudes than in
tropical and subtropical regions. In addition, MIPAS profiles have a maximum in their
mixing ratio around the tropopause, which is most obvious in tropical mean profiles.
Comparisons of a the standard deviation in a quiescent atmosphere (polar summer)
show that only the CFC-12 FR error budget can fully explain the observed variability,
while for the other products (CFC-11 FR and RR and CFC-12 RR) only two thirds
to three quarters can be explained. Investigations regarding the temporal stability
show very small negative drifts in MIPAS CFC-11 measurements. These instrument
drifts vary between ~1-3 % /decade. For CFC-12, the drifts are also negative and close
to zero up to ~30km. Above that altitude larger drifts of up to ~50%/decade ap-

pear which are negative up to ~35km and positive, but of a similar magnitude, above.

The full article is reprinted in Appendix [A.

Relevance within the scope of this thesis

Since my study on stratospheric ozone, alongside other IMK-ASF-SAT group pub-
lications, clearly showed that further investigation of changes in the stratospheric
circulation was necessary. Thomas von Clarmann and Udo Grabowski had already
developed a first version of the ANCISTRUS-SPEC inverse model, and the next step
towards reliable scientific results was to provide validated data sets of atmospheric
trace gases that could reduce uncertainty in the model’s results. Trace gases appro-

priate for this purpose have the following characteristics:

e They are long-lived and are thus transported through the entire stratosphere.
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e They either have well-known, finite stratospheric lifetimes OR. they have life-
times which can be regarded as infinite compared to the short measurement
period of MIPAS (e.g., SFg with a stratospheric lifetime of about 8000 years)
and their well-known abundance in the trophosphere is monotonically increasing

or decreasing.

e Ideally, their sources and sinks are known and not complex - e.g., only a sink

due to being photolyzed when travelling through the stratosphere.

e They should show different features, e.g., in terms of stratospheric lifetimes and
their vertical gradient to provide independent information about stratospheric

circulation processes.

Taking these criteria into account, CFC-11 and CFC-12 are ideal candidates to fur-
ther increase precision in ANCISTRUS-SPEC results: CFC-11 and CFC-12 have at-
mospheric lifetimes of approximately 60 and 110 years, respectively. CFC-11’s most
likely decomposition scheme in the atmosphere is photolytic decomposition by ultravi-
olet (UV) light of 226 nm. While photolytic destruction at 215 nm is the primary path
of destruction for CFC-12, reaction with the electronically excited oxygen atom O(D)
also takes place (Brasseur and Solomon, . CFC-12 reaches far higher up in the
stratosphere and its gradient is less steep compared with CFC-11, so the information
these two gases give about stratospheric circulation processes is not redundant.

Since CFC-11 and CFC-12 had already been derived from MIPAS measurements, the
main task was to ensure their quality, possible biases and instrument drifts, which
is the purpose of this study. Hemispheric asymmetries of stratospheric trends could
also be confirmed (Fig. and the estimated drifts showed that, up to 30 km, these

trends are real and not an artifact introduced by e.g., temporally unstable detectors.

F—=11 relative trend [%v/rgs:c]

altitude [km]
altitude [km]

—-90 -60 -30 0 30 60 ele] -90 —60 -30 0 30 60 90
latitude [deg] latitude [deq]

FIGURE 5.2: Altitude-latitude cross-sections of relative trends in CFC-11 (left) and
CFC-12 (right) for the entire MIPAS measurement period from July 2002 to April
2012. Color coding and hatching are similar to the left panel of Figure - Source:
Eckert et al. (2016) - CC BY 3.0 License.
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According to this study, CFC-11 and CFC-12 can be used with ANCISTRUS-SPEC

and were expected to improve the reliability of its results.
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5.3 MIPAS IMK/TAA Carbon Tetrachloride (CCl,) Re-

trieval and first Comparison with other Instruments

Authors:

E. Eckert, T. von Clarmann, A. Laeng, G. P. Stiller, B. Funke, N.

Glatthor, U. Grabowski, S. Kellmann, M. Kiefer, A. Linden, A. Babenhauserheide,
G. Wetzel, C. Boone, A. Engel, J. J. Harrison, P. E. Sheese, K. A. Walker, and P. F.
Bernath

In: Atmos. Meas. Tech., 10, 2727-2743, 2017 https://doi.org/10.5194 /amt-10-2727-

2017
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Authorship Statement

I conducted research on the
topic of deriving carbon tetra-
chloride (CCly) from measure-
ments of the Michelson Interfer-
ometer for Passive Atmospheric
Sounding (MIPAS), which lead
to this first author publica-
tion. For this purpose, I decided
which spectral regions were suit-
able for a retrieval of CCly
(s. Table and was able
to narrow the gap between the
two regions further by consider-
ing line-mixing in the retrieval
setup. I selected previously re-
trieved species should be used
in the CCly retrieval so they
would not be mis-interpreted for
CCly. Together wiht Christo-

pher Boone from Waterloo University I determined further potential interfering species

and I implemented the usage of a new spectroscopic dataset with support of Norbert

Glatthor. I then compared the results of the CCly retrieval with those of other mea-

surements, both historic and simultaneously taken ones. Arne Babenhauserheide sup-

ported the comparison with the Atmospheric Trace Molecule Spectroscopy (ATMOS)
by extracting data directly from Zander et al. . I also estimated stratospheric
trends and I have provided an extensive error budget of the MIPAS CCly dataset.

Alexandra Laeng contributed to the study by preparing a figure to determine how
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TABLE 5.2: Retrieval details on the spectroscopic region, species imported from pre-
ceding retrieval steps and variables fitted jointly during the retrieval process. Brackets

denote mixing ratios. - Source: Eckert et al. (2017).

Spectral regions Imported from preceding Jointly fitted variables
retrieval steps

772.0 - 791.0cm ! Shift(ztangent) [PAN](z)

792.0 - 805.0cm ™! T(z) [CH3CCl3](z)
Tgrad(z) [HCFC-22|(z)
[HNO3](2) [O3](2)
(C10](2) [H,0](7)
|CFC-11](z) |C2Ha|(2)
[CHol(2) [COF,](2)
[HCN|(z) Continuum(z)
[CIONO3|(z) offset
[HNO, (7)

realistic the MIPAS error estimates are and by generating a figure of a comparison of
MIPAS CCly with that of Cryosampler. Gerald Wetzel and Patrick Sheese provided
figures of the comparison of MIPAS CCly measurements with those of MIPAS-B and
ACE-FTS, respectively. Thomas von Clarmann und Gabriele Stiller initiated and su-
pervised the paper.

Abstract

MIPAS thermal limb emission measurements were used to derive vertically resolved
profiles of carbon tetrachloride (CCly). Level-1b data versions MIPAS/5.02 to MI-
PAS/5.06 were converted into volume mixing ratio profiles using the level-2 processor
developed at Karlsruhe Institute of Technology (KIT) Institute of Meteorology and
Climate Research (IMK) and Consejo Superior de Investigaciones Cientificas (CSIC),
Instituto de Astrofisica de Andalucia (IAA). Consideration of peroxyacetyl nitrate
(PAN) as interfering species, which is jointly retrieved, and COg line mixing is cru-
cial for reliable retrievals. Parts of the CO2 Q-branch region that overlap with the
CCly signature were omitted, since large residuals were still found even though line
mixing was considered in the forward model. However, the omitted spectral region
could be narrowed noticeably when line mixing was accounted for. A new CCly spec-
troscopic dataset leads to slightly smaller CCly volume mixing ratios. In general,
latitude-altitude cross-section show the expected CCly features with highest values of
around 90 pptv at altitudes at and below the tropical tropopause and values decreas-
ing with altitude and latitude due to stratospheric decomposition. Other patterns,

such as subsidence in the polar vortex during winter and early spring, are also visible
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in the distributions. The decline in CCly abundance during the MIPAS Envisat mea-
surement period (July 2002 to April 2012) is clearly reflected in the altitude-latitude

cross-section of trends estimated from the entire retrieved data set.
The full article is reprinted in Appendix [AL

Relevance within the scope of this thesis

CCly is another long-lived atmospheric trace gas. Its atmospheric lifetime is currently
estimated to be approximately 44 years (Liang et al., . This gas is decomposed
in the stratosphere by photolysis (Brasseur and Solomon, . Its vertical gradient
is even steeper than that of CCI3F (CFC-11) and thus the gas can provide additional
information on transport processes in the stratosphere. Conclusively, CCly is an addi-
tional great candidate to decrease uncertainty and consequently improve the reliability
of ANCISTRUS-SPEC results. For the given reasons, it was desirable to derive CCly
from MIPAS measurements. This work also supports the hypothesis of changes in the
Brewer-Dobson circulation (BDC), as a hemispheric asymmetry is visible in the CCly
trends (Fig. [5.3).
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FIGURE 5.3: Altitude-latitude cross-sections of trends in CCly for the entire MI-
PAS measurement period. Color coding and hatching are similar to the left panel of
Figure - Source: Eckert et al. (2017) - CC BY 4.0 License.
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6.1 Technical Note: Trend estimation from irregularly

sampled, correlated data

Authors: T. von Clarmann, G. Stiller, U. Grabowski, E. Eckert, and J. Orphal

In: Atmos. Chem. Phys., 10, 6737-6747, 2010 www.atmos-chem-phys.net/10/6737/2010/
do0i:10.5194 /acp-10-6737-2010
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Weatherhead et al. (1998) discuss how autocorrelations o
noise in the data affect the precision of the estim:

estimation, which incorporates
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to account for dependencies be-
tween data points of a time se-
ries. In there, he gives vari-
ous examples of different appli-
cation of his trend estimation
method.

I contributed by calculating case
studies for all of these exam-
ples, demonstrating the ver-
satility of the trend method,
and thoroughly reviewed the

manuscript.

Abstract

Estimation of a trend of an at-

mospheric state variable is usually performed by fitting a linear regression line to a

set of data of this variable sampled at different times. Often these data are irregularly

sampled in space and time and clustered in a sense that error correlations among

data points cause a similar error of data points sampled at similar times. Since this

can affect the estimated trend, we suggest to take the full error covariance matrix

of the data into account. Superimposed periodic variations can be jointly fitted in

a straightforward manner, even if the shape of the periodic function is not known.
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Global data sets, particularly satellite data, can form the basis to estimate the error
correlations. State-dependent amplitudes of superimposed periodic corrections result

in a non-linear optimization problem which is solved iteratively.

The full article is reprinted with the kind permission of the first author in Appendix[B]

Relevance within the scope of this thesis

The method published in this manuscript for the first time lays the foundation for my
extensive study on ozone trends (Eckert et al., 2014) and all subsequent estimations
of trends in the abundance of atmospheric constituents. Assisting Thomas von Clar-
mann within the scope of his publication allowed me to gain profound understanding
of his method of trend estimation and to comprehend the advantages of taking the
full error covariance matrix into account to consider dependencies between the data
points, e.g., biases between the full spectral resolution (FR) and reduced spectral res-
olution (RR) period as well as autocorrelations the data points. It further enabled me
to interpret the results of the studies I undertook using his method of trend estimation
and thus I could avoid possible pitfalls, e.g., I was able to distinguish an artificially

introduced trend from a real trend.
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Sylvia Kellmann published this
paper to document the Michel-
son Interferometer for Pas-
sive Atmospheric Sounding (MI-
PAS) retrieval of CCI3F (CFC-
11) and CClyFy (CFC-12) and
to present climatologies and
other applications such as trends
of these trace gases. In addition,
CFC-11 and CFC-12 trends
found in MIPAS measurements
between 10 and 30 km (35 km for
CFC-12) were compared with
trends assessed by wusing the
mean age of air on ground based
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what the ground-based trends
would look like if transported to
the stratosphere. This publica-

tion also gives an overview of

various error compounds of the MIPAS CFC-11 and CFC-12 retrieval. My responsi-

bilities in this project covered all aspects of trend estimation. Further, I reviewed the

manuscript in detail and presented the results at the Seventh International Sympo-
sium on Non-COy Greenhouse Gases (NCGGT) on behalf of Sylvia Kellmann.
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Abstract

Vertical profiles of CFC-11 (CCl3F) and CFC-12 (CClyF2) have been measured with
the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) with global
coverage under daytime and nighttime conditions. The profile retrieval is based on
constrained nonlinear least squares fitting of measured limb spectral radiance to mod-
eled spectra. CFC-11 is measured in its v4-band at 850 cm ™!, and CFC-12 is analyzed

in its vg-band at 922cm™!.

To stabilize the retrievals, a Tikhonov-type smoothing
constraint is applied. Main retrieval error sources are measurement noise and elevation
pointing uncertainties. The estimated CFC-11 retrieval errors including noise and pa-
rameter errors but excluding spectroscopic data uncertainties are below 10 pptv in the
middle stratosphere, depending on altitude, the MIPAS measurement mode and the
actual atmospheric situation. For CFC-12 the total retrieval errors are below 28 pptv
at an altitude resolution varying from 3 to 5km. Time series of altitude/latitude bins
were fitted by a simple parametric approach including constant and linear terms, a
quasi-biennial oscillation (QBO) proxy and sine and cosine terms of several periods.
In the time series from 2002 to 2011, quasi-biennial and annual oscillations are clearly
visible. A decrease of stratospheric CFC mixing ratios in response to the Montreal
Protocol is observed for most altitudes and latitudes. However, the trends differ from
the trends measured in the troposphere, they are even positive at some latitudes and
altitudes, and can in some cases only be explained by decadal changes in atmospheric

age of air spectra or vertical mixing patterns.

The full article is reprinted with the kind permission of the first author in Appendix[B}
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FIGURE 6.1: Relative trends of CFC-11 and CFC-12 calculated from age of air cor-
rected HATS ground-based data subtracted from relative MIPAS trends of these
species. Red colors indicate that the MIPAS trends increase stronger or decrease
less strong than the age of air corrected HATS trends. The reverse is denoted by blue
colors. - Source: Kellmann et al. (2012) - CC BY 3.0 License.
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Relevance within the scope of this thesis

The relevance of this paper for my project is twofold. Firstly, this paper describes
the retrieval and characterizes the results of stratospheric CFC-11 and CFC-12 from
MIPAS. These data products play an important role in my analysis of stratospheric
circulation. Secondly, this paper provides additional evidence of changes in the strato-
spheric circulation and thus motivates my further work in this area. In particular,
trends of CFC-11 and CFC-12 are presented in this paper. It is shown that these
trends cannot be fully explained by trends of ground-based CFC-11 and CFC-12
measurements. To make ground-based trends comparable to stratospheric ones, the
time-lag caused by stratospheric transport times is considered by using age of air data
provided by Stiller et al. (2012). Furthermore, trends are analyzed in relative (per-
centage) units because decomposition rates are proportional to the active amount of
a trace gas in the atmosphere. If stratospheric circulation was stationary, e.g., if it
did not change during the measurement period, the percentage trends of stratospheric
mixing ratios would equal those in the troposphere after correcting the time-lag. Our
analysis, however, disproved this expectation and thus furnishes evidence of changes

in stratospheric circulation.
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6.3 Reassessment of MIPAS age of air trends and vari-
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Again, my responsibilities in
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Abstract

A new and improved setup of the SF6 retrieval together with a newly calibrated ver-
sion of MIPAS-ENVISAT level 1b spectra (version 5, ESA data version 5.02/5.06) was
used to obtain a new global SF6 data set, covering the total observational period of
MIPAS from July 2002 to April 2012 for the first time. Monthly and zonally averaged
SF6 profiles were converted into mean age of air using a tropospheric SF6-reference
curve. The obtained data set of age of air was compared to airborne age of air mea-
surements. The temporal evolution of the mean age of air was then investigated in

10° latitude and 1-2km altitude bins. A regression model consisting of a constant
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and a linear trend term, two proxies for the quasi-biennial oscillation variation, si-
nusoidal terms for the seasonal and semiannual variation and overtones was fitted to
the age of air time series. The annual cycle for particular regions in the stratosphere
was investigated and compared to other studies. The age of air trend over the total
MIPAS period consisting of the linear term was assessed and compared to previous
findings of Stiller et al. (2012). While the linear increase of mean age is confirmed
to be positive for the northern midlatitudes and southern polar middle stratosphere,
differences are found in the northern polar upper stratosphere, where the mean age
is now found to increase as well. The magnitude of trends in the northern midlati-
tude middle stratosphere is slightly lower compared to the previous version and the
trends fit remarkably well to the trend derived by Engel et al. (2009). Negative age
of air trends found by Stiller et al. (2012) are confirmed for the lowermost tropical
stratosphere and lowermost southern midlatitudinal stratosphere. Differences to the
previous data versions occur in the middle tropical stratosphere around 25 km, where
the trends are now negative. Overall, the new latitude—altitude distribution of trends
appears to be less patchy and more coherent than the previous one. The new data pro-
vide evidence of an accelerating shallow branch of the Brewer—Dobson circulation, at
least in the Southern Hemisphere. Finally the age of air decadal trends are compared
to trends calculated with simulated SF6 values by the Karlsruhe Simulation Model of
the Middle Atmosphere (KASIMA) and good agreement is found. The hemispheric
asymmetry in the trends found in the MIPAS data is also indicated in the trends
calculated with simulated SF6 values by the KASIMA model.

The full article is reprinted with the kind permission of the first author in Appendix[B}

Relevance within the scope of this thesis

SF¢ is an excellent tracer for determination the age of stratospheric air since its abun-
dance increased monotonically and almost linearly at ground level. In addition, the
gas itself has no sources or sinks in the stratosphere leading to an atmospheric lifetime
of approximately 8000 years. The only pitfall arises from a sink in the mesosphere
which can lead to artefacts in the estimated age of air. The age of air is the time
it took an air parcel to travel from the top of the troposphere to a certain point in
the stratosphere. Since air parcels can travel on different paths and two-way mixing
occurs on its way, the age of air at a certain point in the atmosphere is always a
spectrum, while the mean age of air is the mean age of the spectrum of age of air.
Thus, if changes over time are detectible in age of air this is a hint at changes in the
large-scale circulation, including mixing patterns. In addition, this publication shows
a hemispheric asymmetry in the distribution of trends in age of air derived from the
improved MIPAS SFg dataset as have also been seen in trends of atmospheric trace
gases. Thus, this study on SFg supports the need of taking a closer look at the Brewer-
Dobson circulation (BDC).
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7. Analysis of the Circulation of the Strato-
sphere using Spectroscopic Measurements

(ANCISTRUS-SPEC)

The idea for the Analysis of the Circulation of the Stratosphere using Spectro-
scopic Measurements (ANCISTRUS-SPEC) invers model was triggered by the need
for a tool for diagnosing the Brewer-Dobson circulation (BDC) using measurements
of atmospheric constituents without the detour through the age of air. As discussed
in Section |1} using age of air in the context of diagnosing the BDC has its limitations:
Due to the SFg tropospheric growth not being strictly linear, the age spectrum of
SFg has to be considered. The age spectrum, however, requires some assumption on
its own, which causes uncertainties in the age determination. While SFg is the most
suitable tracer for age of air estimations to date, it still has a sink in the mesosphere
which, through subsidence in the polar vortex, influences stratospheric SFg mixing
ratios and thus draws age of air estimates to older ages in this region. In addition
to the above, a point in the atmosphere at which the time is zero has to be defined.
Practical reasons suggest this point to be top of the well mixed part of the troposphere
(Stiller et al., 2012) so that ground based measurements of SFg can be used, since
measurements are not available at the upper boundary of the tropical tropopause
layer (TTL). The latter would have been necessary to follow the original suggestion
of age of air being the time lag since the air parcel had passed the tropopause (Hall
and Plumb, 1994). Different definitions challenge unambiguousness of the results and
make comparison tricky.

In the following, the ANCISTRUS-SPEC inverse model is introduced. Since it is of
high complexity, only the major ideas are outlined. A detailed, equation by equation

description of the model can be found in von Clarmann and Grabowski (2016).

7.1 Forward Modelling

ANCISTRUS-SPEC aims at the determination of zonal mean atmospheric circulation
vectors from measured distributions of air density and volume mixing ratios of trace
gases by inversion of the continuity equation. Similar inverse techniques as intro-
duced for the retrieval of trace species abundances from spectra (Sec. are used.
ANCISTRUS-SPEC is set up on a 2D altitude-latitude grid. The forward model
makes use of the continuity equation to estimate a later state of the atmosphere from
a given atmospheric state. The state of the atmosphere is characterized by the density
of air (p) and the volume mixing ratios of different atmospheric constituents (vmr).

Despite the models complexity, von Clarmann and Grabowski (2016) figured out a
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way to integrate all necessary equations into a prediction operator, such that the

forward model can be written as

(U’l’pn]’l“]> - (ﬁ DZ) (U’l’prfT()) (71)

where D; is the prediction operator of each so-called micro time step (denoted by 7).
The subscript of 0 is associated with the initial atmospheric state which the prediction
is made from. I denotes the end of the full (macro) time step.

The idea behind the concept of micro time steps is explained in the following: For
each grid point on the altitude-latitude grid, the later state of the atmosphere includes
contributions from its surrounding grid points. To ensure that transport is possible
over longer distances, e.g., not just from the directly neighbouring grid points, micro
time steps were introduced. These split the macro time step into smaller parts and
for each micro time step transport and mixing are simulated. Since the boundary
conditions of the later state of the atmosphere (e.g., at the lower and upper end of
the altitude range) cannot be simulated using this method, they are calculated for
each micro time step from a linear interpolation of the initial state of the atmosphere
and the final state of the atmosphere. If this was not done, the area of the calculated
atmospheric state would shrink with each micro time step.

The concise notation possible due to the design of the prediction operator makes error

estimation for the prediction pretty straightforward

I I T
S = <H Di> So (H Di) (7.2)
=1 =1

where ST is the covariance matrix of the final state of the atmosphere and Sy is the

covariance matrix of the initial state of the atmosphere.

7.2 Inversion of the Model

For the inversion of the previously described model, f, the desired quantities of the
vertical and meridional wind components (v and w, respectively) and respective the

mixing coefficients (Kg and K,) are condensed into one vector
q= . (7.3)

q is of the dimension of N = 4J with J = > 9"**J, (four unknowns at each grid
point). In analogy to Section the Jacobian matrix (F') can be calculated as the

derivative of the model to each element in g. Using the Jacobian matrix (F') it is now
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possible to linearize the prediction with regard to the vertical and meridional winds
and the mixing coefficients
xr =xzo+ F(q— qo). (7.4)

Under the assumption that @ is normally distributed, the probability density function
of the atmospheric state is

P(x) x e—%((mm,l—mI)TSr_l(mm,l—mI)) (7.5)

with x,, ; being the measured final state and S, being the covariance matrix of the
residual. Under the assumption that the errors of the measured final state of the
atmosphere and the errors of the prediction are uncorrelated, the covariance matrix

of the residual can be calculated according to
S, = 8Sm1+Sp. (7.6)

S, consists of those elements of S; that are associated with x; and S,,; is the
covariance matrix of the measured final state of the atmosphere. Eq. leads to the

cost function

X2 = (®ms — )T S, (T s — 1)

(7.7)
~ (Tm, — 2o+ F(g—qo0))" ;! (xm,r — o + F(q — qo))

which is minimal for the most likely g. Here, linearity was assumed so that Eq.

could be used. According to the above, the most likely estimate § is given as
~ -1 _
d=qo+ (F'S,F) FS, " (xms— ). (7.8)

As stated in Section the problem might be under-determined or ill-posed. Ac-
cordingly, a regularizing term was introduced transforming Eq. to

G=qu+ (FT'S,F+R) ' FS; (@ms — xr). (7.9)

with g, containing prior information on the winds and mixing coefficients. For the
winds a first order Tikhonov regularization was chose, while for the mixing coefficients
an optimal estimation approach was used. Again, Eq. is only valid under the

assumption of linearity. Non-linearity tackled by iterating the solution

1 _
gis1 =g+ (FTS,F+R)  (F; S, N(@m,r — 1) — R(qit — qa)) (7.10)

In strong analogy to Section |4.3.2 the uncertainties of estimated winds and mixing

coefficients are accumulated in the respective covariance matrix:

S,= (F'S,F+R) " F'S;'F (F"S,F+R)" (7.11)
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The respective averaging kernels relating the estimated winds and mixing coefficients
to the true ones are given by

04 _

A:
dq

(F'S,F+R) " FTS'F. (7.12)

Using the above concept, it is possible to infer vertical and meridional winds as well as

mixing coefficients in the vertical and meridional direction from MIPAS measurements.
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8. Results of Analyses with ANCISTRUS-
SPEC

To investigate the influence of different numbers and types of trace gases on the
inference of the stratospheric circulation, the Analysis of the Circulation of the Strato-
sphere using Spectroscopic Measurements (ANCISTRUS-SPEC) inverse model was
run with two different sets of trace gas measurements from the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS). In each case, the monthly
mean altitude-latitude distributions of September and October, 2010, were used as
the boundary conditions of the macro time step and ten micro time steps were per-
formed. The strengths of the regularization was the same in both test runs as were
the densities of air that were used. For the first run, the set consisted of only four

trace gases:

e CClyFy (CFC-12)

o sulfur hexafluoride (SF)
e methane (CHy)

e nitrous oxide (N2O)

while the second run was performed with the initial set of four trace gases plus

o CCLF (CFC-11)
e carbon tetrachloride (CCly)

As everything else was held constant, changes in the results can unambiguously be
attributed to the information content of the distributions of the two additional trace

gases introduced in the second test run.

The resulting 2D altitude-latitude velocity fields for the test runs performed with
sets of four and six trace gases are shown in Figure top and bottom, respectively.
The direction and strength of the wind at each grid point was calculated from its
respective vertical and meridional component. For clarity, the wind speed is displayed
in arrow length (the longer the arrow, the higher the wind speed) and color. Higher
wind speeds are associated with reddish coloring, while blueish coloring indicates

rather low wind speeds.

On first glance, the velocities derived in the two test runs (top and bottom of
Fig. look very similar. The overall pattern of the mesospheric circulation, trans-
porting air from the South to the North pole, is clearly visible. Subsidence over the
North pole is also observable, which is presumably associated with the polar vortex
that is already starting to form. Only small details hint at the fact that these are

actually two different runs of the model, e.g., slightly stronger winds in the tropical
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FiGURE 8.1: Altitude-latitude cross-section of wind directions and speeds assessed
running ANCISTRUS-SPEC with four input trace gases (top) versus six input trace
gases (bottom).

middle stratosphere (close to 35km) or changes in direction of the winds in the north-
ern mid-latitude and polar upper troposphere/lower stratosphere (UTLS).

While including two additional trace gases does not seem to have any major effects on
the the 2D velocity field, the error estimates of the vertical and meridional wind com-
ponents change significantly (Fig. and respectively). In there, red and orange
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FIGURE 8.2: Altitude-latitude cross-section of the standard deviation of vertical wind
speeds assessed running Ancistrus with four input trace gases (left) versus six input

trace gases (right).
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FIGURE 8.3: Altitude-latitude cross-section of the standard deviation of horizontal
wind speeds assessed running Ancistrus with four input trace gases (left) versus six

input trace gases (right).

coloring is associated with large standard deviations, while blue and turquoise color-
ing indicates small standard deviations. While the scale is slightly different for the
standard deviations of the vertical wind component, the overall impression remains
unchanged: Particularly below 40km, the standard deviations of the wind (both in
vertical an meridional direction) decrease considerably when CFC-11 and CCly are
used in addition to the original set of trace gases. This makes perfect sense, because
basically all CFC-11 and CCly resides below this altitude. Accordingly, these two

trace add significant information to the system.

These findings are very promising, as they are solid proof that the results derived
with ANCISTRUS-SPEC become more reliable when the trace gases investigated in
this study (CFC-11: validated; CCly: newly retrieved) are included to better constrain
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the inverse transport problem.
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9. Conclusions

Evidence of changes in stratospheric circulation have been found in measurements
of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS). Within
the scope of this thesis, a study on the temporal evolution of ozone (ozone trends) in
the stratosphere was performed using MIPAS data (Eckert et al., 2014) and these
trends were displayed on an altitude-latitude grid with a resolution of 1km and
10°(Fig. . Red colors indicate increasing ozone, while blue colors denote decreas-
ing ozone for the time period of the MIPAS measurements (Juli 2002 to April 2012).
Hatching indicates that no trend could be found at 20 confidence level. The distri-
bution of the trends showed prominent hemispheric asymmetries, with positive ozone
trends between ~25 and 45km and ~10 to 50°S, while in the Northern hemisphere
an area of positive trends is rather centred around 40km with a band of negative
trends lying underneath. The feature that raised most questions however, are the
negative trends in the tropics at and above 25km and particularly the small area
of positive trends around the tropical tropopause. While slightly positive or near
zero trends are expected for the stratosphere, models predicted negative ozone trends
around the tropical tropopause due to a speedup of the Brewer-Dobson circulation
(BDC). A shift of the subtropical mixing barriers was able to explain most of the
peculiar features in the ozone trend distribution, which is a strong hint at changing
stratospheric circulation changes. Hints at changes of the stratospheric circulation
were also found by Kellmann et al. (2012) (CFCs), Chirkov et al. (2016) (HCFC-22),
Glatthor et al. (2017) (carbonyl sulfide (OCS)) and Stiller et al. (2017). The latter
investigated the mixing barrier shift in detail and found that it was able to explain the
hemispheric asymmetry in age of air, while previously having found good agreement
of this hypothesis in the distribution of other MIPAS trace gases (Stiller et al., [2013)).

Using age of air had so far been the only way of diagnosing the BDC from measure-
ments, with sulfur hexafluoride (SFg) being the most suitable tracer to date. However,
this approach has its limitations. Since the tropospheric growth of SFg is not strictly
linear, the age spectrum of SFg has to be considered, which in turn introduces further
uncertainty. In addition, SFg has a mesospheric sink which leads to overestimation
of age of air in polar regions due to subsidence in the polar vortex in winter. Fur-
thermore, a point of zero has to be defined, which leads to different estimates from
measurements versus models.

While the need of diagnosing the BDC persists, it is desirable to avoid the detour
through age of air, due to the above reasons. From this need, the idea of the
Analysis of the Circulation of the Stratosphere using Spectroscopic Measurements
(ANCISTRUS-SPEC) invers model arose (von Clarmann and Grabowski, [2016). With
this tool it is possible to derive vertical and meridional winds, as well as the respec-

tive mixing coeflicients, from measurements of atmospheric constituents. While it
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FIGURE 9.1: Drift-corrected ozone trends as derived from MIPAS measurements. -
Source: Eckert et al. (2014) - CC BY 3.0 License.

was assumed that the predictions of ANCISTRUS-SPEC would become more reliable
the more input data were used to constrain the problem, this point still had to be

evaluated.

Further studies within the scope of this thesis, thus, focused on providing and
validating additional datasets of trace gases suitable for being used with
ANCISTRUS-SPEC. These had to be long-lived enough to travel to and through the
stratosphere. Ideal candidates thus were CCI3F (CFC-11), CClyFy (CFC-12) and car-
bon tetrachloride (CCly) due to their atmospheric lifetimes of 60.2 (54.3-66.3) years,
109.5 (102.9-116.1) years (Ko et al., Tab. 3.7) and 44 (36-58) years (Liang et al.,
, respectively. While CFC-11 and CFC-12 had already been derived from MI-
PAS measurements a thorough validation study had not yet been carried out. This
task was performed within the scope of this thesis (Eckert et al., . The results
supported good agreement of MIPAS CFC-11 and CFC-12 with other instruments,
even though MIPAS CFC-11 showed a slight high bias below 15km. While tempo-
ral stability was found to be very good for the CFC-11 product, large relative drifts
were found in CFC-12 above 35km. FError estimates were found to be slightly un-
derestimated (or miss an error source), except for the CFC-12 product for the first

period of MIPAS measurements where they seem to be realistic. None of the above,
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however, affects suitability of MIPAS CFC-11 and CFC-12 distributions for the usage
with ANCISTRUS-SPEC as performed for this thesis.

Since a MIPAS CCly product did not yet exist, the gas was retrieved and first com-
parisons with CCly data from other instruments were carried out (Eckert et al., 2017).
Our CCly distributions were found to be in very good agreement with those of other in-
struments. Hence, the conclusion is that the newly generated CCly data are adequate
to be used as additional input of ANCISTRUS-SPEC.

To estimate the influence of additional trace gases in ANCISTRUS-SPEC, two
test runs from September to October, 2010, were performed. The first test run used
a set of four MIPAS data products, CFC-12, SFg, methane (CHy4) and nitrous oxide
(N2O). The second test run was set up with six data products, which consisted of the
initial four plus those of CFC-11 and CCly.

The resulting velocities were very similar for both runs, with only minor changes in
wind directions or speeds. This furnishes evidence of the consistency of the MIPAS
tracer distributions. However, the error estimates of the velocities differed signifi-
cantly. Below ~40km, the standard deviation in both vertical and meridional winds
were considerably smaller. Since CFC-11 and CCly are only present in the atmosphere
in significant amounts below ~40km, they contribute most information in this alti-
tude range.

These findings are solid proof that reliability of the ANCISTRUS-SPEC results in-

creases significantly when using two additional trace gases.

Since chemical sinks had not yet been implemented when these test runs were
performed, future work could be to test the effects of that implementation. In addition,
longer periods of time than just from September to October could be examined to get

an overall picture of changes in the BDC during the MIPAS measurement period.






73
A. Copies of all First Author Publications

A.1 Drift-corrected trends and periodic variations in MI-
PAS IMK/TAA ozone measurements
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Abstract. Drifts, trends and periodic variations were cal-
culated from monthly zonally averaged ozone profiles.
The ozone profiles were derived from level-1b data of the
Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) by means of the scientific level-2 processor run
by the Karlsruhe Institute of Technology (KIT), Institute
for Meteorology and Climate Research (IMK). All trend
and drift analyses were performed using a multilinear
parametric trend model which includes a linear term, several
harmonics with period lengths from 3 to 24 months and
the quasi-biennial oscillation (QBO). Drifts at 2-sigma
significance level were mainly negative for ozone relative
to Aura MLS and Odin OSIRIS and negative or near
zero for most of the comparisons to lidar measurements.
Lidar stations used here include those at Hohenpeissenberg
(47.8°N, 11.0°E), Lauder (45.0° S, 169.7° E), Mauna Loa
(19.5°N, 155.6° W), Observatoire Haute Provence (43.9° N,
5.7°E) and Table Mountain (34.4°N, 117.7° W). Drifts
against the Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) were found to be
mostly insignificant. The assessed MIPAS ozone trends
cover the time period of July 2002 to April 2012 and

range from —0.56 ppmv decade™! to +0.48 ppmv decade™!
(—0.52ppmvdecade™! to +0.47ppmvdecade™! when
displayed on pressure coordinates) depending on alti-
tude/pressure and latitude. From the empirical drift analyses
we conclude that the real ozone trends might be slightly
more positive/less negative than those calculated from the
MIPAS data, by conceding the possibility of MIPAS having
a very small (approximately within —0.3 ppmv decade™")
negative drift for ozone. This leads to drift-corrected
trends of —0.41ppmvdecade™! to +0.55ppmv decade™!
(—0.38 ppmvdecade™! to +0.53 ppmvdecade”! when
displayed on pressure coordinates) for the time period
covered by MIPAS Envisat measurements, with very few
negative and large areas of positive trends at mid-latitudes
for both hemispheres around and above 30 km (~ 10 hPa).
Negative trends are found in the tropics around 25 and 35 km
(~ 25 and 5hPa), while an area of positive trends is located
right above the tropical tropopause. These findings are in
good agreement with the recent literature. Differences of the
trends compared with the recent literature could be explained
by a possible shift of the subtropical mixing barriers. Results
for the altitude—latitude distribution of amplitudes of the

Published by Copernicus Publications on behalf of the European Geosciences Union.
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quasi-biennial, annual and the semi-annual oscillation are
overall in very good agreement with recent findings.

1 Introduction

Stratospheric ozone depletion has been an important issue for
more than the past three decades. Although ozone can cause
health problems when being present close to the surface in
unnaturally large amounts, e.g. downstream of urban areas
during warm periods, its presence is very important at higher
altitudes. Most of the ozone is located in the stratosphere,
where it absorbs ultraviolet light coming from the Sun. Light
at these wavelengths can lead to e.g. increased risk of skin
cancer; hence the careful monitoring of stratospheric ozone
abundances is mandatory.

After Hartley’s approximate measurements of the absorp-
tion of ozone in the ultraviolet Fabry and Buisson were the
first to estimate the vertical thickness of ozone in the at-
mosphere (Dobson, 1968). Shortly afterwards, during the
1920s, Dobson measured column ozone at Oxford using a
Féry spectrograph (Dobson, 1931; Gotz et al., 1934). Sub-
sequently further Féry spectrographs were set up at sev-
eral other locations in Europe. As a second step the mea-
surements were expanded beyond Europe during the late
1920s, including a southern hemispheric site at Christchurch,
New Zealand. Over the years, many different instruments
and measurement techniques were developed so that nowa-
days data are collected by ground-based instruments like li-
dars, airborne observations including instruments carried by
airplanes or balloons, and spaceborne limb sounders like
MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding) Envisat, the Microwave Limb Sounder on the
Aura satellite (Aura MLS), the Optical Spectrograph and
Infrared Imaging System (Odin OSIRIS) and the Atmo-
spheric Chemistry Experiment Fourier Transform Spectrom-
eter (ACE-FTS). Measurements from the latter satellite in-
struments are used in the analyses that follow.

All measurements show that the largest abundance of
ozone can be found in the stratosphere, forming the ozone
layer. This layer protects the Earth’s flora and fauna from
most of the harmful solar ultraviolet radiation. Molina and
Rowland (1974) discovered that some anthropogenically
produced chemicals could lead to the depletion of strato-
spheric ozone. The discovery of the Antarctic ozone hole by
Farman et al. (1985) indicated that ozone depletion due to
anthropogenic emission of e.g. chlorofluorocarbons (CFC)
had the potential of a global threat. These findings led to the
restriction of major ozone-depleting substances (ODSs) via
the Montreal Protocol in 1987, but since most of these sub-
stances are long-lived their amounts continued to increase in
the stratosphere until the mid-1990s (WMO, 2011). Conse-
quently a negative global trend in ozone was observed for
the same time period, reaching minimum total ozone val-
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ues during 1996-1997. Even though a decrease of strato-
spheric ODS concentrations was noted from the mid-1990s
on, ozone did not recover consistently. Trends after 1995
were found to be either nonexistent or slightly positive
(Steinbrecht et al., 2009a; WMO, 2011).

In this paper, linear variations of ozone calculated
from zonal monthly means are shown, which were de-
rived from MIPAS Envisat IMK/IAA level-2 VSH_03_20,
V5R_03_220 and V5R_03_221 data. The analyses cover
the altitude range from 10 to 44km in steps of one kilo-
metre and continue in 2km steps up to 50 km. For some
cases the analyses were additionally performed on the pres-
sure grid used for Aura MLS and cover a range from 215.44
to 0.68hPa. Beyond this, altitude—latitude distributions of
the amplitude of periodic variations with period lengths of
6 (semi-annual oscillation — SAO) and 12 (annual oscillation
— AO) months were assessed, as well as the quasi-biennial
oscillation (QBO). These results were obtained using MIPAS
data from July 2002 to April 2012. MIPAS measurement data
exhibit a gap between March 2004 and January 2005, dur-
ing which no data could be collected by the instrument due
to technical problems. This also led to an altered operation
mode for the second time period, with different spectral and
horizontal resolution and tangent height pattern.

In order to support the trend analyses, drifts are esti-
mated via comparison with several coincident measurements
of spaceborne instruments, namely ACE-FTS, Aura MLS
and Odin OSIRIS. We also calculated drifts by compar-
ing MIPAS profiles to coincident measurements of the Net-
work for the Detection of Atmospheric Composition Change
(NDACC) lidars at Hohenpeissenberg, Mauna Loa, Lauder,
Observatoire Haute Provence and Table Mountain. Our con-
clusions from the drift analyses were used to correct trends
derived from the MIPAS data. The instruments used for this
study are introduced and characterized in Sect. 2, followed
by a detailed description of the method of trend estimation
and additional scientific tools in Sect. 3. While the results
are presented in Sect. 4, we provide a closing overview in the
conclusions (Sect. 5), putting the findings of this work into
an overall context and point out possible future work.

2 Instruments
2.1 MIPAS Envisat

MIPAS was one of the core payload atmospheric chem-
istry instruments aboard the European satellite Envisat (Fis-
cher et al., 2008). The satellite was launched into a Sun-
synchronous polar orbit at approximately 800km, with
98.55° inclination, by the European Space Agency (ESA) in
March 2002. The instrument setup allows global coverage
from pole to pole. Envisat crossed the Equator at approxi-
mately 10:00 and 22:00 local time and performed about 14.4
orbits per day. However it ceased sending data on 8 April
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Table 1. Overview of the instruments, important characteristics and time spans used for the drift analyses.

Instrument Version

Vertical resolution

Period used for analyses

MIPAS Envisat
MIPAS Envisat

V5H_03_20
V5R_03_220 & V5R_03_221

~2-6km
~ 2.5-5km; largest values around ~ 30-35 km

07/2002-03/2004
01/2005-04/2012

ACE-FTS v3.0 ~3-4km 01/2005-09/2009
Aura MLS V22 ~25-3.0km 01/2005-04/2012
Lidar: Hohenpeissenberg V5.60 MOHP3 ~ 1-2km below 30 km; degrading to ~9km above 40km  07/2002-03/2012
Lidar: Lauder v8.2 ~ 1.8-3km up to 30 km; degrading above 07/2002-06/2011

Lidar: Mauna Loa v05.15

Lidar: Observatoire Haute Provence  v4

Lidar: Table Mountain LidAna v05.4x to v6.x
Odin OSIRIS v5.07

~2-3 km up to 40 km; degrading above

~0.6-2.4km up to 30 km; degrading to ~ 6.5 km at 45 km
~ 2-4km up to 30 km; degrading above

~2.2km up to about 40 km; degrading above

07/2002-03/2012
07/2002-01/2012
07/2002-01/2012
07/2002-04/2012

2012 and was declared dead shortly afterwards; all in all, MI-
PAS provided data for a period of about 10 yr.

MIPAS is a Fourier transform limb emission spectrom-
eter which measures the signatures of various trace gases
within the spectral range of 4.15 to 14.6 ym. Originally, MI-
PAS measured one limb scan consisting of 17 tangent al-
titudes from 6 to 68 km and about 75 profiles per orbit in
its nominal mode, which results in approximately 1000 pro-
files per day. The spectral resolution of MIPAS during this
first time period (2002-2004) was 0.025cm™' unapodized
(0.035cm~! apodized). This period is referred to as the high
spectral resolution period. The data version used in this study
is associated with this time period is the VSH_03_20 data
set. The retrieval grid width in all MIPAS data versions
is 1km for altitudes below 44km and 2km above, inde-
pendent of the tangent altitudes of the measurements. The
vertical resolution of the VSH_O3_20 ozone data product
varies between 2 and 6 km. For the second time period we
chose to use the combination of the V5R_03_220 (1541474
profiles) and VSR_0O3_221 (331287 profiles) MIPAS ozone
product, both of which were derived from version 5.0 and
later level-1b data. The V5SR_03_221 data ozone set con-
sistently extends the VSR_0O3_220 product after April 2011.
These versions of the ozone product are closely linked with
version V40O_03_202 (deduced from version 4.67 level-1b
data) as characterized by von Clarmann et al. (2009) and val-
idated by Stiller et al. (2012). The thorough validation of the
V5R_03_220 (and V5R_03_221) is currently in progress
(Laeng et al. (2012) and paper submitted). Differences in
the setup from version V40_03_202 to both V5R_O3 ver-
sions are major changes in level-1b data used (calibrated
spectra) and the preceding temperature retrieval of which the
results are used for the subsequent ozone retrieval. An em-
pirical continuum emission signal was retrieved up to alti-
tudes of 50km instead of only 33 km in the preceding ver-
sion. From version V5R_03_220 to V5R_0O3_221 only mi-
nor technical changes of the retrieval setup were applied
which do not appreciably change the results for ozone in
the investigated altitude range. The vertical resolution of the
version VSR_03_220 and V5R_03_221 data product ranges
from about 2.5 to 5 km, exhibiting the worst vertical resolu-
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tion around 30 to 35km. Recent investigations of this fea-
ture showed that the vertical resolution in this altitude range
would be significantly improved by activating microwindows
in the MIPAS AB band (1020-1170cm™"') at and above
33 km instead of 36 km and above as performed for the data
set used here, at the cost of a higher positive bias, however.
The combined data set of VS5H_0O3_20, VSR_03_220 and
V5R_03_221 contains 2359706 ozone profiles in total.

2.2 Aura MLS

The Microwave Limb Sounder (MLS) is one amongst four
instruments currently operating on the Earth Observing Sys-
tem (EOS) Aura satellite, which was launched into a Sun-
synchronous, near-polar orbit at about 705 km by NASA on
15 July 2004. The Aura satellite is dedicated to chemical con-
stituents of the atmosphere, while the other satellites of the
EOS program, Aqua and Terra, focus on the hydrological cy-
cle and land processes, respectively (Schoeberl et al., 2006).
Aura MLS records microwave emissions in spectral regions
centred at approximately 118, 190, 240 and 640 GHz and ad-
ditionally 2.5 THz (Waters et al., 2006). With a vertical reso-
lution of 2.5 to 3 km it measures atmospheric constituents in
the upper troposphere, stratosphere and mesosphere, while
achieving nearly pole-to-pole coverage (82° S to 82° N).
Mainly focusing on tropospheric and stratospheric pro-
cesses concerning ozone chemistry, Aura MLS provides data
on several atmospheric chemical species linked to ozone de-
struction, including various reservoir gases. With approxi-
mately 240 profiles per orbit (nearly 3500 profiles per day)
Aura MLS provides a large number of profiles (day and
night) and is thus a very good candidate for drift estima-
tion by means of coinciding profiles. In this study the ozone
version v2.2 of the Aura MLS data was used. The standard
ozone product, which is used in this study, is derived from the
240 GHz region (main line at 235.7 GHz and lines at 243.45
and 244.16 GHz; Froidevaux et al., 2008). This Aura MLS
data set is recommended for pressure levels between 215 and
0.02 hPa, after necessary data screening is applied (Froide-
vaux et al., 2008). Since the application of the MIPAS av-
eraging kernel, as described in Sect. 3.3.2, was originally
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performed on the MIPAS altitude grid, we interpolated the
Aura MLS data from its pressure grid to an adequate altitude
grid using coincident ECMWF temperatures and pressure to
calculate pressure—altitude relations. However, using this ap-
proach is prone to the risk that the temperatures used for con-
version (here from ECMWF analysis) map onto the ozone
drift. In order to avoid the related artefact, the drift analysis
has in addition also been performed on the Aura MLS pres-
sure grid as explained in Sect. 3.3.3.

23 ACE-FTS

The Fourier transform spectrometer (FTS) of the Atmo-
spheric Chemistry Experiment (ACE) is one of the two in-
struments aboard the Canadian satellite SCISAT-1. It was
launched into a circular low Earth orbit at approximately
650 km from an airplane on 12 August 2003, and the rou-
tine measurements were started in February 2004. ACE typ-
ically measures in the altitude range from 10 to 100 km, de-
pending on the measurement and the strength of the spec-
tral lines, although the high-resolution (0.02cm™") infrared
FTS can generally start at the cloud tops and reach up to
about 150 km. The vertical resolution of the FTS is approx-
imately 3—4km (Dupuy et al., 2009). While using a simi-
lar wavelength region (2.2 to 13.3 ym) as MIPAS, ACE-FTS
measures in solar occultation. For this study, version v3.0
of the ACE-FTS ozone data was used for comparison. Due
to the fact that some of the profiles seemed to show very
unrealistic values, the following rejection criteria were ap-
plied: first, the criteria provided at the data issue page (https:
//databace .scisat.ca/validation/data_issues_table.php), where
certain peculiarities are reported, were used to sort out some
profiles. In addition, we used only data points of each profile
for which all of the following criteria were fulfilled:

— The data value has to be larger than the error.
— The error has to be larger than 1 % of the data value.

Since this approach still left some suspicious profiles in the
data sets, we also removed those for which the ozone mixing
ratios were outside of the range —10 to 20 ppmv. This range
was suggested by Dupuy et al. (2009) during the validation
of the ACE-FTS ozone product. The profiles were rejected
if their values were outside these ranges at any point, which
was valid according to the other filter criteria.

24 Odin OSIRIS

The Optical Spectrograph and InfraRed Imaging System
(OSIRIS) is a Canadian instrument aboard the Swedish satel-
lite Odin and has been collecting data since February 2001
(Degenstein et al., 2009). It orbits Sun-synchronously at
about 600 km with northward Equator-crossing time at 18:00
local time and 98° inclination. Since OSIRIS is an instrument
which measures scattered sunlight, measurements are only
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possible during June, July, August and September (Novem-
ber, December, January and February) in the Northern Hemi-
sphere (Southern Hemisphere) because sunlight is imperative
for the instrument’s observations. While the optical spectro-
graph (OS) records spectra of limb-scattered sunlight from
280 to 800 nm and has a spectral resolution of about 1 nm,
the second part of the instrument, the infrared imager (IRI),
measures scattered sunlight as well as airglow emissions
(Llewellyn et al., 2004). The altitudinal coverage of OSIRIS
is generally from 10 to 100 km and scans from 7 to 70 km
tangent altitude in normal operation mode (Degenstein et al.,
2009). In this study we use version v5.07 of the OSIRIS
ozone data retrieved by means of the Sask MART multiplica-
tive algebraic reconstruction technique. The retrieved pro-
files have a vertical resolution of approximately 2.2 up to
40 km, degrading slightly above.

2.5 Lidars

All lidar data used in this study were provided by the
NDACC community (www.ndacc.org; see also Steinbrecht
et al., 2009a, b; McDermid et al., 1990, 1995; Brinksma
et al., 2000). These lidars (at Hohenpeissenberg, Lauder,
Mauna Loa, Haute Provence and Table Mountain) use the
differential absorption lidar (DIAL) Technique (Megie et al.,
1977) to derive stratospheric ozone profiles from atmo-
spheric measurements. Light at two different wavelengths
is emitted. One wavelength is 308 nm for all lidars, while
the reference wavelength is 353 nm at Hohenpeissenberg and
Lauder and 355nm for the other lidars during the investi-
gated time period. Lidar measurements become less reliable
with altitude, which is reflected in deteriorating precision
from approximately 1% up to 30 km through about 2-5 %
around 40 km to up to 25 % at 50 km (Nair et al., 2012). Most
lidars have vertical resolutions of around 2 km for altitudes
below 30 km, which then increases rapidly above. More de-
tailed information about the lidar characteristics and the mea-
surement technique can be found in Nair et al. (2012); Megie
et al. (1977). Since the recorded data are provided in terms
of number density, ECMWF data were used for conversion
to volume mixing ratio.

3 Methods
3.1 Method of trend estimation

The multilinear parametric trend model used in this study
consists of a constant and a linear term, annual and semi-
annual oscillation terms, as well as several harmonic over-
tones. Others, like Kirgis et al. (2013), fit the Ozone Deplet-
ing Gas Index (ODGI) instead of a linear term and find that
the value of total explained variance is increased compared
to using a linear term. However, for the time series used here
(2002-2012) the ODGI does not differ noticeably from the
linear term, which justifies using a simple linear term here.
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Fig. 1. Trend fit for O to 10° N, showing the monthly mean data
(blue diamonds), the calculated fit and the related trend (orange
lines) for MIPAS ozone measurements at 30 km. The dotted orange
line represents the linear component of the regression function for
times affected by bias correction. The bottom panel shows the resid-
ual of the fit and the data points.

The QBO was implemented using the Singapore winds at 30
and 50 hPa as a proxy, which are approximately phase-shifted
by a quarter period and can thus be treated equivalently to
sine and cosine functions of the same period length. Equa-
tion (1) is the basic function applied here, similar to Stiller
et al. (2012).

y(x) =a+bx + c1qbo, +d1qb02

m

+ :E::(Cn

Here x is the time, whereas qbo; and gbo; refer to the Singa-
pore winds at 30 and 50 hPa. The sum comprises 8 sine and
cosine functions with the period length /,,, including the an-
nual and semi-annual oscillation as well as 6 overtones with
period lengths of 3, 4, 8,9, 18 and 24 months. a and b rep-
resent the constant term and the slope of the fit, respectively.
¢, and d,, are parameters which have to be found to fit ampli-
tude and phase of the oscillations. The method is based on a
concept introduced by von Clarmann et al. (2010) in order to
estimate trends of combined data sets which have a potential
bias. By using the full covariance matrix when minimizing
the cost function (cf. von Clarmann et al., 2010) an arbitrary
bias can be accounted for during the regression process and
thus makes the model resistant to such biases. The scheme
is equivalent to fitting the trends in each data subset individ-
ually and ignoring any jump between the subsets. The final
trend then corresponds to a weighted mean of the trends of
each subset. Coefficients associated with periodic and quasi-
periodic variations refer to the entire data set.

In order to account for the autocorrelative nature of the
atmosphere and to get realistic error estimates, the autocor-
relations among the data points were considered in the co-

n
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Fig. 2. Trend fit for 0 to 10° N, showing the monthly mean data
(blue diamonds), the calculated fit and the related trend (orange
lines) for the differences in the ozone measurements of MIPAS and
Aura MLS at 30 km. The first subset of data is missing in the plot
compared to Fig. 1 because Aura MLS and MIPAS have no overlap
time within the first period of the MIPAS mission (cf. Table 1). The
bottom panel shows the residual of the fit and the data points.

variance matrix of the data set, and a model error component
was assessed iteratively and added to the covariance matrix
such that x2 of the fit approaches unity. The parameters a,
b, ¢, and d, of Eq. (1) were fitted to zonal monthly means
of 10° latitude bands of the MIPAS ozone time series cover-
ing 1 July 2002 to 8 April 2012 to assess the linear variation
during that period. An example of the fit is shown in Fig. 1,
showing the ozone monthly means as well as the fit and linear
variation at 0 to 10° N and 30 km altitude. The bias between
the two data blocks is quite obvious and it is reasonably ac-
counted for during the fit process. A semi-annual oscillation
and a QBO signal can also be identified in the data, which
are satisfactorily reproduced by the fit.

Before analysing derived trends, a potential drift in MI-
PAS ozone data must be identified and accounted for. To es-
timate the drifts against other instruments, the difference of
MIPAS minus the reference instrument was calculated for
each data point and the related time series were fitted by the
same method as just introduced. The linear term of the vari-
ation of these differences is the drift.

3.2 Drifts

In our definition, drifts are trend-like artificial linear varia-
tions of a signal due to less-than-perfect instrument stability.
In order to assess a clean natural trend from the measure-
ments, possible drifts are analysed in a preceding step. This
is realized by calculating the difference of the MIPAS mea-
surement and that of another instrument at every valid alti-
tude grid point of each coinciding profile pair, establishing
monthly means of these differences and applying the trend
method as introduced in Sect. 3.1. Figure 2 shows an example
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Fig. 3. Altitude—latitude cross-section of absolute drifts resulting
from nonlinearity correction. On the basis of a limited number of
spectra, ozone analyses based on spectra generated with a time-
dependent nonlinearity correction are compared to those of a stan-
dard nonlinearity correction. The linear component of the temporal
development is shown.

of the fit for the differences of Aura MLS and MIPAS. As
can be seen here, there are still some oscillations in the dif-
ferences, which we first expected to cancel out. When we
discovered that this assumption was not justified, we decided
to use the full multilinear parametric regression model for
drift estimation as well, including the whole set of oscilla-
tions, instead of just using a linear and a constant term. This
is to account for possible dependence of the differences on
the atmospheric state.

To improve comparability with e.g. Nair et al. (2012), we
also assessed relative drifts by using the relative difference
(vmry) of each coinciding profile pair consistently with their
paper as follows

vmry — VIR

Vi) = -100%

VIIRE
=A-100%. 2

vmry and vmrgr are the volume mixing ratios of MIPAS and
the reference instrument, respectively. The respective error
was estimated accounting for Gaussian error propagation and
with respect to Eq. (2).

3.3 Expected MIPAS drifts

Recent studies (Kiefer et al., 2013) have raised doubts about
the stability of the MIPAS instrument. During the calibration
of the spectra, a correction accounting for the nonlinearity of
the detector is performed. The coefficients of the nonlinear-
ity correction function were determined prior to the launch
of Envistat, but it is believed that ageing makes the detectors
more linear and the preflight coefficients might no longer be
valid for later MIPAS measurements. The drift possibly in-
troduced by this detector ageing effect is shown in Fig. 3.
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The expected artificial drift of ozone due to detector age-
ing has been the subject of a sensitivity study and is largest
above 35 to 40km. Preliminary results show drifts down
to maximum values of —0.3 ppmv decade™! for ozone. The
drifts are far smaller than —0.3 ppmv decade ™! at lower al-
titudes and seem to become slightly more negative with al-
titude. At shorter wavelengths, a larger ageing effect is pre-
dicted. This explains the sudden increase of the effect above
35km. In the data version used, ozone lines of the MIPAS
AB band (1120-1170 cm™!) were used in addition to the A
band (685-970 cm™!) above 33 km, while below only lines
from the A band were used.

3.3.1 Coincidence criteria

To account for varying data coverage, two different coinci-
dence criteria were used, depending on the availability of
data from the respective instrument. For instruments with
dense data coverage, measurements which are closer than
250 km radial spatial distance and 6 h temporal difference to
the MIPAS measurements are taken into account. Weaker cri-
teria of 1000 km and 24 h were applied to instruments with
sparser coverage and/or fewer measurements to still obtain a
sufficiently large number of measurements to compare in the
drift analyses. In both cases the distance is calculated relative
to the nominal geolocation of the MIPAS profile, which is the
tangent point of the 30 km tangent altitude limb view. Table 2
summarizes these criteria for the different instruments and
lists the total number of profiles which matched these crite-
ria. For some instruments which originally cover the whole
MIPAS mission period we additionally performed the anal-
ysis for a reduced time series, meaning that we only took
coincidences of the second MIPAS period into account. This
was done in order to assure that the results exhibit only minor
changes when the first MIPAS period is omitted due to lack
of data, e.g. for instruments like Aura MLS or ACE-FTS.

In cases with more than one measurement fulfilling the
coincidence criteria, only the closest profile was chosen. This
was done by normalizing the distance and time criteria as
shown in Eq. (3), such that the pair with the lowest Ccomb
value is considered to be the best coincidence.

c —(")2+<’)2 3)
Comb_ dmax tmax ’

where d is the spatial distance between the two profiles, dmax
is the maximum allowed distance, ¢ is the time difference
between the profiles and fyax is the maximum allowed time
difference. In the case of two MIPAS profiles matching the
same profile of the other instrument a selection process was
undertaken such that the loss of profiles pairs was minimized
and the entirety of the pairs fulfilled the criteria best.
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Table 2. Summary of coincidence criteria and the total number of coinciding profiles (reduced time periods — January 2005 to April 2012 —in
parenthesis) for the reference instruments with MIPAS, showing the maximal time and spatial distance allowed between the measurements.

Instrument Time criteria [hours]  Distance criteria [km]  Number of coinciding profiles
ACE-FTS 24 1000 14190

Aura MLS 6 250 401251

Lidar: Hohenpeissenberg (2005-2012) 24 1000 652 (509)

Lidar: Lauder 24 1000 243

Lidar: Mauna Loa (2005-2012) 24 1000 693 (503)

Lidar: Observatoire Haute Provence 24 1000 753

Lidar: Table Mountain 24 1000 539

Odin OSIRIS (2005-2012) 6 250 109 820 (94 274)

3.3.2 Application of the MIPAS averaging kernel: on an

altitude grid

In most cases the vertical resolution of the reference instru-
ment was better than that of MIPAS in certain altitude re-
gions. For the lidars this region is rather the lower end of
the profile. Their vertical resolution is certainly not better
than that of MIPAS above 40 km, but as already mentioned
measurements above approximately this altitude should be
treated with care. The reason for applying the MIPAS aver-
aging kernels is primarily the vertical resolution peak around
30 to 35km in version V5SR_03_220 and V5R_03_221 of
MIPAS data from the second time period of the MIPAS mis-
sion. In the case of ACE-FTS the worst-case assumption on
the vertical resolution, based on the field of view, is about
3—4km, which is very similar to that of MIPAS. Sensitivity
studies showed that application of the MIPAS averaging ker-
nels to ACE-FTS profiles does not exhibit any major differ-
ences compared to ACE-FTS profiles to which no averaging
kernels were applied. Thus, for all instruments except ACE-
FTS the MIPAS averaging kernel was applied according to
Eq. (4).

X = Amipas Vxr + (I — Amipas) Xa (€]

In this equation, x¢ is the initially finer profile (e.g. that of
Aura MLS). Xy is that profile transferred to the MIPAS grid
under consideration of the MIPAS averaging kernel Amipas.-
I is unity and x, is the a priori profile used for MIPAS. V
is a transformation matrix relating the fine profile x¢ to the
coarser grid. It is inferred as follows (cf., e.g. Rodgers, 2000):
let W be an interpolation matrix which transforms a profile
originally sampled on a coarse grid onto a finer grid. The
transformation from the fine to the coarse grid then uses the
transformation matrix V = (W7 W)~ W7,

In the case of ozone a zero a priori profile is used for the
MIPAS retrievals, simplifying Eq. (4) to

XiM,0; = AmIPAS, 05 VX£,05- )

More detailed information on the methodology may be found
in Stiller et al. (2012).
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3.3.3 Application of the MIPAS averaging kernel: on a
pressure grid

As mentioned above, the conversion of ozone profiles from
a pressure grid to an altitude grid relies on ECMWF temper-
atures which might have a drift in themselves. This would
cause an artificial drift in ozone at a given altitude. In or-
der to avoid related problems, for instruments whose native
altitude coordinate is pressure (MLS, ACE-FTS), the drift
analysis has also been performed on pressure coordinates.
Even for MIPAS, whose profiles are usually reported on an
altitude grid, the representation on a pressure grid is more ro-
bust, since the MIPAS altitudes are based on the hydrostatic
approximation involving one ECMWEF data triple (altitude,
pressure, temperature) per profile. While the altitude resolu-
tion of MIPAS and ACE-FTS ozone profiles is comparable
over a wide altitude range, a direct comparison is justified
(cf. Sect. 3.3.2). Aura MLS ozone profiles, however, have a
finer altitude resolution than those of MIPAS, and thus have
to be smoothed using the MIPAS averaging kernels. These
are provided on an altitude grid; but for all MIPAS altitude
grid points, pressure values are also available. We use the fol-
lowing procedure: MLS ozone profiles are interpolated onto
the MIPAS pressure grid, for which corresponding altitudes
are available. There the MIPAS averaging kernel is applied.
The result is transformed back to the Aura MLS pressure
grid. This step is necessary because the drift analysis is only
meaningful on a fixed grid while the MIPAS pressure grid
(contrarily to its altitude grid) varies from profile to profile.
For this purpose we need both transformation matrices.
Similar to the previous section, transformation matrices
are needed, where the subscript p indicates that the matri-
ces refer to the pressure grid. Wy, performs the transforma-
tion from the Aura MLS pressure grid to the MIPAS pressure
grid, while the reverse transformation is performed using the
matrix Vp = (Wg Wp)’lwg . The latter transforms the finer
sampled MIPAS profile to the coarser Aura MLS grid. The
MIPAS profile can be represented as (cf. Rodgers, 2000)

XMIPAS = AMIPASXtrue + EMIPAS s (6)
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where x e is the true state of the atmosphere and emipas is
the measurement error. Using the transformations introduced
above, the MIPAS profile on the Aura MLS pressure grid can
be written as

Vpxmipas = VpAMIPAS X true + VpEMIPAS.- @)

We use Aura MLS as a reference instrument and replace x e
with the Aura MLS profile transformed to the MIPAS grid:

XMLSypas = WpXMLS- ®)

Since MLS is not an ideal instrument either, we replace
emrpas by the combined error of the two instruments, which
leads to

Voxmpas = VpAmipas WpxMLs + Vpécombined- (©)
Solving this equation for Vecombined gives
Vpécombined = VpXmipas — VpAmipasWpEMLs, (10)

where Vpécombined i the difference profile of the MIPAS and
the Aura MLS ozone profile represented on the Aura MLS
pressure grid. The linear component of temporal regression

dVpecombined

& is what we call a drift.

of these differences
3.4 Drift-corrected trend

Since we were interested in how the drift would influence the
MIPAS ozone trend, we calculated a so-called drift-corrected
trend beorrected (Eq. 11).

beorrected = DMIPAS — bDrift, MIPASvSREF (1)

For this purpose we used the drift estimates and calculated
the difference of the MIPAS trend bypipas and the drift versus
the reference instrument bpyif;, MipASvsREF for every altitude—
latitude grid point. The associated error was simply calcu-
lated as the combined error of the MIPAS trend and the drift
established in comparison to the respective instrument, both
of which were assessed within the respective regression pro-
cess. Here we assume the difference to be caused by a MIPAS
drift to a large extent, not by a possible drift of the other in-
strument for reasons discussed in Sect. 3.3. The resulting er-
rors can be considered as a conservative estimate, because we
did not account for possible correlations between the single
instrument errors. If these errors were treated as positively
correlated to some extent, the resulting error would decrease.
Not expecting any correlation is justified here for the fol-
lowing reasoning: we assume that natural variability should
mostly be cancelled out by calculating differences, which is
the main contributor to the basic errors. Even though this is
not entirely true, as shown in Sect. 3.2, this approximation is
valid to a good extent, since the oscillations in the differences
are considerably smaller than those in the time series of the
measurements themselves. In addition, the data sets used for
drift estimation are at least six times smaller than the data set
used for trend estimation (MIPAS), because only coinciding
measurements are considered.
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Fig. 4. Altitude-latitude cross-section of absolute drifts of MIPAS
vs. Aura MLS ozone measurements. Hatched areas mean that the
significance is less than 2 sigma.
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Fig. 5. Same as in Fig. 4 but represented on the Aura MLS pressure
grid.

4 Results
4.1 Drifts

For the set of comparison instruments chosen, the resulting
drifts cover a wide range of values. Comparisons with in-
struments which offer global or near-global coverage are dis-
played as altitude—latitude cross-sections of the linear term
of the drift analysis. In these plots, hatched areas denote
that the significance of the estimated drifts is less than 2
sigma. We have performed MIPAS drift estimations versus
Aura MLS, ACE-FTS and Odin OSIRIS (Figs. 4-8). Esti-
mates versus lidars are displayed in drift panels showing the
linear term of the drift analysis as well as a 2-sigma uncer-
tainty at each altitude grid point. In the following we will
focus on discussing only drifts with 2-sigma significance or
better. Blue colors in Figs. 4-8 indicate that the linear varia-
tion for the MIPAS data decreases more strongly than that of
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Fig. 6. Same as in Fig. 4 but for comparison versus Odin OSIRIS.
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Fig. 7. Same as in Fig. 4 but for comparison versus ACE-FTS.

the reference instrument, while red colors denote a stronger
increasing linear variation for the MIPAS data.

For the comparison versus Aura MLS the drift estima-
tions on the altitude (Fig. 4) and on the pressure (Fig. 5)
grid show very similar results. The distribution as well
as the magnitude of the drifts are very alike. This means
that the influence of a possible drift in ECMWF temper-
atures on the ozone drifts is quite small. The results ex-
hibit only negative drifts, except from very few values
at lower latitudes. The negative drifts range from near
zero to approximately —0.33 ppmv decade™! on the altitude
grid and —0.31 ppmvdecade™! on the pressure grid and
seem to become slightly more negative with altitude up to
~40km (~ 3 hPa). For Odin OSIRIS (Fig. 6) we find a sim-
ilar pattern, but the absolute values range down to about
—0.55 ppmv decade ™! at several grid points and even reach
values around —0.7 ppmv decade ™! in a few cases. The plots
of ACE-FTS (Figs. 7-8) look a bit different, mainly because
we found very few significant drifts overall. This is presum-
ably due to the fact that we find very few months (around
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Fig. 8. Same as in Fig. 7 but represented on the Aura MLS pressure
grid.

35 at the best) for which coincident measurements of MIPAS
with ACE-FTS exist. Thus the trend estimation is based on
far fewer monthly data points than for example the trend es-
timation versus the lidars (around 55 at the worst — e.g. for
Lauder — up to more than 90 for other lidars), although their
total number of measurements is a lot smaller than that of
ACE-FTS. This might also explain the patchiness of the drifts
estimated in the comparison with ACE-FTS. In the Northern
Hemisphere the drifts are much smaller than for most of the
Southern Hemisphere. Here the largest numbers of monthly
data point occur, which allows a better fit. The large white
area in the tropics, where no drifts could be calculated, results
from ACE-FTS focusing on higher latitudes. Due to this,
there are simply not enough months during which ACE-FTS
measured at low latitudes, resulting in under-determination
of the system of the multilinear parametric trend model. The
remaining drifts do not seem to have a positive or negative
majority in sign.

Aura MLS and Odin OSIRIS do not cover the same time
period. In order to assess if including the first measure-
ment period of MIPAS makes a difference, we also analysed
the drifts of MIPAS versus Odin OSIRIS only for the low-
resolution period of MIPAS (Fig. A2). It is obvious from
these plots that differences compared to the drift analyses for
the combined high and low spectral resolution time period of
MIPAS are negligible.

Considering the lidars (Fig. 9) we assessed insignificant
or negative drifts in most cases (Hohenpeissenberg, Table
Mountain, Mauna Loa and Lauder). Only the comparison
of MIPAS versus the lidar at Haute Provence shows positive
drifts above ~ 25 km, which increase with altitude and even
exceed 1.0 ppmv decade™! around 40 km. While the calcu-
lated drifts for the comparison of MIPAS with Mauna Loa
and Lauder lidars are insignificant except for very few cases,
we found significant negative drifts versus the lidar mea-
surements at Hohenpeissenberg and Table Mountain above

Atmos. Chem. Phys., 14, 2571-2589, 2014



A.1. Drift-corrected trends and periodic variations in MIPAS IMK/IAA ozone

measurements

2580

a) b)
Ozone Drift:
MIPAS — Hohenpeissenberg Lidar

Ozone Drift:

E. Eckert et al.: Drifts, trends and periodic variations in MIPAS ozone

)
Ozone Drift:

50 T 50

MIPAS - Lauder Lidar
T

MIPAS - Mauna Loa Lidar
T 50 T T

Altitude [kmn]
w
8
Altitude [krn]
w
8

20 20

]

‘HHJ/M\H‘

!

40

Altitude [krn]
w
8
T

20

wwwl ‘A—Hw |
il

10 L L 10 T

10 L I 1

-2 -1 0 1 2 -2
0zone [ppmv/dec]

d)
Ozone Drift:
MIPAS — Obs. Haute Provence Lidar

=1 1
Ozone [ppmv/dec]

2 -2 2

-1 0 1
0zone [ppmv/dec]

e)
Ozone Drift:
MIPAS  — Table Mountain Lidar

50 T T

50 T T

Altitude [km]
o
&

it

[SREERNESENT]

10 L i L

Altitude [km]

Lt

[

10 L L

-1 a 1 2
Ozone [ppmv/dec]

-1 0 1 2
0zone [pprv/dec]

Fig. 9. Absolute drifts of MIPAS vs. (a) Hohenpeissenberg, (b) Lauder, (¢) Mauna Loa, (d) Observatoire Haute Provence and (e) Table
Mountain lidar ozone measurements. The error bars are the 2-sigma uncertainties of the estimated drifts.

~20km. As already observed for the analyses for MIPAS
versus Aura MLS and Odin OSIRIS, these drifts seem to
increase with altitude; but since the lidar data are not very
reliable above 40 km, it is difficult to verify maximum drift
values at and above 40 km, which are apparently present in
the satellite—satellite comparisons. In order to facilitate com-
parison with recent research (Nair et al., 2012, p. 1310) we
also calculated the relative drifts of MIPAS versus these li-
dars as described in Sect. 3.2 of this paper. The results are
shown in Fig. Al. We find a striking resemblance with the
findings of the aforementioned authors’ comparison of Aura
MLS with the lidars. They also find mainly insignificant
drifts for comparisons of Aura MLS with the lidar measure-
ments of Mauna Loa and Lauder. Drifts versus lidar mea-
surements at Hohenpeissenberg and Table Mountain are pre-
dominantly negative above ~20km and increase with al-
titude, while positive drifts dominate the results found for
comparisons with measurements at Haute Provence. Quan-
titatively our results are also in very good agreement with
those which Nair et al. (2012) found for Aura MLS versus
the lidars. Negative drifts below 40 km for MIPAS versus Ho-
henpeissenberg and Table Mountain measurements of down
to —8.2%decade™! and —12.8 % decade™! correspond to
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approximately —1.0 % yr~! and —1.5 % yr~! for Aura MLS
from Nair et al. (2012), respectively. For lidar measurements
at Haute Provence positive MIPAS drifts assessed in our
study range up to 10 % decade ™! below ~ 35 km and increase
above, exceeding 15 % decade™! close to 40 km, while in the
comparison of Aura MLS versus the same lidar measure-
ments Nair et al. (2012) find values smaller than 1.0 % yr’l
up to about 39 km and values close to 1.5 % yr~! above. This
indicates that the drifts are probably (at least in part) related
to the lidar instruments and not the satellite instruments, e.g.
Aura MLS.

The most likely explanation for the drifts of MIPAS versus
the other instruments is the ageing of the MIPAS detectors,
which is not considered in the nonlinearity correction of the
spectra used for the MIPAS ozone retrievals under investi-
gation. The large number of coincident measurements avail-
able for the drift estimation between MIPAS and MLS im-
plies that these drift estimates are the most significant ones,
and in tendency these are confirmed by most of the other in-
struments under consideration. The good agreement between
the drifts established from the comparison of MIPAS versus
Aura MLS and the theoretically predicted drifts of MIPAS
due to detector nonlinearity suggest that it is most likely that
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Fig. 10. Altitude—latitude cross-section of the amplitudes in ppmv
of the semi-annual oscillation (6-month periodic variation) derived
from the MIPAS time series.
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Fig. 11. Same as in Fig. 10 but for the quasi-biennial oscillation

(QBO).

the drifts are for the most part originated in MIPAS, not Aura
MLS. In addition there has been no indication of a possi-
ble drift in the Aura MLS ozone data so far (Hubert et al.,
2012; Hubert et al., 2014). For these reasons, we believe
that the assumption of an artificial drift of the order of 0 to
—0.3 ppmv decade™!, depending on altitude, is well justified
for MIPAS ozone.

4.2 Amplitudes of the QBO, annual and semi-annual
oscillation

Among other quantities like the drifts and trends which were
assessed in this work, we took a closer look at the altitude—
latitude distribution of the amplitudes of the quasi-biennial
(QBO) and semi-annual oscillation (SAO) as well as of the
seasonal variation of the MIPAS ozone data. These quantities
were also fitted during the trend estimation process.

The amplitude of the SAO (Fig. 10) shows approximately
hemispherically symmetric distributions. We find an ampli-
tude maximum of the ozone SAO signal which is centred
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Fig. 12. Percentage amplitude of the seasonal variation of the MI-
PAS ozone time series (12-month periodic variation).

slightly above 30km and exhibits maximum amplitudes of
0.5 ppmv. Beyond tropical latitudes the amplitude decreases
rapidly to near-zero values, except for polar regions. These
findings agree very well with the results of Huang et al.
(2008), who analysed QBO and SAO ozone signals based
on the Sounding of the Atmosphere using Broadband Emis-
sion Radiometry (SABER) satellite measurements for 2002
through 2005 from 20 to 100 km and for latitudes within 48°
north and south. They found good agreement with ozone data
of the Microwave Limb Sounder on the Upper Atmosphere
Research Satellite (UARS MLS) and assess an amplitude
maximum of ~ 0.5 ppmv between 30 and 35km for ozone.
This is a result remarkably similar to ours.

The amplitude of the ozone QBO signal Aqggo is calcu-
lated as in Eq. (12) (cf. Eq. 1).

di
Agwo =~y
sin (arctan ( ! ))

e

(12)

Its distribution, which is displayed in Fig. 11, shows a
slightly more complex structure. Beside two tropical maxima
around 25 km, with slightly over 0.6 ppmv, and 35 km, with
approximately 0.4 ppmv, we find an additional subtropical
maximum slightly above 30 km in each hemisphere. Of the
latter two areas, the Northern Hemisphere one shows larger
amplitudes with values of nearly 0.6 ppmv, while the South-
ern Hemisphere area is spatially larger but exhibits smaller
maximum values of more than 0.3 ppmv for several grid
points but none reaching 0.4 ppmv.

The location of these maxima in the QBO ozone ampli-
tude agrees very well with previous findings of e.g. Zawodny
and McCormick (1991), who find tropical maxima in SAGE
1I data located between 20—27 km and 30-38 km; Randel and
Wu (1996), who report extra-tropical maxima located close
to 30km in latitude ranges of 10-60° also from SAGE II
data; as well as Fadnavis and Beig (2009), who find trop-
ical maxima around 22 hPa (~26km) and 9 hPa (~ 32km)
at equatorial latitudes and weaker extratropical maxima. The
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values of the reported maxima are larger though (about
1 ppmv (Randel et al., 1999), up to 1.4-1.6 ppmv (Fadnavis
and Beig, 2009)), showing the larger values at the higher
tropical maximum. MIPAS amplitudes are smaller, which
might partly be due to the coarse vertical resolution espe-
cially around the upper maximum in tropical latitudes. The
pattern could be understood as a periodic expansion and
shrinking of the ozone maximum in the tropics with the QBO
phase both in vertical and meridional direction. In this case,
the amplitudes would be largest where the ozone gradient
in both vertical and meridional direction is largest, which is
what we observe (cf. Fig. 17, which is discussed in detail in
Sect. 4.3).

We chose to show the seasonal variation in terms of rela-
tive values, because otherwise the important regions for this
variation, along the tropopause, fade into the background
since the absolute ozone values are much smaller in these
regions than above. In the tropical tropopause layer (TTL)
vertical motion has a great impact on the ozone amplitude,
while at higher latitudes meridional mixing plays an impor-
tant role. Around the tropical tropopause (16—18 km; ~20° S
to ~20°N) an area of strong seasonal variation is visible.
Most values of the absolute amplitude in this region are
within ~0.01 and ~ 0.06 ppmv, with a few outliers reaching
up to ~0.11 ppmv. In the extratropical upper troposphere—
lower stratosphere (UTLS: 10-22 km; 40-60° south/north)
the signal of the ozone variation is clearly visible around
the tropopause and below. The values of the ozone ampli-
tude in this region range from ~0.1 to ~0.8 ppmv in the
Northern Hemisphere and from ~0.01 to ~0.6ppmv in
the Southern Hemisphere. We also see a signal in polar re-
gions reaching up beyond 40 km with absolute values of up
to 1.23 ppmv in the Northern Hemisphere. In the Southern
Hemisphere around 30 km we find AO amplitudes of ~ 1.0
and ~ 1.24 ppmv between 40 and 50 km. These results were
found to be in very good agreement with recent findings.
Eyring et al. (2010) report amplitudes of ~0.05ppmv for
NIWA (National Institute of Water and Atmospheric Re-
search) observations between 20°S and 20° N at 100 hPa
(~ 16 km), while some models show amplitudes ranging up
to ~0.1 ppmv. For the extratropical UTLS region in the
Northern Hemisphere, ozone AO amplitudes of ~ 0.5 ppmv
were deduced from Aura MLS and a multimodel mean at
100 hPa, while at 200 hPa (~ 12km) ~ 0.3 ppmv were found
for the ozone AO amplitude in Aura MLS and a slightly
smaller amplitude of ~ 0.2 ppmv was assessed from the mul-
timodel mean. For the Southern Hemisphere amplitudes of
~0.4 and ~0.1 ppmv were found at pressure levels of 100
and 200 hPa, respectively. These amplitudes are very simi-
lar to those we found in the MIPAS ozone data. Tegtmeier
et al. (2013) report ozone AO amplitudes of ~0.15 ppmv
for a multi-instrument mean at 80 hPa (~ 17km) between
20° north and south for the period of 2005 to 2010. For
southern mid-latitudinal regions (40-50° S) an amplitude of
~0.15 ppmv was deduced from the multi-instrument mean at
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Fig. 13. Altitude-latitude cross-section of the linear variation of the
MIPAS time series. As for the drifts, hatched areas indicate trends
with less than 2-sigma significance level.
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Fig. 14. Same as in Fig. 13 but represented on the Aura MLS pres-
sure grid.

200 hPa for the same time period as mentioned above. In the
Northern Hemisphere at 50 hPa the multi-instrument mean
shows an amplitude of ~ 1.2 ppmv. Some of these amplitudes
are larger than those deduced from MIPAS ozone data during
this analyses. However, Tegtmeier et al. (2013) offer the ex-
planation that this might be due to significantly better vertical
resolution of some of the instruments used in their analysis.

4.3 Linear variations (short-term trends)

The linear term of the analysis of the MIPAS data estimated
with the method described in Sect. 3.1 represents a short-
term trend of the evolution of stratospheric ozone during
the past 10 yr. Similar to the drifts, we will concentrate on
2-sigma significant trends throughout the following discus-
sion. As can be seen in Fig. 13, this excludes most of the
results beyond 60° north and south, where natural variabil-
ity is large and thus the simple multilinear parametric trend
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Fig. 15. Same as in Fig. 13 but corrected by the drifts estimated in
comparison with Aura MLS. Two-sigma significances are based on
the combined error of the trend and the drift.
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Fig. 16. Same as in Fig. 15 but displayed on the Aura MLS pressure
grid.

model can presumably not fit the data properly. However,
we should keep in mind that the non-random pattern of the
estimated trends is a strong hint that increased significance
could be achieved by a reduced spatial resolution of the anal-
ysis, both in the vertical and the latitudinal domain. Most of
the trends below 20 km are non-significant, probably because
ozone values are very small and MIPAS measurements are
inhibited by clouds especially at low latitudes.

The results of this part of the trend analysis are displayed
in Figs. 13 and 14 by means of an altitude—latitude/pressure—
latitude cross-section, respectively. As already observed for
the drift estimation versus Aura MLS, the features of both
vertical grids look very similar. Both show a northern—
southern hemispherically asymmetric pattern, and we found
a larger number of 2-sigma-significant trends for Southern
Hemisphere latitudes in general. In addition these significant
trends exhibit predominantly positive values. A pronounced
positive area ranges from the subtropics to near-polar lati-
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Fig. 17. Values of the MIPAS ozone regression function for the year
2000.
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Fig. 18. Same as in Fig. 17 but for the year 2012. The drift-corrected
MIPAS trends were used.

tudes centred approximately around 30km (~ 10 hPa) and
with maximum ozone trend values of +0.48 ppmv decade ™"
(+0.48 ppmv decade™!). Apart from that we find a few
smaller areas which also exhibit weaker positive trends, e.g.
in the tropics around 20km (~ 55hPa), at northern sub-
tropical latitudes slightly above 30km (~ 10 hPa), at north-
ern mid-latitudes at approximately 45 km (~ 1.5hPa) and at
subtropical latitudes below 20 km (~ 55hPa) in both hemi-
spheres. Negative trends are observed in the tropics in the
form of a double-peak structure with maxima at approxi-
mately 25 and 35km (~25 and 5hPa) which reveal mini-
mum trends of —0.56 ppmv decade ™! (=52 ppmv decade™!).
Considerably smaller values appear at Northern Hemisphere
mid-latitudes between 20 and 30 km (~ 55 and 10 hPa).
Negative ozone trends in the tropical middle stratosphere
have also been found in SCIAMACHY data (Gebhardt et al.,
2014). Generally the trends shown in their paper agree with
ours, but not in every detail. In particular the trends provided
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Fig. 19. Altitude—latitude cross-section showing the resulting trends
when shifting the tropical mixing barriers below 30 km by 5 degrees
to the south and expanding them by 5 degrees above that altitude.

by Gebhardt et al. (2014) for the middle tropics are more
negative with only one negative peak.

Kyrold et al. (2013) see less negative trends in the tropics
around 30 to 35 km than Gebhardt et al. (2014). The trends by
Kyrold et al. (2013) are of the order of —2 to —3 % decade™!.
This is even a bit smaller than what we find, but in their pa-
per the time period looked at (1997-2011) is a bit longer
than ours and covers a slightly different time span in generel.
Thus differences can be expected when comparing their re-
sults with ours. In the extratropics up to ~ 50° N/S Kyrold
et al. (2013) find predominantly positive or near-zero trends
between 25 and 50km. Their trends are of the order of
up to +2 % decade™! in these regions. This agrees consid-
erably well with our results. Comparing our results with
others of the post-mid-1990s period we find that the as-
sessed changes are predominantly positive or near zero, ex-
cept for the lower stratospheric tropics. While column ozone
from ground-based and satellite measurements seem to ex-
hibit non-changing ozone values in the mid-latitudes for both
hemispheres after 1998 after showing an increase of ~2 %
from 1996 to 1998, an increase in mid-latitudinal ozone was
found for the Northern Hemisphere for the time period of
1996 to 2009 at altitude ranges of 12-15, 20-25 and 35—
45km with largest increases (6 %) at the lowest level and
smaller values above. Southern Hemisphere mid-latitudinal
trends were only found to be statistically significant at the
highest level (35-45 km), exhibiting an increase of 1-3 % for
the time period of 1996 to 2009 (cf. WMO (2011, Chapter 2,
Table S2-1)). Tropical ozone trends from simulations show
negative values right above the tropopause (18-19 km), pre-
sumably due to increased upwelling.

In addition to the trends estimated from MIPAS measure-
ments, we also calculated “drift-corrected trends”, again
both on an altitude (Fig. 15) as well as on a pressure grid
(Fig. 16). The displayed trends and associated errors were
calculated as described in Sect. 3.4. We chose the drift esti-
mates versus Aura MLS for correction of the MIPAS trends
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for two reasons. First, a drift of the order of magnitude such
as the one established by comparison with Aura MLS can
mostly be explained by drifts associated with the nonlinear-
ity correction for the MIPAS detector as already mentioned
in Sect. 4.1. Second, there has been no indication of a
possible drift in Aura MLS ozone data so far. In addition to
that the number of coinciding profiles with Aura MLS is the
largest compared to all other instruments, even when using
strict coincidence criteria, which presumably provides the
most reliable analysis. Thus the drift estimate versus Aura
MLS seems to be the most suitable candidate for shifting the
MIPAS trends towards reality. While one might think that the
drift-corrected MIPAS trends using Aura MLS for drift de-
termination actually gives an Aura MLS ozone trend, this is
not true: the MIPAS trend is inferred from a much larger data
set than that used for drift estimation. For the drift estimation
of MIPAS—Aura MLS coincidences had to be used, while
the trends have been inferred from the entire MIPAS data
set. Most of the negative ozone trends which were significant
in the pure MIPAS estimates are no longer significant at
2-sigma level in the corrected version, especially at higher
altitudes. In addition, significant areas with positive trends
become larger and more significant. These results agree
better with recent findings (e.g. WMO, 2011; Steinbrecht
et al., 2009a) than the MIPAS trends without any correction.
The few negative trends left are the tropical double-peak
structure and Northern Hemisphere areas around 20 to
25km (~20hPa). The latter feature is more pronounced
in the altitude—latitude cross-section. A clear hemispher-
ically asymmetric distribution is still visible in both
figures. Positive values reach up to +0.55 ppmv decade ™!
(+0.53 ppmv decade™!) in the Southern Hemisphere and
+0.44 ppmv decade™! (+0.41 ppmv decade™") in the North-
ern Hemisphere, with the northern hemispheric areas
slightly above 40 km (~ 3 hPa) now reaching values of max-
imum  +0.42 ppmv decade ™! (+0.37 ppmv decade ™).
The tropical negative peaks show minimum values
of —0.37ppmvdecade”! and —0.41ppmvdecade™!
(—0.28 ppmv decade™! and —0.38 ppmv decade™") for the
lower and the upper one, respectively.

A reasonable explanation for negative trends near the
Equator is increased tropical upwelling, as has been sug-
gested before (WMO, 2011), but only for altitudes slightly
above the tropopause. So upwelling does not provide a suffi-
cient explanation for the negative values in the tropical mid-
dle stratosphere. It cannot explain the double-peak structure
either. The altitude—latitude cross-section of the amplitude of
the QBO shows that the negative peaks in the trends coin-
cide closely with the maxima in QBO amplitude. While the
pattern of the QBO amplitude hints towards a periodic expan-
sion and shrinking of the ozone maximum in the tropics (see
Sect. 4.2), the trend pattern hints towards a vertical shrink-
ing and latitudinal expansion of the ozone maximum. This is
also most pronounced where the gradient in the ozone dis-
tribution is largest. According to this it is reasonable for the
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maxima of the QBO amplitude and the extrema of the trends
to occur in similar areas. Figures 17 and 18 show the zonal
ozone distribution calculated from the results of the paramet-
ric trend fit for the years 2000 and 2012, respectively. While
the value of the MIPAS regression function for the year 2000
is a direct output of the trend fit process, the value for the
year 2012 was calculated by extrapolating the ozone volume
mixing ratio from the year 2000 to the year 2012 using the
drift-corrected trend which was assessed previously. One can
see a vertical shrinking and latitudinal expansion of the ozone
maximum in the tropics.

The hemispherically asymmetric trend patterns shown in
Fig. 15 could be explained by a shift of the subtropical mix-
ing barriers by 5° to the south over the observation period,
as first indicated by Stiller et al. (2012). A simple way to
mimic this shift is shown in Fig. 19: the zonal mean distri-
bution of ozone as obtained from the constant terms of the
parametric fits of the time series for all latitude-altitude bins
has been shifted by 5° to the south below altitudes of 30 km.
Above 30 km, the Northern Hemisphere (20° to 60° N) has
been shifted to the north, simulating a widening of the trop-
ical pipe. The shifts have been applied between 60° S and
60° N only, since a shift of the polar mixing barriers was
not expected. The differences between the original and the
shifted distribution assumed to appear over a period of 10 yr
is shown in Fig. 19. The pattern of the change of the ozone
distribution over a decade is stunningly similar to the lin-
ear trends observed in the real ozone distributions. Since the
main features of the zonal ozone distribution are, to a large
extent, ruled by the subtropical mixing barriers a shift of the
barriers by 5° to the south (and an expansion of the tropi-
cal pipe above 30 km) would be able to explain the observed
decadal linear trend to a large degree. We do not claim, how-
ever, that this is a climatological trend, but possibly rather
a low-frequency natural variability, the causes of which are
still unknown.

5 Conclusions

The investigations performed in this work offer an overall
coherent picture. We calculated drifts of the MIPAS ozone
time series versus several instruments which include satel-
lite as well as ground-based experiments. Most of these anal-
yses suggest that MIPAS ozone data most probably have
a small negative drift, and thus trends calculated from the
MIPAS data might exhibit values which are less positive
(more negative) than in reality. Only a few comparisons sug-
gest that MIPAS ozone data do not reveal a drift, such as
the drift estimation versus ACE-FTS, or even hint at posi-
tive drifts like the analysis comparing MIPAS with the li-
dar at Observatoire Haute Provence. Magnitudes of the es-
tablished negative drifts differ from minimum values of
about —0.3 ppmv decade ™! for Aura MLS to approximately
—0.7 ppmv decade™! for Odin OSIRIS and for some lidars
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at high altitudes. Due to recent studies on MIPAS’ nonlinear-
ity correction and the analysis versus Aura MLS, which pre-
sumably offers the most reliable drift estimates, we assume
that a drift in MIPAS ozone data is most likely of a magni-
tude of 0 to —0.3 ppmv decade ™!, depending on latitude, and
thus we correct our trends estimated from MIPAS data by the
drift estimates of the comparison with Aura MLS. The cor-
rected trends agree well with recent findings and offer better
agreement with those findings than the non-corrected trends.
They range from approximately —0.41 ppmv decade™ in the
tropics up to +0.55 ppmv decade ™! at southern mid-latitudes
(—0.38 ppmv decade ™! to +0.53 ppmv decade™! on the pres-
sure grid). Significant areas exhibiting positive values in-
crease spatially when correcting with the drifts estimated in
comparison with Aura MLS, leaving mostly positive values.
This is in very good agreement with results shown in WMO
(2011). In the aforementioned work there are predominantly
positive or close-to-zero trends found for the period after
1996/1997.

We observe a negative double-peak structure around the
Equator, with minima at approximately 25 and 35km,
exhibiting extreme values of —0.37 ppmvdecade™!
and —0.41ppmvdecade=! (—0.28 ppmvdecade™' and
—0.38 ppmv decade ™! on the pressure grid), respectively,
which coincide in altitude with the maxima of the amplitude
of the ozone QBO. This coincidence of the tropical QBO
maxima with the negative ozone trends occurs due to the
ozone gradient being largest at these altitudes, so that the
periodic vertical expansion and shrinking (in the case of
the QBO) and the vertical flattening of the ozone maximum
over the measured period (in the case of the trends) both
are very obvious here. We find a clear hemispherically
asymmetric pattern in the trends with the negative signs in
the northern lower stratosphere and positive values in the
southern lower stratosphere (20-30 km). This, together with
negative trends at tropical mid-stratospheric altitudes can
be mimicked by shifting the zonal ozone distribution 30 km
by 5° to the south and expanding the tropical pipe by 5° to
the north and south above, simulating mainly a respective
shift of the subtropical mixing barriers over the observation
period. Even the positive trends just above the tropical
tropopause can be simulated by the shift of the subtropical
mixing barriers to the south. Such a shift is not necessarily
a climatological trend, but possibly rather a low-frequency
natural variation, the cause of which is still unknown.

The altitude-latitude cross-sections of the amplitudes of
the QBO, SAO and the seasonal variation agree well with
previous results. In the case of the SAO, both the altitude—
latitude distribution as well as the magnitude are very similar
to previous findings, while the estimated values of the ozone
QBO amplitude are smaller than those found in other studies.
Our results for the amplitudes of the seasonal variation show
reasonable altitude—latitude distributions and reveal similar
magnitudes to previous findings.
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January 2005 to April 2012. Hatching as described before.
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Abstract. Profiles of CFC-11 (CCI3F) and CFC-12 (CCl;F,)
of the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) aboard the European satellite Envisat
have been retrieved from versions MIPAS/4.61 to MI-
PAS/4.62 and MIPAS/5.02 to MIPAS/5.06 level-1b data us-
ing the scientific level-2 processor run by Karlsruhe In-
stitute of Technology (KIT), Institute of Meteorology and
Climate Research (IMK) and Consejo Superior de In-
vestigaciones Cientificas (CSIC), Instituto de Astrofisica
de Andalucia (IAA). These profiles have been compared
to measurements taken by the balloon-borne cryosampler,
Mark IV (MkIV) and MIPAS-Balloon (MIPAS-B), the air-
borne MIPAS-STRatospheric aircraft (MIPAS-STR), the
satellite-borne Atmospheric Chemistry Experiment Fourier
transform spectrometer (ACE-FTS) and the High Resolution
Dynamic Limb Sounder (HIRDLS), as well as the ground-
based Halocarbon and other Atmospheric Trace Species
(HATS) network for the reduced spectral resolution period
(RR: January 2005-April 2012) of MIPAS. ACE-FTS, MkKIV

and HATS also provide measurements during the high spec-
tral resolution period (full resolution, FR: July 2002-March
2004) and were used to validate MIPAS CFC-11 and CFC-
12 products during that time, as well as profiles from the
Improved Limb Atmospheric Spectrometer, ILAS-II. In gen-
eral, we find that MIPAS shows slightly higher values for
CFC-11 at the lower end of the profiles (below ~ 15 km) and
in a comparison of HATS ground-based data and MIPAS
measurements at 3km below the tropopause. Differences
range from approximately 10 to 50 pptv (~ 5-20 %) during
the RR period. In general, differences are slightly smaller for
the FR period. An indication of a slight high bias at the lower
end of the profile exists for CFC-12 as well, but this bias is far
less pronounced than for CFC-11 and is not as obvious in the
relative differences between MIPAS and any of the compar-
ison instruments. Differences at the lower end of the profile
(below ~ 15 km) and in the comparison of HATS and MIPAS
measurements taken at 3km below the tropopause mainly
stay within 10-50 pptv (corresponding to ~ 2—10 % for CFC-
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12) for the RR and the FR period. Between ~ 15 and 30 km,
most comparisons agree within 10-20 pptv (10-20 %), apart
from ILAS-II, which shows large differences above ~ 17 km.
Overall, relative differences are usually smaller for CFC-12
than for CFC-11. For both species — CFC-11 and CFC-12 —
we find that differences at the lower end of the profile tend to
be larger at higher latitudes than in tropical and subtropical
regions. In addition, MIPAS profiles have a maximum in their
mixing ratio around the tropopause, which is most obvious
in tropical mean profiles. Comparisons of the standard devia-
tion in a quiescent atmosphere (polar summer) show that only
the CFC-12 FR error budget can fully explain the observed
variability, while for the other products (CFC-11 FR and RR
and CFC-12 RR) only two-thirds to three-quarters can be ex-
plained. Investigations regarding the temporal stability show
very small negative drifts in MIPAS CFC-11 measurements.
These instrument drifts vary between ~ 1 and 3 % decade™!.
For CFC-12, the drifts are also negative and close to zero
up to ~30km. Above that altitude, larger drifts of up to
~50% decade™! appear which are negative up to ~35km
and positive, but of a similar magnitude, above.

1 Introduction

Chlorofluorocarbons (CFCs) have been monitored for some
decades because of their potential to release catalytically ac-
tive species that destroy stratospheric ozone, which was first
discovered by Molina and Rowland (1974). Even though
there are also natural sources of halogens, observations fo-
cus on man-made CFCs, such as CFC-11 and CFC-12, be-
cause increased release of active chlorine species due to ele-
vated amounts of these substances can significantly alter the
equilibrium of stratospheric ozone formation and destruc-
tion. Under certain conditions (sufficiently cold temperatures
for chlorine activation; polar stratospheric clouds, PSCs), this
can lead to severe ozone depletion. Since CFCs have very
long lifetimes in the atmosphere (52 years with an error range
of 43-67 years for CFC-11; 102 years with an error range
of 88-122years for CFC-12, SPARC, 2013) and are insol-
uble in water, they can easily reach the stratosphere because
they are neither destroyed nor washed out before they arrive
at these altitude regions. In the stratosphere, halogen source
gases, such as CFC-11 or CFC-12, are photolyzed or other-
wise broken up and finally converted to so-called reservoir
gases, particularly hydrogen chloride (HCI) or chlorine ni-
trate (CIONO,), by chemical reactions and under the influ-
ence of solar ultraviolet radiation. Stratospheric abundances
of hydrogen chloride and chlorine nitrate increased signif-
icantly during the later decades of the past century (World
Meteorological Organization, 2011), as a consequence of in-
tensified anthropogenic emissions of CFCs and other ozone-
depleting substances (ODSs), which were used for refriger-
ation, foam blowing and several other purposes. While di-
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rect reactions of ozone with the reservoir species HCI and
CIONO;, are not relevant for ozone depletion, these reservoir
species are transformed into active chlorine species (ClOy;
mainly ClO, CI and Cl,0,) under sufficiently cold tempera-
tures. The active chlorine species catalytically destroy ozone
via the so-called C1O-dimer cycle (Molina and Molina, 1987)
and the synergistic interaction of CIO and BrO (McElroy
et al., 1986). Here, heterogeneous reactions on the surface of
cold aerosols of PSCs occur and, in combination with sun-
light, result in the reactivation of chlorine which can then
destroy ozone catalytically and ultimately leads to ozone de-
pletion and the formation of the ozone hole.

Once it was observed (Farman et al., 1985) that these pro-
cesses could lead to severe ozone depletion in reality, the
Montreal Protocol was adopted in 1987 to control the emis-
sion of CFCs and other ozone-depleting substances. After-
wards, the emission of CFCs decreased and ceased com-
pletely in 2010 (World Meteorological Organization, 2011),
which led to decreasing amounts of these species in the at-
mosphere. However, since several CFCs have lifetimes of up
to 100 years and more — which makes them excellent tracers
for the Brewer—Dobson circulation (Schoeberl et al., 2005;
SPARC, 2013) — significant amounts of these species are still
present in the atmosphere. Hence, their monitoring and the
closer examination of their evolution in the atmosphere are
important tasks, as Kellmann et al. (2012) have shown by il-
lustrating that there are trends in CFC-11 and CFC-12 which
can so far only be explained by changes in circulation. In ad-
dition to their ozone-depleting potential, CFC-11 and CFC-
12 have a pronounced global warming potential (World Me-
teorological Organization , WMO, e.g., Fig. 1-6-4), which is
another reason for monitoring these species. In the following,
we describe the data products and the different characteris-
tics of the instruments used in the comparisons (Sect. 2), fol-
lowed by an explanation of the validation method (Sect. 3).
Since the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) malfunctioned in 2004 and the retrieval
setup had to be changed afterwards to address the altered sit-
uation, two sets of the data exist for either species, one (FR,
full spectral resolution) referring to the period of July 2002
to March 2004 and one (RR, reduced spectral resolution!)
referring to the period of January 2005 to April 2012. The
spectral resolution degraded from the FR to the RR period,
but more scans in the vertical are performed per profile dur-
ing the RR period, which leads to better altitude resolution
(Kellmann et al., 2012, Table 1). Thus, in Sect. 4 we show
the extensive results of the validation of version VSR_220
and V5R_221 (corresponding to the RR period) of MIPAS
CFC-11 and CFC-12 products and also a few comparisons
for version V5SH_20 (corresponding to the FR period) of the
same species. The paper concludes with a summary.

IThe respective ESA product is referred to as “optimized reso-
lution”.
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Figure 1. Simulated midlatitude emission spectra of the main regions of CFC-11 (left) and CFC-12 (right) at 20km in July. The spectral
regions used for each instrument are shown. Only ILAS-2 uses a far wider range to retrieve CFC-11 and CFC-12.

2 Instruments

All the instruments used in this study and their main charac-
teristics are summarized in this section. Information on ver-
tical coverage, vertical resolution and utilized spectral region
is collected in Table 1. The table also gives an overview of
the observation period and spectroscopic data used for the re-
trievals. The spectral regions used for each remote sensor un-
der consideration are illustrated in Fig. 1, along with the con-
tributions of all interfering species. Besides the Institute of
Meteorology and Climate Research/Instituto de Astrofisica
de Andalucia (IMK/IAA) data product, MIPAS CFC data by
ESA (Raspollini et al., 2013, validated by Engel et al., 2016),
Oxford University (The University of Oxford Physics De-
partment, 2008), Forschungszentrum Jiilich (Hoffmann et al.,
2008) and MIPAS Bologna Facility (Dinelli et al., 2010) also
exist. Since these retrievals rely on the same measurements
as our data, they are not independent and thus have not been
used for comparison.

2.1 MIPAS data and retrieval

The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) was one of 10 instruments aboard Envisat
(Environmental Satellite). The satellite was launched into a
polar, sun-synchronous orbit on 1 March 2002. The last con-
tact with the satellite was made on 8 April 2012. This adds
up to an observation period of 10 years. Envisat orbited the
Earth 14 times a day at an altitude of approx. 800 km. The
equator crossing times were 10:00 and 22:00 local time for
the descending and ascending node, respectively.

The MIPAS instrument was a high-resolution Fourier
transform spectrometer. It measured thermal emissions from
the atmospheric limb in the mid-infrared range between 685
and 2410cm™! (14.6 and 4.1 um) (Fischer et al., 2008). The
MIPAS measurement period is split into two parts based on

www.atmos-meas-tech.net/9/3355/2016/

the spectral resolution of the measurements. Until March
2004, the measurements were performed with a spectral res-
olution of 0.025cm™! (unapodized), which was the nomi-
nal setting. Due to an instrumental failure, later measure-
ments, commencing in January 2005, could only be per-
formed with a reduced spectral resolution and a spectral sam-
pling of 0.0625 cm™!. In correspondence, we denote the two
periods as full (FR) and reduced (RR) spectral resolution pe-
riods, respectively. In the present validation study we focus
on measurements that were performed in the “nominal ob-
servation mode”. In this mode, spectra at 17 tangent heights
between 6 and 68 km were obtained in the FR period. The
horizontal sampling was about 1 scan per 510km and over-
all, more than 1000 scans were performed per day. During
the RR period the sampling improved in the horizontal do-
main to one scan per 410km and in the vertical domain to
27 spectra between 7 and 72 km. More than 1300 scans were
obtained on a single day, covering the entire latitude range.
The CFC-11 and CFC-12 data sets that are used in this
study have been retrieved with the IMK/TAA processor that
has been set up together by the Institute of Meteorology
and Climate Research (IMK) in Karlsruhe (Germany) and
the Instituto de Astrofisica de Andalucia (IAA) in Granada
(Spain). The retrieval employs a nonlinear least-squares ap-
proach with a first-order Tikhonov-type regularization (von
Clarmann et al., 2003, 2009). The simulation of the radia-
tive transfer through the atmosphere is performed by the
KOPRA (Karlsruhe Optimized and Precise Radiative trans-
fer Algorithm) model (Stiller, 2000). In the comparisons,
we consider data that were retrieved with the retrieval ver-
sions VSH_CFC-11_20 and V5H_CFC-12_20 for the FR
period as well as VSR_CFC-11_220/221 and V5R_CFC-
12_220/221 for the RR period (Kellmann et al., 2012). Ver-
sion 220 covers the time period from January 2005 to April
2011 and version 221 is attributed to the time afterwards.

Atmos. Meas. Tech., 9, 3355-3389, 2016
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Table 1. Overview of important characteristics of the instruments used for the validation of the MIPAS CFC-11 and CFC-12 products. ILAS-II is only used for the validation of the
MIPAS high spectral resolution (FR) period. ACE-FTS and MkIV are used to validate the MIPAS data from both periods, while the rest of the instruments only cover the reduced

spectral resolution period.

Envisat/MIPAS SCISAT/ Aura/ ADEOS-II/ MKIV  Cryosampler MIPAS-B HATS MIPAS-STR
(FR period) RR period ACE-FTS HIRDLS ILAS-II
Platform/ satellite/ satellite/ satellite/ satellite/ balloon/ balloon/ balloon/ ground airplane/17-19 km
flight altitude ~ 800 km 650km 705 km 803 km ~35-40km ~34km ~30-40km (in Arctic winter)
Measurement limb solar limb solar solar air limb air limb
type emission occultation emission occultation occultation sampling emission sampling emission
Observation (2002-2004) since 2004 2005-2008 Dec. 2002— since 1989 since 1982 since 1989  since 1977 since 1999
period 2005-2012 Oct. 2003 ~22flights  ~50 flights 24 flights monthly ~ 50 flights
to hourly
Spectroscopic HITRAN HITRAN HITRAN Toon (pseudo- Toon pseudo- N/A HITRAN N/A HITRAN
data 2000! 20042 20082 lines) 1995 linelist 20001 2000!
Spectral 0.025cm™1) 0.02cm™! Radiometer 0.129 um3; 0.006cm™! N/A  0.0345cm™! N/A 0.036cm™!
resolution 0.0625cm™! 0.0032 ti.\f
0.15nm’
Vertical (~6-30km) ~6-27km ~8-28km 10-30km ~5-38km  ~10-35km ~10-30km surface ~5-20km
coverage ~7-30km (316-17.8 hPa)
CFC-11 Vertical (~3-7km) ~3-4km ~1-1.2km 1.5-2.5km ~2-4km ~1-2km ~2-5km - ~1-2km
resolution ~2-6km
Utilized 831-853cm=! 830-858cm~1° 834em~!  1610-850cm™! centered N/A  840-860cm™! N/A  842.5-848.0cm™!
microwindows 846cm ! near
Coverage ~5-40km ~5-33km ~8-33km 10-35km ~5-38km  ~10-35km ~10-40km surface ~5-20km
(316-8.3hPa)
CFC-12 Vertical (~3—4 up to 8 km) ~3-4km ~1-1.2km 1.5-2.5km ~2-4km ~1-2km ~2-5km - ~1-2km
resolution slightly better
Utilized 915-925cm™! 922em~!  915-932em™! 1610-850em™!  922-1161cm™! N/A  918-924cm™! N/A  918.9-920.6em™! &
microwindows 921.0-922.8cm™!
! Rothman et al. (2003). 2 Rothman et al. (2005) and updates thereof 1&2.4 3.5 4.6 Further are used to better constrain interferers.
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The only change between these two versions is the source
of the temperature a priori data. Initially, the a priori data
were based on NILU’s (Norwegian Institute of Air Research)
post-processing of ECMWF (European Centre for Medium-
Range Weather Forecasts) data. Later, they were taken from
ECMWEF directly as NILU’s processing had ceased. Over-
all, the CFC data sets comprise more than 480 000 individual
profiles for the FR period and more than 1.8 million profiles
for the RR period. For reasons of legibility, MIPAS Envisat
is referred to as MIPAS throughout this document, although
other versions of the MIPAS instruments are also considered
in this paper.

2.2 Comparison instruments
2.2.1 Cryosampler data

The cryosampler instrument is a balloon-borne cryogenic
whole air sampler originally developed at Forschungszen-
trum Jiilich (Germany) in the early 1980s (Schmidt et al.,
1987). The cryosampler used in this comparison is the BON-
BON instrument. The first observations date back to 1982.
The instrument consists of a Dewar with 15 stainless steel
sampling containers which is filled with liquid neon to cool
the sampling containers down to 27 K. This allows the sam-
pling of a sufficient mass of air even at low pressures, which
will freeze out immediately. The sampler inlets face down-
ward; hence the BONBON measurements are optimized for
the descending leg of the flight in order to avoid contamina-
tion from balloon outgassing. After the flight, the collected
samples are analyzed on the abundance of a long list of trace
gases by means of gas chromatography. In this comparison
we consider five balloon flights that were performed by the
University of Frankfurt (Germany) (e.g., Laube et al., 2008).

2.2.2 MKIV data

The Mark IV interferometer is a balloon-borne high-
resolution Fourier transform spectrometer which has been
developed at the Jet Propulsion Laboratory in Pasadena
(USA) in the 1980s. The instrument employs the solar occul-
tation technique measuring absorption spectra over a wide
wavelength range from 650 to 5650 cm ™" (15.39-1.77 um)
with a very high spectral resolution of up to 0.006cm™!,
Since 1989, more than 20 flights were conducted (Toon,
1991; Velazco et al., 2011). The flight duration varies be-
tween a few hours and up to 30 h, allowing one or two occul-
tations to be taken during one flight. The occultations cover
the altitude range between the tropospheric cloud tops and
the floating altitude, which is typically within the 35-40 km
range. The vertical sampling is about 2 to 4km. The pro-
file retrieval is based on an iterative nonlinear least-squares
fitting algorithm with a derivative constraint. MkIV CFC-11
retrievals were performed using an empirical pseudo-linelist
derived from the laboratory measurements of Li and Varanasi
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(1994). MKIV CFC-12 retrievals used a pseudo-linelist de-
rived from the laboratory measurements of Varanasi and
Nemtchinov (1994). These linelists, and a description of
their derivation, can be found at http://mark4sun.jpl.nasa.
gov/pseudo.html. The vertical resolution of the retrieved data
is close to the vertical sampling.

2.2.3 MIPAS-B data

MIPAS-B denotes a balloon-borne version of the MIPAS
type of instruments and can be regarded as a precursor of
the satellite instrument that flew on Envisat as described in
Sect. 2.1. The instrument was developed in the late 1980s
and early 1990s at the Institut fiir Meteorologie und Kli-
maforschung in Karlsruhe (Germany) and two models were
built (Fischer and Oelhaf, 1996; Friedl-Vallon et al., 2004).
MIPAS-B interferometers have been operated since 1989
(von Clarmann et al., 1993) and more than 20 flights have
been carried out to date. MIPAS-B covers the wavenumber
region from 750 to 2500 em~! (133104 um). Balloon-borne
observations require excellent pointing accuracy which is re-
alized by a sophisticated line of sight stabilization system.
Also, multiple spectra taken at the same elevation angle are
averaged to reduce the noise of the measurement data for the
comparison with MIPAS. Typically, the MIPAS-B floating
altitude lies between 30 and 40km ,and limb scans are per-
formed with a vertical sampling of about 1.5km up to this
altitude. The retrieval algorithm for MIPAS-B observations
is based on the same retrieval strategy and forward model
as that employed by the MIPAS IMK/IAA processor; how-
ever the microwindows from which the CFC information is
derived are slightly different. In total, eight balloon flights
were performed during the lifetime of MIPAS. Five of these
flights were conducted during the RR period from 2005 to
2012 which is the key period of the present comparisons.
2.2.4 MIPAS-STR data

The cryogenic Fourier transform infrared limb sounder
Michelson Interferometer for Passive Atmospheric Sounding
— STRatospheric aircraft (MIPAS-STR; Piesch et al., 1996)
aboard the high-altitude research aircraft M55 Geophysica
is the airborne sister instrument of MIPAS. Here, we use
MIPAS-STR observations during the Arctic RECONCILE
campaign (Reconciliation of essential process parameters for
an enhanced predictability of Arctic stratospheric ozone loss
and its climate interactions; von Hobe et al., 2013) for the
validation of MIPAS observations. The characterization, cal-
ibration, retrieval and validation of the MIPAS-STR observa-
tions during the considered flight on 2 March 2010 are dis-
cussed by Woiwode et al. (2012). Characteristics of MIPAS-
STR, the data processing and uncertainties of the retrieval re-
sults are briefly summarized in the following. Further infor-
mation on MIPAS-STR is found in Keim et al. (2008), Woi-
wode et al. (2015) and references therein. MIPAS-STR em-
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ploys four liquid He-cooled detectors/channels in the spec-
tral range between 725 and 2100cm~" (13.8 and 4.8um).
The spectral sampling is 0.036cm™!. An effective spectral
resolution of 0.069 cm™! (full width at half maximum) is
obtained after applying the Norton—Beer strong apodization
(Norton and Beer, 1976). Depending on the sampling pro-
gram, the dense MIPAS-STR limb observations cover the
vertical range between ~ 5km and flight altitude (in Arctic
winter typically at 17 to 19 km geometrical altitude) and are
complemented by upward-viewing observations. A complete
limb scan including calibration measurements is recorded
typically within 2.4 to 3.8 min. This corresponds to an along-
track sampling of about 25-45 km.

Similar to the MIPAS data processing, the forward model
KOPRA (Karlsruhe Optimized and Precise Radiative Trans-
fer Algorithm; Stiller, 2000) and the inversion module
KOPRAFIT (Hopfner et al., 2001), involving a first-order
Tikhonov-type regularization, were used. The retrieval was
performed sequentially, i.e., species with low spectral inter-
ference with other gases were retrieved first. Then, their mix-
ing ratios were kept constant in the subsequent retrievals of
the following species. Additional retrieval parameters were
spectral shift and wavenumber-independent background con-
tinuum for each microwindow. Typical vertical resolutions
of 1-2km were obtained between the lowest tangent altitude
and flight altitude.

2.2.5 Aura/HIRDLS data

The High Resolution Dynamics Limb Sounder (HIRDLS)
was an instrument that performed observations aboard
NASA’s (National Aeronautics and Space Administration)
Aura satellite (Gille et al., 2008). The satellite was launched
into a sun-synchronous orbit at an altitude of 705 km. Dur-
ing launch, large parts (~ 85 %) of the instrument’s aperture
got blocked by a plastic film that was dislocated. This im-
pacted both the performance of the radiometer as well as
the geographical coverage of the observations. Useful ver-
tical scans could only be performed at a single azimuth angle
of 47° backward to the orbital plane on the far side of the
sun. Hence, the latitudinal coverage was limited to 65° S to
82° N and in the longitudinal domain, the coverage degraded
to the orbital separation. On 17 March 2008 the instrument’s
chopper failed, ending the measurement period that started
in January 2005.

Like MIPAS, HIRDLS measured the thermal emission at
the atmospheric limb in the altitude range between 8 and
80km. The instrument had 21 channels in the wavelength
range between 566.9 and 1632.9cm™" (17.64 and 6.12 um).
Profile data are retrieved with a maximum a posteriori re-
trieval based on the optimal estimation theory (Rodgers,
2000). In the present comparison, data from the retrieval ver-
sion 7 are used (Gille et al., 2014). The single profile preci-
sion for both species minimizes between 200 and 100 hPa,
with values in the range between 10 and 20 %. Below, the
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precision is within the order of 50 %, while above it degrades
with increasing altitude to values of more than 100 %. The
mean HIRDLS errors shown in the comparisons are derived
from the variability of the retrieved species (Gille et al., 2014,
Sects. 5 and 5.4.), using the average of 10 sets of 12 con-
secutive profiles of regions with little variability. In total the
HIRDLS data set comprises more than 6.3 million individ-
ual profiles that can be used for comparison with the MIPAS
reduced resolution observations. A one-time normalization
of the HIRDLS radiances relative to the Whole Atmosphere
Community Climate Model (WACCM) was completed, and
applied to all the HIRDLS CFC radiances. This affects the
absolute CFC values but the morphologies and relative val-
ues are unchanged.

2.2.6 SCISAT/ACE-FTS data

The Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) is an instrument aboard the Cana-
dian SCISAT satellite (Bernath et al., 2005). SCISAT was
launched into a high inclination (74°) orbit at 650 km alti-
tude on 12 August 2003. The ACE-FTS instrument utilizes
the solar occultation technique measuring the attenuation of
sunlight by the atmosphere during 15 sunsets and 15 sun-
rises a day in two latitude bands. The viewing geometry and
the satellite orbit allow a latitudinal coverage between 85° S
and 85°N over a year with a clear focus on midlatitudes
and high latitudes. The instrument scans the atmosphere be-
tween the middle troposphere and 150 km, obtaining spectra
in the wavelength range between 750 and 4400 cm~! (13.3
and 2.3 um) with a spectral resolution of 0.02 cm™'. The ver-
tical sampling varies as function of altitude and is also de-
pendent on the beta angle, which is the angle between the
orbit track and the direction the instrument has to look to see
the sun. In the middle troposphere the sampling is around
1 km, between 10 and 20 km altitude it is typically between 2
and 3.5 km and in the upper stratosphere and mesosphere the
sampling declines to 5 to 6 km. The instrument has a field of
view of 1.25 mrad which corresponds to 3—4 km depending
on the exact observation geometry.

In the comparisons, ACE-FTS data from the retrieval ver-
sion 3.5 are employed, which currently cover the time period
from early 2004 into 2013. The ACE-FTS retrieval uses a
weighted nonlinear least-squares fit method in which pres-
sure and temperature profiles are derived in a first step, fol-
lowed by the volume mixing ratios of a vast number of
species (Boone et al., 2005). The retrieval of CFC-11 data
utilizes spectral information from four microwindows. The
main window is located between 830 and 858 cm™! (12.05
and 11.65um), similar to the MIPAS IMK/IAA retrieval.
The other microwindows are much smaller and are cen-
tered at 2976.5cm™! (3.35um), 1977.6cm™" (5.06 um) and
1970.1cm™" (5.08 um). However, the latter microwindows
do not contain information on CFC-11 but are included to
improve the retrieval for interfering species (Boone et al.,
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2013). Individual profiles exhibit precisions within 5 % up to
almost 20 km, increasing to 40-50 % at the highest altitudes
covered. The ACE-FTS CFC-12 profiles are usually cut off
at higher altitudes than the CFC-11 profiles, but exhibit sim-
ilar precision estimates. The cut-off criteria for CFC-11 and
CFC-12 are empirical functions as follows:

— for CFC-11:

ZiopCFC-11 = 28 — 5 - sin*(p); M

— for CFC-12:

Ztop,CFC-12 = 36 —8-+/sin(p), 2)

where zop,cFc-11 and Zyop,cFc-12 are the altitudes (in kilome-
ters) at which the profile is cut off for CFC-11 and CFC-12,
respectively, and ¢ is the latitude. Overall, there are about
27000 CFC-11 and CFC-12 profiles available for compari-
son, of which 375 cover the MIPAS FR period.

2.2.7 ADEOS-II/ILAS-II

The second version of the Improved Limb Atmospheric
Spectrometer (ILAS-II) was a Japanese solar occultation in-
strument aboard the Advanced Earth Observing Satellite-
II (ADEOS-II), also known as Midori-II Nakajima et al.
(2006). After more than 10 months, on 24 October 2003,
the satellite failed due to a malfunction of the solar pan-
els. ADEOS-II used a sun-synchronous orbit at 800 km
altitude and an inclination of 98.7°, performing typi-
cally 14 orbits per day. The corresponding 28 occulta-
tions covered exclusively higher latitudes, i.e., polewards
of 64° in the Southern Hemisphere and between 54 and
71° in the northern counterpart. The instrument consisted
of four grating spectrometers, obtaining spectral informa-
tion in the infrared (spectrometer 1: 6.21-11.76 um/850—
1610cm™; spectrometer 2: 3.00-5.70 um/1754-3333 cm™!;
spectrometer 3: 12.78-12.85um/778-782cm™') and very
close to the visible wavelength range (spectrometer 4: 753—
784nm/12755-13280cm ™).

The instantaneous field of view was 1km in the vertical
domain and between 2 and 21.7 km in the horizontal domain,
depending on the spectrometer.

In the comparisons we employ results from the latest re-
trieval version 3. The retrieval is based on an onion peeling
method Yokota et al. (2002). Multiple parameters for gases
and aerosols are derived simultaneously on a 1km altitude
grid using a least-squares fit (Oshchepkov et al., 2006).The
CFC results are based on the spectrum obtained by spectrom-
eter 1 that is fitted in its entirety. For the comparisons with
MIPAS more than 5600 individual profiles are available, cov-
ering the time period from April to October 2003 Nakajima
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et al. (2006), and thus provide comparison measurements for
the MIPAS FR period. For sunrise measurements, only mea-
surements below 34 km were considered as suggested by the
data provider.

2.2.8 HATS data

HATS denotes the Halocarbons and other Atmospheric Trace
Species group at NOAA’s (National Oceanic and Atmo-
spheric Administration) Earth System Research Laboratory
in Boulder (USA). Since 1977 this group has conducted
observations of surface levels of N,O and several CFCs,
providing a long-term reference (e.g., Elkins et al., 1993;
Montzka et al., 1996). These measurements are analyzed by
gas chromatography, either with electron capture detection
or with detection by mass spectrometry. The observations
started at six locations; currently 15 locations are covered
on all continents except Asia. Data from different measure-
ment techniques and instruments are combined to provide
the longest possible monthly mean time series for the indi-
vidual locations. In the comparison we check whether the
tropospheric MIPAS observations exceed the upper volume
mixing ratio limit that is given by the HATS observations
and whether their temporal development is consistent. HATS
data are available for more than a dozen stations during
the MIPAS measurement period. Their measurements were
weighted with the cosine of latitude, and an average was cal-
culated for each month.

3 Validation methods

In order to reduce the influence of natural variability and
sampling artifacts, the majority of the comparisons were per-
formed using collocated pairs of measurements. During this
study, the coincidence criteria applied in most of the cases
were a maximum distance of 1000 km and maximum time
difference of 24 h. In the case of HIRDLS the criteria were
cut down to a distance of 250km and a time difference of
6h, due to the large number of measurements of the instru-
ment. No measurement is taken into account twice, mean-
ing that only the best coincidence is taken in cases where
two measurements of one instrument collocate with the same
measurement of the other instrument. For MIPAS-B compar-
isons, diabatic 2-day forward and backward trajectories were
calculated by the Free University of Berlin (J. Abalichin, pri-
vate communication, 2014). The trajectories are based on
ECMWEF 1.25° x 1.25° analyses and start at different alti-
tudes at the geolocation of the balloon observation to search
for a coincidence with the satellite measurement along the
trajectory path within a matching radius of 1h and 500 km.
Data of the satellite match have been interpolated onto the
trajectory match altitude, such that these values can be di-
rectly compared to the MIPAS-B data at the trajectory start
point. The MIPAS averaging kernels were not applied in any
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of the comparisons, due to two reasons. First of all, most of
the instruments used for comparison have a vertical resolu-
tion similar to that of MIPAS. In addition, the vertical profiles
of CFC-11 and CFC-12 are very smooth. They do not con-
tain any obvious extrema — as, for example, ozone does — and
thus smoothing with the MIPAS averaging kernel was shown
to have only minor effects on the profiles.

The data of remote sensing instruments used for the com-
parison were interpolated onto the MIPAS retrieval grid,
which is a fixed altitude grid with 1km spacing in the alti-
tude range relevant for comparison of CFC-11 and CFC-12.
When provided on an altitude grid, the instruments’ measure-
ments were interpolated linearly onto the MIPAS grid, while
in the case of a pressure grid, the MIPAS pressure—altitude
relation was used after logarithmic interpolation.

For the comparison of MIPAS-STR, HIRDLS, ACE-FTS
and ILAS-II, we use the following statistics: the mean differ-
ence:

1 n
MD = . z (i, MIPAS — Xi,comp) ; (3)
i=1

the standard deviation (SD) of the differences:

1 n
Z ((x7.M1PAS — i .comp) — MD)Z: )

i=1

OAx =
n—1

the standard error of the mean differences:

OAx
oxy = ; %)
Ax \/Z
and the combined error of the measurements:
Ocombined = \/o'mezm.MIPAS2 + Umeun.compz» (6)

where omean are the averaged random errors of the respective
instruments. oz is the adequate quantity for the assessment
of the mean difference.

Correspondingly, if the combined error is smaller than the
standard deviation of the differences, this hints at error es-
timates being too small, e.g., if not all sources of errors are
considered or the retrieval error is underestimated. Since the
measurements are not taken exactly at the same location and
time, natural variability also contributes to differences be-
tween the combined error and the standard deviation (von
Clarmann, 2006).

For comparisons to the HATS network, MIPAS measure-
ments at 3km below the tropopause are used. The altitude
where the tropopause is located was calculated from each
MIPAS temperature profile as follows.

— Between 25° S and 25° N the altitude at 380 K potential
temperature was used.

— At higher latitudes the WMO criterion was used, e.g.,
the altitude where the vertical temperature gradient
drops below 2K km™! and remains that small within a
layer of 2 km.
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The MIPAS CFC mixing ratio at 3 km below the tropopause
altitude is chosen for each MIPAS profile. Cases for which
the estimation of the tropopause height went obviously
wrong were rejected. All available MIPAS measurements are
used. To increase comparability of the data sets, monthly
zonal means were calculated from MIPAS measurements in
10° bins. In addition, these zonal means (and their standard
deviation) were weighted with the cosine of the latitude to
simulate the approach performed for the HATS data. Since
some of the MIPAS detectors were shown to have time-
dependent nonlinearity correction functions due to detector
aging (Eckert et al., 2014), we estimated drifts caused by
this feature from a small subset of data. The comparison
with HATS exhibits differences in the trends of MIPAS and
the HATS time series. We compared the differences in these
trends with the drift estimated due to detector aging. For the
latter we calculated the mean drift by interpolating the drifts
to 3km below the tropopause and weighting them with the
cosine of the latitude.

4 Validation results

The comparisons between MIPAS and the independent
measurements were performed by applying the validation
schemes described in Sect. 3. The results of these compar-
isons are discussed in the following, first for CFC-11 and,
subsequently, for CFC-12. The mean distance and time for
comparisons based on collocated measurements (e.g., with
MIPAS-STR, HIRDLS, ACE-FTS and ILAS-II) are shown
in Table 2.

4.1 CFC-11: reduced spectral resolution period (RR)
4.1.1 Results CFC-11: cryosampler

Multiple MIPAS profiles are compared to those of the
cryosampler (Fig. 2). For each cryosampler profile (black
dots), several MIPAS profiles meet the coincidence criteria
(blue-grayish lines). The latter cover a considerable range
of variability. The closest MIPAS profile (blue solid line)
matches the cryosampler profile remarkably well in all five
cases, with maximum differences of 30 pptv (~ 13 %), except
for the 10-15km region on 3 October 2009 (right column,
bottom panel). In addition, the mean of all coincident MIPAS
profiles (red line) agrees reasonably well with the cryosam-
pler profile, suggesting that the air within the entire region
meeting the coincidence criteria is well represented by the
cryosampler. Contrary to that, the respective seasonal zonal
mean of MIPAS measurements (light orange line) occasion-
ally deviates considerably from the actual measurements,
particularly on 1 April 2011. On the other hand, the same sea-
sonal mean (March/April/May 2005-2011) can agree well
with the collocated mean and the closest MIPAS profile as
well as the cryosampler measurement as for the comparison
on 10 March 2009 (lower right panel). This confirms that
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Table 2. Mean matching distance and time for comparisons based on collocated measurements.

Envisat/MIPAS data set MIPAS-STR  Aura/HIRDLS  SCISAT/ACE-FTS ILAS-1II
CFC-11 FR-period - - 356km-6.24h  365km-3.25h
CFC-12 FR-period - - 328km-5.59h  365km-3.25h
CFC-11 RR-period 172km-1.76h  199km-2.89h 376km-5.84h -
CFC-12 RR-period 172km-1.76 h 199km-89h 379km-5.99h -

CFC-11, 08.06.2005

CFC-11, 26.06.2005
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Figure 2. Comparison of a climatological mean of MIPAS CFC-11 measurements (light orange line), collocated measurements (blue-grayish
lines) and their mean profile (red line) and the closest MIPAS profile (blue line) with different flights of the cryosampler (black dots).

both the cryosampler and MIPAS can reliably detect atmo-
spheric conditions deviating largely from the climatological
state. Similar patterns were found for the 1 April 2011 com-
parison of MIPAS and cryosampler for other trace gases for
this specific cryosampler flight (Chirkov et al., 2016). In this
particular case, strong stratospheric subsidence has led to ex-
traordinarily low mixing ratios of CFCs. This uncommon at-
mospheric situation went along with substantial ozone de-
struction (Manney et al., 2011; Sinnhuber et al., 2011).

4.1.2 Results CFC-11: Mark IV

Only one measurement of the balloon-borne MkIV instru-
ment (black line in Fig. 3) coincides with MIPAS measure-
ments during the RR period. Three collocated profiles of
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MIPAS (blue-grayish lines) were found, of which also the
mean profile (red line) and the closest profile (blue line) are
shown. Up to approximately 25 km, the MKIV profile reports
higher mixing ratios than all of the MIPAS profiles, espe-
cially compared with the closest MIPAS profile. However,
the gradient of the MkIV profile and all MIPAS profiles is
very much alike between ~ 17 and 24 km. Contradictory to
the comparison with the cryosampler, the closest coincident
MIPAS profile deviates most from the MKIV profile through-
out the whole altitude range. While the three collocated mea-
surements lie within the MKIV error bars from the lower
end of the profiles up to ~ 17 km, this is generally not the
case from that altitude upwards, but only around the cross-
ing point of the MKIV profile with the MIPAS profiles at
about 25-26 km. Up to that altitude, the MKIV profile ex-
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Figure 3. Comparison of one MkIV CFC-11 profile (black line)
with three coincident profiles of MIPAS (blue-grayish lines). The
closest (blue line) and the mean (red line) of these profiles are shown
in addition. The MKIV error estimates are inferred from the fit resid-
uals.

hibits higher mixing ratios of CFC-11 than MIPAS, while
above, MKIV shows lower, mostly negative values. However,
the differences with the MIPAS mean profile rarely exceed
20 pptv, except for around 20 km where we find deviations of
up to 30 pptv. This corresponds to less than 10 % at the lower
end of the profile and up to 15 % around 20km. Velazco
et al. (2011) found similar differences in their comparisons
of ACE-FTS and MKIV, which are based on noncoincident
validation using a potential vorticity/potential temperature
(PV/Theta) coordinate system (Manney et al., 2007). They
also find largest deviations of the profiles around or slightly
below 20 km, with maximum differences of up to ~ 18 % and
minimum differences of the order of ~5 % around 17 km.
Above 20 km, the mean profile of MIPAS and the MKIV pro-
file agree well. Differences mainly stay within 10 %, except
for above 26 km where MKIV mixing ratios become negative.
Considering the small number of coincident MIPAS profiles
(3), the instruments agree reasonably well below 20 km and
well between 20 and 26 km.

4.1.3 Results CFC-11: MIPAS-B

For the comparison with two independent measurements
of MIPAS-B, trajectory-corrected profiles of the instrument
were used (Fig. 4, Sect. 3). In the comparison for the
MIPAS-B flight of 24 January 2010, the agreement with
MIPAS is remarkably good above ~ 18 km as it stays well
within 10 pptv. Below this altitude the mean profile of all
collocated MIPAS measurements (Fig. 4: upper left panel;
solid red line) shows higher values than the MIPAS-B pro-
file (solid black line). However, the values of all collocated
MIPAS profiles (red squares) cover a wider range, such that
the MIPAS-B profile lies within their spread at all altitudes.
The profiles deviate by approximately 30 pptv (~ 30 %) at
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Figure 4. Comparison of a mean profile of MIPAS CFC-11 col-
located measurements (left panels: red line) with a profile of
MIPAS-B (black line) obtained on 24 January 2010 (upper panels)
and 31 March 2011 (lower panels) at Kiruna. The error bars (lo;
left panel) show the total error without the spectroscopy error for
MIPAS and MIPAS-B. The difference is shown in absolute (middle
panels) and relative (right panels) terms. The dotted red line is the
standard deviation and the dashed blue line is the combined error
which consists of the root of the squared error of MIPAS-B and the
MIPAS mean.

the largest around 16-17km (middle and right panel) and
stay within 20 pptv (corresponding to ~ 10 % at the lower
end of the profile) for the rest of the covered altitude range.
Throughout the whole vertical extent, MIPAS shows higher
mixing ratios of CFC-11. However, the bias does rarely ex-
ceed the standard deviation of the differences. Large percent-
age errors above 19km occur due to division by very small
absolute amounts of CFC-11 at these altitudes. The com-
bined error shows the total error estimate for both instru-
ments. However, the error component of the spectroscopy
was left out, since both instruments use the same spectro-
scopic data, meaning this effect should cancel out and thus
cannot explain possible differences between the combined
error and the standard deviation. Below 15 km, the combined
error of the two instruments and the standard deviation of
the differences are similar, except for the lowermost point of
the profile. Above this altitude the combined error is consid-
erably smaller than the standard deviation, hinting at either
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an underestimation of the error by one or both of the instru-
ments. Natural variability cannot be excluded as a source of
the deviation either. The MIPAS profile is smoother, presum-
ably due to several measurements being averaged to a mean
profile. The flight on 31 March 2011 (Fig. 4, lower panels)
supports the conclusions drawn from the first comparison.
Maximum differences are slightly larger (close to 35 pptv at
the largest). The largest deviations between the MIPAS mean
profile and the measurements of MIPAS-B appear at altitudes
around 13 km, and, here, exceed the standard deviation of the
differences. Around 17km a second peak occurs in the dif-
ferences, which is at similar altitudes as for the first compar-
ison. Similar as for the first comparison, the combined error
and the standard deviation of the differences are very close,
while the standard deviation of the differences is significantly
larger than the combined error above this altitude. This rather
hints at an underestimation of the error by one or both in-
struments above ~ 15km than the feature being attributed
to natural variability. In general, both comparisons support
the impression of MIPAS showing slightly higher values of
CFC-11 below ~ 18 km, even though the MIPAS-B profile
is still included within the spread of all MIPAS collocated
profiles (left panel: red squares). The shape of the profiles,
in terms of slope and reversal points, agrees well for both
comparisons. Differences might be due to horizontal view-
ing direction and/or horizontal smoothing by the MIPAS-B
measurement, since the observations are combined using tra-
jectories which are associated with the localized coordinates.
This is most important in the presence of pronounced atmo-
spheric structures and strong gradients, e.g., the mixing bar-
rier associated with the polar vortex.

4.1.4 Results CFC-11: MIPAS-STR

Seven profile pairs of collocated measurements were found
for comparisons of MIPAS with MIPAS-STR (Fig. 5). The
comparison is performed using mean profiles, rather than
comparing each set of collocated pairs. Since MIPAS-STR
profiles were originally retrieved on a finer altitude grid (left
panel; blue line) than MIPAS profiles (red line), these pro-
files were interpolated onto the MIPAS grid (black line). The
agreement of the profiles is good and the vertical structure
is similar, showing minimum differences around 16-17 km
for both instruments. Differences are largest at the bottom
end of the profiles at 8 km (middle panel). However, they
do not exceed 30 pptv (corresponding to up to ~ 15 % be-
low 12km and up to ~20 % around 14km at the largest)
throughout the rest of the profile and are not significant for
the majority of the altitude levels. Above 14 km, the differ-
ences mainly stay within 10 pptv corresponding to ~3 to
15 %. The mean difference oscillates around zero, which is
most pronounced at altitudes below ~ 15 km. As for the com-
parison with MIPAS-B, the total error is shown for both in-
struments but the spectroscopy error is left out because MI-
PAS and MIPAS-STR use the same spectroscopic data. The
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Figure 5. Comparison of mean profiles of MIPAS CFC-11 (left
panel, continuous red line) and MIPAS-STR (left panel, continuous
black line) for seven collocated measurements taken during a flight
on 2 March 2010. The error bars consist of the total error with-
out the spectroscopy error for both MIPAS and MIPAS-STR. The
dashed lines show the median of each data set. The middle panel
shows the mean difference (blue) of these profiles and the standard
error of the mean. The right panel shows the combined error (pur-
ple) of the instruments and the standard deviation of the differences

(brown).

standard deviation of the differences (right panel; brown line)
exceeds the estimated combined error (purple line) for most
of the covered altitude range. It is rather likely that this differ-
ence is due to natural variability than an underestimation of
the error budget of either instrument, since there is also a re-
gion (around 12 km) where this is the opposite, even though
the mean distance and time difference are only about 170 km
and 1 h 45 min, respectively (see Table 2).

4.1.5 Results CFC-11: HIRDLS

The results of the comparison of MIPAS CFC-11 with that of
HIRDLS are displayed in Figs. 6-8. Figure 6 shows that the
HIRDLS profiles scatter the most at the ends of the profiles,
e.g., at rather high altitudes (around ~ 30 km; blue-greenish
points) and the lowermost altitudes (around ~ 10km; red-
yellowish points). It is also apparent that the measurements
of HIRDLS CFC-11 cover a large range of values at all al-
titudes, which is evident in the large scatter throughout the
whole vertical extent, with the largest spread at the lower
end of the profiles, i.e., at high CFC-11 mixing ratios. Neg-
ative CFC-11 values do not exist in the HIRDLS results be-
cause the retrieval for the volume mixing ratio is logarithmic.
The histograms shown in Fig. 7 give a more detailed picture
of the frequency distributions of the CFC-11 mixing ratios
of MIPAS (top panels) and HIRDLS (bottom panels) mea-
surements at 16km (left panels) and 23 km (right panels).
The mean and the median are close in all four cases. Both
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Figure 6. Correlation of collocated MIPAS CFC-11 measurements
with HIRDLS measurements during the time period of 2005 to
2008.
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Figure 7. Histogram of collocated MIPAS CFC-11 measurements
(top panels) and HIRDLS measurements (bottom panels) for the
years of 2005-2008 at 16 km (left panels) and 23 km (right panels).
The black line indicates the location of the mean of the sample,
while the red dashed line marks the median.

at 16 and at 23km, MIPAS seems to see a bimodal distri-
bution (which is much more pronounced at 23 km), while
HIRDLS only exhibits one obvious peak at 16km and a
slight shoulder, which seems to be a smeared-out second
mode, at 23 km. In both cases HIRDLS does not see the dis-
tinct second mode at higher values visible in MIPAS mea-
surements around 250 pptv at 16 km and around 150 pptv at
23 km. The peak at lower mixing ratios appears around sim-
ilar values for both instruments, slightly below 200 pptv at
16 km and between 0 and 50 pptv at 23 km. The maximum
is shifted slightly towards lower mixing ratios in the case of
HIRDLS.
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Figure 8. Comparison of mean profiles of MIPAS CFC-11 (left
panel, continuous red line) and HIRDLS (left panel, continuous
black line) for the years of 2005-2008. The error bars include the
total error in the case of MIPAS and the estimated error — which
is derived from the average of 10 sets of 12 consecutive profiles
of regions with little variability (Gille et al., 2014) — in the case of
HIRDLS. The dashed lines show the median of each data set. The
middle panel shows the mean difference (blue) of these profiles and
the standard error of the mean. The right panel shows the combined
error (purple) of the instruments and the standard deviation of the
differences (brown).

The comparison of the mean profiles (Fig. 8, left panel),
which are calculated from more than 90 000 collocated pro-
files of HIRDLS (black) and MIPAS (red) over all lati-
tudes, shows good agreement of the two instruments down
to ~16km. Deviations stay within 10-15 pptv above this
altitude. Below, MIPAS continuously shows higher mixing
ratios of CFC-11 than HIRDLS (middle panel), with dif-
ferences reaching as high as 60 pptv at the bottom end of
the profile. This presumably reflects the more pronounced
second mode in the MIPAS frequency distribution (Fig. 7).
However, MIPAS CFC-11 mixing ratios are no more than
40 pptv (~20 %) larger than those of HIRDLS at altitude
ranges between 9 and 16 km. At the bottom end of the pro-
files, the largest deviations of the mean profiles of MIPAS
and HIRDLS can be found. The error bars (left panel) shown
for MIPAS depict the total error, while HIRDLS error bars
represent an estimated error, derived from 10 sets of 12 con-
secutive profiles at regions of little variability (Gille et al.,
2014). In the right panel, the combined error is compared to
the standard deviation of the differences. The covered ver-
tical range of the combined error is smaller, since HIRDLS
error estimates were only given for these altitude levels. Pre-
sumably, a combination of an underestimation of either or
both error budgets and natural variability result in the differ-
ences between the combined error and the standard deviation
of the differences. Due to the fact that the coincidence crite-
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Figure 9. Correlation of collocated MIPAS CFC-11 measurements
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2012.
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Figure 10. Histogram of MIPAS CFC-11 measurements (top pan-
els) and ACE-FTS measurements (bottom panels) for the years
2005-2012 at 16km (left panels) and 23 km (right panels). The
black line indicates the location of the mean of the sample, while
the red dashed line marks the median.

ria allow for certain differences in time and geolocation, the
mean distance between the collocated measurements is ap-
proximately 200 km and the time difference is nearly 3 h (Ta-
ble 2). However, this effect is presumably less important than
for the comparison with, e.g., ACE-FTS for which the mean
distance and time difference are about twice as large as for
the comparison with HIRDLS. Overall, the agreement of MI-
PAS and HIRDLS CFC-11 measurements is excellent down
to approximately 15 km as differences rarely exceed 10 pptv.
Below that altitude, MIPAS exhibits a slight high bias. How-
ever, it is important to remember that HIRDLS CFC radi-
ances have been normalized using WACCM, so slight biases
might also occur because of this.
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4.1.6 Results CFC-11: ACE-FTS

The correlation between MIPAS and ACE-FTS CFC-11
measurements (Fig. 9) is very close to linear, even though
MIPAS measures slightly higher CFC-11 values in general.
This is most obvious at higher CFC-11 mixing ratios, e.g.,
at lower altitudes (red-yellowish points) where the correla-
tion is slightly off the 1:1 relation. The values do not scat-
ter as much as for HIRDLS, presumably due to the fact that
in the case of ACE-FTS the signal to noise ratio is better,
since it measures in occultation. The distribution of the mix-
ing ratios at 16km (Fig. 10: left panels) and 23 km (right
panels) agree reasonably well for the two instruments. The
skewness is very similar for both instruments, but the multi-
modal scheme is more pronounced for ACE-FTS at 16 km.
A frequency maximum of mixing ratios appears slightly be-
low 200 pptv in the case of MIPAS and between 150 and
200 pptv in the case of ACE-FTS. There is a second peak
around 250 pptv in the ACE-FTS measurements which is less
pronounced in the MIPAS values. At 23 km, both instruments
show a bimodal distribution of the mixing ratios, with values
peaking between 0 and 50 pptv and close to 150 pptv. The
ACE-FTS frequency distribution exhibits an additional peak
at negative values, which are unphysical. The upper limit of
the ACE-FTS CFC-11 retrieval for the polar region is 23 km.
For these occultations, the spectrum presumably contains lit-
tle CFC-11 signal near 23km and the retrieval is possibly
compensating for some effect (e.g., bad residual from one of
the interferers, mild channeling in the interferometer, a con-
tribution to the spectral region from the aerosol layer) by giv-
ing negative CFC-11 mixing ratios. Similar to HIRDLS, the
main mode at 23 km is shifted to slightly lower values in the
case of ACE-FTS compared to MIPAS.

The figure of the mean profile comparison (Fig. 11) sup-
ports the conclusion from Fig. 9 that MIPAS sees higher vol-
ume mixing ratios of CFC-11. This is most pronounced at
lower altitudes, approximately below ~ 17-18km (left and
middle panel), where MIPAS CFC-11 mixing ratios (red
line) are about 20 pptv (less than 10 %) higher than those
of ACE-FTS, both compared to ACE-FTS on its original
grid (blue line) and interpolated onto the MIPAS grid (black
line). Again, MIPAS error bars represent the total error. The
ACE-FTS errors are the random errors from the least-squares
fitting process, the square root of the diagonal elements of
the covariance matrix. Additionally, the error budget of the
version 3.5 ACE-FTS data contains an additional term in the
reported error. This term is derived from the difference be-
tween a retrieved CO; volume mixing ratio (VMR) profile
and the assumed CO, VMR profile employed in the pres-
sure/temperature retrieval and is a measure of the ability of
the retrieval system to reproduce the fixed input profile for
the given occultation (Boone et al., 2013). The right-hand
panel shows that the combined error (purple line) is often
larger than the standard deviation of the differences (brown
line) for almost the complete altitude range. This suggests
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Figure 11. Comparison of mean profiles of MIPAS CFC-11 (left
panel, continuous red line) and ACE-FTS (left panel: blue line
denotes ACE-FTS on native grid; continuous black line denotes
ACE-FTS interpolated onto the MIPAS grid) for the years of 2005—
2012. The error bars include the total error for MIPAS and the ran-
dom errors from the least-squares fitting process for ACE-FTS. The
dashed lines show the median of each data set. The middle panel
shows the mean difference (blue) of these profiles and the standard
error of the mean. The right panel shows the combined error (pur-
ple) of the instruments and the standard deviation of the differences
(brown).

that for one or both of the instruments, the error budget is
overestimated, but rather large natural variability compen-
sates the effect where the standard deviation of the differ-
ences exceeds the combined error. The latter plays a more
important role than for e.g., HIRDLS, since the coincidence
criteria for ACE-FTS with MIPAS are considerably less strict
compared to those of the HIRDLS comparison and the mean
distance and mean time difference are about 350km and
more than 6 h, respectively (Table 2) and thus are about twice
as large as those of the HIRDLS comparison.

Around 25 km (left panel) one can see a feature not known
from any previous CFC-11 profiles, represented as a bump of
suddenly increasing values. This increase in CFC-11 around
25 km does not originate from an actual atmospheric state,
but is simply a sampling issue. ACE-FTS profiles are cut off
at the upper end, when the mixing ratios become too small to
be retrieved satisfactorily. Since CFC-11 values are largest in
the tropics, the profiles are cut off at higher altitudes than in
polar regions; i.e., above 23 km only tropical — higher — val-
ues are shown. However, Fig. 11 shows the global mean of
all collocated ACE-FTS and MIPAS profiles. Hence, around
25km the mean is suddenly strongly dominated by tropi-
cal profiles, dragging it to higher values. Furthermore, it is
admittedly not intuitive that regridding systematically adds
a bias to the ACE-FTS profiles (interpolation from blue to
black line). This shift towards mixing ratios valid at approxi-
mately 0.5 km below does not appear in the interpolated sin-
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gle profiles but only in the mean of the interpolated profiles.
This is a pure sampling effect caused by the same mechanism
as the artificial bump explained above: due to the resampling
on the MIPAS grid, the ACE-FTS cut-off altitude — and thus
the bump — are shifted 500 m downwards.

Overall the MIPAS and ACE-FTS CFC-11 measurements
agree reasonably well as the differences stay within 20 pptv
over almost the entire altitude range. This comparison contra-
dicts the conclusion from other comparisons that MIPAS has
a slight high bias at the lower end of the profile, even though
the effect is far less pronounced. If the comparison is bro-
ken down into latitude bands (Fig. A2) the bump disappears.
In addition, this breakdown into several latitude bands indi-
cates that the tendency of MIPAS to detect higher amounts of
CFC-11 at the lower end of the profile is more pronounced
at higher latitudes. Similar results have been found by Tegt-
meier et al. (2016), who also find a slight high bias in their
comparison of MIPAS and a multi-instrument mean (MIM)
CFC-11 that seems to be more pronounced at higher lati-
tudes. This feature is also visible in the latitudinal breakdown
of the comparison with HIRDLS (Fig. A1l).

The behavior of the tropical profiles in these figures is
also interesting. Compared to ACE-FTS, the MIPAS pro-
file shows slightly increasing CFC-11 mixing ratios up to
~15km. An increase, from the bottom of the profile up-
wards, is also visible in ACE-FTS, but it is far less pro-
nounced. The latitudinal breakdown for HIRDLS and MI-
PAS shows that this increase is most pronounced in HIRDLS.
This behavior of the mean profile is suspicious, since CFC-
11 mixing ratios are expected to be constant throughout the
troposphere, since CFC-11 is well mixed, which might hint at
problems concerning the retrieval and/or spectroscopic data
in this region.

4.1.7 Results CFC-11: HATS

The high bias of MIPAS CFC-11 below approximately 15—
17 km detected so far is further quantified by comparison to
ground-based measurements of the HATS network (Fig. 12).
Similar mixing ratios of stable source gases are to be ex-
pected at the surface and in the upper troposphere. Instead,
the mean of the MIPAS measurements (continuous red line
with large red circles) is about 10 to 15 pptv (~ 5 %) higher
than the mean of the data collected by the HATS network
(continuous black line). Since the troposphere is well mixed,
these values should agree well, which indicates a slight high
bias of the MIPAS measurements. Both MIPAS and the
HATS data exhibit a descending slope during the RR period
(2005-2012 in Fig. 12) in their time series, but the decrease
in MIPAS measurements seems to be slightly steeper. This
effect is slightly more pronounced than the estimated drift
at this altitude (Sect.7, Fig. 34, left panel). Absolute drifts
due to detector aging at 3 km below the tropopause were es-
timated to be —3.58 pptv decade~!. The drift estimated from
the difference in the trend in Fig. 12 is —6.66 pptv decade ™!
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Figure 12. Comparison of MIPAS CFC-11 values at 3km below
the tropopause (red) and ground-based measurements of the HATS
network (black). Dashed lines denote the standard deviation.

(see Sect. 3 for details on the method). Therefore, only part
of the difference in the trends can be explained by the drift
resulting from detector aging. However, the drift estimate
due to detector aging is only based on drifts between 35° S
and 35° N. Trends in the comparison with HATS result from
measurements with almost pole to pole coverage. Thus, the
comparison between the drift due to detector aging and the
difference in the trends can only serve as an approximation.
The amplitude of periodic variations is slightly more pro-
nounced in MIPAS measurements, but qualitatively, both in-
struments agree well. The standard deviation of the MIPAS
data (dashed red line with small red circles) shows that the
spread is rather large which is not surprising, considering
that the mean includes all MIPAS measurements within this
time period, which have a wider spread than the locally con-
fined HATS measurements. Even though some HATS data lie
within the standard deviation of the MIPAS measurements,
the difference is obviously systematic, supporting the find-
ing that MIPAS CFC-11 is too high in the upper tropopause.

4.2 CFC-11: high spectral resolution time period (FR)

Due to data availability we only compare MIPAS CFC
measurements during the FR period with those of MKIV,
ACE-FTS, ILAS-11 and HATS.

4.2.1 Results CFC-11 V5H: MKIV

During the high spectral resolution (FR) period, two MKIV
measurements are coincident with several MIPAS measure-
ments (Fig. 13). While 16 MIPAS profiles were found to co-
incide with the MKIV profile taken on 16 December 2002,
we find even 25 matches for the MkIV measurement taken on
1 April 2003. The color coding is the same as in Fig. 3, show-
ing collocated MIPAS measurements (blue-grayish lines),
the mean of these profiles (red line) and the closest MI-
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Figure 13. Two MkIV CFC-11 profiles are compared with collo-
cated MIPAS profiles of the FR period. For the measurement on 16
December 2002, 16 collocated MIPAS measurements were found,
while 25 MIPAS profiles coincided with the 1 April 2003 MkIV
measurement. The setup is similar to Fig. 3.

PAS profile (blue line) compared to the corresponding MkKIV
measurement (black line). The agreement is excellent up to
15-16 km with differences of less than 20 pptv (up to 10 %),
while above that altitude MIPAS shows considerably higher
values than MKIV for the 16 December 2002 measurement
of MKIV. Above 21 km, MKIV even shows negative values
at some altitude levels. The second comparison shows larger
differences approximately around 15km, but the agreement
with the mean profile of the coincident MIPAS measure-
ments is excellent below that altitude and up to about 20 km.
Deviations of MKIV with the MIPAS mean profile range up
to ~30pptv in both cases, while larger differences show
up for comparisons to the closest MIPAS profile on 1 April
2003. These differences exceed 50 pptv around 15 km. How-
ever, the agreement between MIPAS and MKIV measure-
ments of CFC-11 is similarly good for the FR and the RR
period.

4.2.2 Results CFC-11 V5H: ACE-FTS

For the comparison of MIPAS CFC-11 with ACE-FTS, 171
profile pairs matching the coincidence criteria were found
during the FR period (Fig. 14). As in the case of the MI-
PAS RR period, the ACE-FTS data were interpolated from
their original grid (left panel: blue line) onto the MIPAS grid
(black line) and were, after averaging, compared to MIPAS
data (red line). Between 10 and 20km the agreement be-
tween the two mean profiles is excellent, while below and
above, MIPAS shows higher mixing ratios of CFC-11. From
10 up to 20 km, deviations of the mean profiles mostly stay

Atmos. Meas. Tech., 9, 3355-3389, 2016



A.2. MIPAS IMK/IAA CFC-11 (CCIF) and CFC-12 (CClyF3) measurements:

accuracy, precision and long-term stability

09

3370

CFC-11 mean profiles, 139 matches Differences Precision
T

E. Eckert et al.: MIPAS IMK/IAA CFC-11 and CFC-12: accuracy, precision and long-term stability

CFC-11 mean profiles, 5046 matches Differences Precision
T T T

T T T 30 30
—_ MIPAS — ACE

MIPAS SDof Dif
ACE v35 on s grid ‘Combined error
ACE V3.5 on new grid
MIPAS median — — - -
ACE_v3.5 median — - — —

[E—

T 30 [T

| sootoit.
Coinedaror —— |

WASzonisoid —
TEAS2 on new grid

ILAS2 median — - - -

25 !

‘ \
25‘ \

/
20 /

20 S !

[
Lol

0 50 100 150 200 250 300
VMR / ppiv

30-20-10 0 10 20 30
VMR / pptv

0 10 20 30 40 50 60
VMR / pptv

Figure 14. Comparison of mean profiles of MIPAS CFC-11 (left
panel, continuous red line) and ACE-FTS (left panel: blue line
denotes ACE-FTS on native grid; continuous black line denotes
ACE-FTS interpolated onto the MIPAS grid) for February and
March 2004, corresponding to the FR period and the MIPAS
V5H_CFC-11_20 data set. The dashed lines show the median of
each data set. The error bars include the total error for MIPAS and
the random errors from the least-squares fitting process for ACE-
FTS. The middle panel shows the mean difference (blue) of these
profiles and the standard error of the mean. The right panel shows
the combined error (purple) of the instruments and the standard de-
viation of the differences (brown).

within 10-20 pptv (middle panel), corresponding to ~5 %
around 10km and ~30% around 20km. Above and be-
low, the differences are larger and sometimes exceed 30 pptv.
Even though the standard error of the mean differences is
considerably larger than for the RR period (due to far fewer
pairs of collocated profiles), it does not include zero for most
of the covered altitude range, indicating that the deviation
of the profiles is still significant. The error budget of one of
the instruments or both is overestimated below 15km. This
is more pronounced than for the comparison of MIPAS with
ACE-FTS during the RR period.

Even though certain similarities with the MIPAS RR pe-
riod, like the known high bias at the lower end of the pro-
file, occur in the comparison of the MIPAS FR data set with
ACE-FTS, the agreement between the two instruments is bet-
ter than for the RR version in the region between 10 and
20km. This might be ascribed to the better spectral resolu-
tion of MIPAS during the FR period. However, the collocated
measurements for the FR period only consist of profiles taken
at higher northern latitudes. Thus the result may generally ex-
pose differences compared to the RR period, independently
from differences due to the altered MIPAS retrieval setup be-
cause the mean for the RR period consists of measurements
over all latitudes and several years compared to only high lat-
itude profiles taken during February and March 2004 for the
FR period.
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Figure 15. Comparison of mean profiles of MIPAS CFC-11 (left
panel, continuous red line) and ILAS-II (left panel: blue line denotes
ILAS-II on native grid; continuous black line denotes ILAS-II) for
the FR period, corresponding to the MIPAS V5H_CFC-11_20 data
set. The dashed lines show the median of each data set. The error
bars include the total error for both instruments. The middle panel
shows the mean difference (blue) of these profiles and the standard
error of the mean. The right panel shows the combined error (pur-
ple) of the instruments and the standard deviation of the differences
(brown).

4.2.3 Results CFC-11 V5H: ILAS-II

About 5000 matches were found for the comparison of MI-
PAS CFC-11 measurements with ILAS-II (Fig. 15) during
the FR period. However, apart from the approximate alti-
tudes where the vertical gradient changes most rapidly, the
MIPAS (red line) and the ILAS-II mean profile (blue line:
on its original grid; black line: on the MIPAS altitude grid)
do not agree very well. Below 20 km, MIPAS shows higher
mixing ratios of CFC-11 than ILAS-II and lower mixing ra-
tios above that altitude. This is the first comparison with the
newest version of the ILAS-II CFC-11 and CFC-12 data (ver-
sion 3). However, a similar feature has already been seen in
comparisons of ILAS-II CFC-11 version 1.4 and version 2
measurements with MIPAS-B (Wetzel et al., 2008). The dif-
ferences of MIPAS and ILAS-II exceed those of other com-
parisons by far. At the lower end of the profile, deviations go
beyond 100 pptv (middle panel), which corresponds to rela-
tive differences of ~ 50 %. Another conspicuous feature of
this comparison is the very large error bars estimated from
the ILAS-II retrieval (left panel: horizontal black and blue
lines). However, Wetzel et al. (2008) show similarly large er-
ror bars in their comparison of the former version of ILAS-II
with MIPAS-B data. Since the right panel of Fig. 15 demon-
strates that the combined error of the two instruments (pur-
ple line) is far larger than the standard deviation of the dif-
ferences (brown line), we suspect that the ILAS-II errors are
largely overestimated. Above 20 km, Wetzel et al. (2008) also
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Figure 16. Comparison of an ensemble of MIPAS CFC-12 measurements (light orange lines), collocated measurements (blue-grayish lines)
and their mean profile (red line) and the closest MIPAS profile (blue line) with different flights of the cryosampler (black dots).

found higher mixing ratios. All in all, the agreement of MI-
PAS CFC-11 measurements taken during the FR period with
those of ILAS-II is not good as it shows far larger differ-
ences at the bottom end of the profile than comparisons with,
e.g., ACE-FTS or HATS, that are as big as 50 % and also
large deviations at the upper end of the profiles that exceed
100 % above 25 km. Thus, the results for the comparison with
ILAS-II should be treated with care, since large differences
with MIPAS-B and the former versions of ILAS-II have been
found previously.

4.2.4 Results CFC-11 V5H: HATS

The comparison of MIPAS CFC-11 with HATS during the
FR period covers less than 2 years (Fig. 12, July 2002—April
2004). This short time period, along with annual variations,
is an obstacle to the interpretation of the results. While the
MIPAS time series for this period (continuous red line with
large red circles) oscillates around a relatively constant value,
the HAT'S time series (black line) shows declining mixing ra-
tios. Even though some values of the HATS measurements lie
within the standard deviation of the MIPAS measurements,
a systematic deviation is evident. The mixing ratios differ
from values of less than 10 pptv (less than 4 %) at the begin-

www.atmos-meas-tech.net/9/3355/2016/

ning of the compared time series and to slightly higher val-
ues of about 12 pptv (~ 4.5 %) at the end. While we consider
the differences to be real, since the deviations are system-
atic and are consistent with the RR time period, we suggest
being careful not to overinterpret possible short-term linear
variations.

43 CFC-12

This section is dedicated to the results of the comparisons of
MIPAS CFC-12 measurements with those of the cryosam-
pler, MKIV, MIPAS-B, MIPAS-STR, HIRDLS, ACE-FTS
and the HATS network (Figs. 16-26).

4.3.1 Results CFC-12: cryosampler

For CFC-12, as well as for CFC-11, cryosampler measure-
ments (Fig. 16: black dots) were compared to MIPAS mea-
surements. MIPAS measurements fulfilling the coincidence
criteria (blue-grayish lines) exhibit a widely spread set of
profiles enclosing the cryosampler measurements. In most of
the cases, deviations of the cryosampler and the mean col-
located MIPAS profile stay within 50 pptv (corresponding to
~ 10 % at the lower end of the profile and increasing above
due to smaller volume mixing ratios of CFC-12). The clos-
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Figure 17. Comparison of one MkIV CFC-12 profile (black line)
with three coincident profiles of MIPAS (blue-grayish lines). The
closest (blue line) and the mean (red line) of these profiles are shown
in addition. The MKIV error estimates are inferred from the fit resid-
uals.

est of these collocated MIPAS profiles (blue line) agrees very
well with the cryosampler measurements. Only the cryosam-
pler measurement taken on 3 October 2009 exhibits some
outliers, deviating considerably (by ~ 150 pptv) from all co-
incident MIPAS profiles at about 20-25 km, while the rest of
this profile still agrees well (within ~ 50 pptv) with all collo-
cated MIPAS measurements. It is possible that cryosampler
captured variations due to laminae of small vertical extent
here, which cannot be detected by MIPAS as the spatial reso-
lution is too coarse. While the mean of the collocated MIPAS
profiles (red line) comes very close to the cryosampler mea-
surements as well as the closest MIPAS profile, except for
the outliers just mentioned, the seasonal latitudinal mean of
MIPAS (light orange line) can differ considerably from the
cryosampler and the closest MIPAS profile (particularly on
1 April 2011). This provides proof of large natural variability
in this case. As already stated for CFC-11, this is presumably
due to subsidence in the remarkably cold and stable Arctic
polar vortex being present during that winter. Similar as for
CFC-11, in the 10 March 2009 comparison cryosampler, the
closest MIPAS profile as well as the mean MIPAS profile
agree well with the seasonal mean. Therefore, for CFC-12 as
well, we can conclude that both instruments are capable of
capturing deviations from the mean state of the atmosphere.
Even though there are a few cryosampler outliers not match-
ing the MIPAS data, the CFC-12 cryosampler measurements
agree very well with those of the mean and the closest MI-
PAS profile as deviations usually stay within 50 pptv in gen-
eral.
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4.3.2 Results CFC-12: Mark IV

Comparison of MIPAS CFC-12 with MkIV measurements
exhibits a similar behavior as for CFC-11 (Fig. 17) up to
slightly below 30 km. MKIV (black line) shows higher mix-
ing ratios of CFC-12 than both the mean MIPAS profile (red
line) and, even more pronounced, the closest MIPAS profile
(blue line). The gradient of the profiles between ~ 20 and
27 km is similar for all profiles. Above approximately 27 km,
however, the MIPAS profiles oscillate considerably, which is
most apparent in the closest profile. The MKIV profile ex-
hibits small wiggles above that altitude as well, but not as
pronounced as any of the MIPAS profiles. Differences of the
profiles stay within ~ 50 pptv throughout most of the altitude
range between the lower end of the profile up to approxi-
mately 27 km, except for levels around 20 km where differ-
ences sometimes come close to 100 pptv. These values cor-
respond to 10-15 % for most of the profile below 27 km and
slightly over 20 % around 20 km. Velazco et al. (2011) also
find higher values of MkIV compared to ACE-FTS through-
out their whole altitude comparison range, with an indication
of the largest differences occurring around 20 km. However,
they only find differences of up to 15 %. Above 35 km, de-
viations between the MKIV profiles and the MIPAS profiles
are noticeably larger. Up to that altitude, however, the com-
parison of MIPAS with MkIV CFC-12 measurements shows
reasonably good agreement, considering only three coinci-
dent MIPAS profiles were found.

4.3.3 Results CFC-12: MIPAS-B

Multiple MIPAS profiles coinciding with backward and for-
ward trajectories of two MIPAS-B measurements taken over
Kiruna (Sweden) in January 2010 and March 2011 (Fig. 18,
upper and lower panels, respectively), were taken into ac-
count for the CFC-12 validation with MIPAS-B. For the Jan-
uary 2010 MIPAS-B profile (Fig. 18 upper panels: black
line), the agreement with the mean MIPAS profile (red line)
is very good. The MIPAS-B profile is embedded in the spread
of MIPAS collocated profiles (red squares) throughout the
whole vertical range. At altitudes above 17 km, the agree-
ment between MIPAS-B and MIPAS is remarkably good,
showing differences smaller than 25 pptv and closing in to
zero above 21km (middle panel). Below 18km, MIPAS
shows slightly larger values of CFC-12, with differences of
up to ~ 40 pptv (corresponding to ~ 10 %) at the largest. Be-
low ~ 17 km, these differences are similar to the standard de-
viation of the instruments (middle and right panel) and con-
siderably smaller above.

Large percentage errors above ~ 22 km occur due to small
absolute values of CFC-12 from this altitude upwards. Ex-
cept for the region below 14 km, the standard deviation of
the differences exceeds the total mean combined error of the
instruments, suggesting that the error budget for one or both
instruments is underestimated. In the comparison with the
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Figure 18. Comparison of a mean profile of MIPAS CFC-12
collocated measurements (left panels: red line) with a profile of
MIPAS-B (black line) obtained on 24 January 2010 (upper panels)
and 31 March 2011 (lower panels) at Kiruna. The error bars (1o
left panel) show the total error without the spectroscopy error for
MIPAS and MIPAS-B. The difference is shown in absolute (middle
panels) and relative (right panels) terms. The dotted red line is the
standard deviation and the dashed blue line is the combined error
which consists of the root of the squared error of MIPAS-B and the
MIPAS mean.

MIPAS-B measurement taken in March 2011, MIPAS shows
considerably higher mixing ratios of CFC-12 below 15km
and around 18km (Fig. 18, lower panels). From 15km up-
wards, the MIPAS-B profile and the MIPAS mean profile
show good agreement in gradient and turning points of the
profiles and above 19km they also agree very well quan-
titatively as the differences are smaller than 7 pptv, closing
in to zero at some points. Deviations between MIPAS and
MIPAS-B range up to ~ 75 pptv around 12-13 and 18 km
(middle panel) in absolute values, corresponding to relative
differences of approximately 15 and 30 %, respectively (right
panel). However, except for these regions, the two instru-
ments show differences smaller than the standard deviation
of the differences. While the shape of the two profiles is far
more similar in the first comparison (MIPAS-B flight in Jan-
uary 2010), correction of the less than perfect coincidence,
by using trajectories to collect collocated MIPAS measure-
ments, might not have worked that well in this particular
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Figure 19. Comparison of mean profiles of MIPAS CFC-12 (left
panel, continuous red line) and MIPAS-STR (left panel, continuous
black line) for seven collocated measurements taken during a flight
on 2 March 2010. The error bars consist of the total error without the
spectroscopy error for both MIPAS and MIPAS-STR. The dashed
lines show the median of each data set. The middle panel shows the
mean difference (blue) of these profiles and the standard error of
the mean. The right panel shows the combined error (purple) of the
instruments and the standard deviation of the differences (brown).

case. This particular atmospheric situation (winter and spring
of 2011) was characterized by extraordinarily low tempera-
tures and a very stable vortex. Due to possibly sharp hori-
zontal gradients, MIPAS-B might have captured an air parcel
having different characteristics than the mean of all collo-
cated MIPAS profiles, even though trajectory-corrected col-
located profiles were used. Thus deviations due to natural
variability might still occur.

4.3.4 Results CFC-12: MIPAS-STR

The comparison of MIPAS-STR and MIPAS mean profiles
consists of seven pairs of collocated measurements (Fig. 19).
The mean profiles of MIPAS-STR (blue line: on original
grid; black: interpolated onto the MIPAS grid) and MIPAS
(red line) agree very well. The minimum occurs around the
same altitudes (approximately 17 km) and both profiles show
a similar behavior of decreasing CFC-12 volume mixing ra-
tios from the bottom of the profile up to the minimum, even
though the MIPAS profile oscillates slightly at altitudes be-
low ~ 15km. The difference oscillates around zero and is
very similar in shape with the difference profile of CFC-11
(Fig. 5: middle panel). This is because the same observa-
tions were used as in the case of CFC-11. The overall ver-
tical distribution of CFC-11 and CFC-12 indicated by the
MIPAS-STR observations fits well with the distribution of
these species derived from the MIPAS measurements. This
is plausible, since the distribution of the CFCs in the lower
stratosphere is predominantly altered by dynamic processes
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Figure 20. Correlation of collocated MIPAS CFC-12 measurements
with HIRDLS measurements during the time period of 2005 to
2008.

and the considered observations of both instruments cover
horizontally extended regions (i.e., several degrees in lati-
tude). Difterences are largest around 11 km and exhibit devi-
ations of more than 40 pptv, corresponding to approximately
10 % (middle panel). Except for this altitude, the differences
are mostly insignificant and stay within 30-40pptv at the
largest and are often considerably smaller. This corresponds
to less than 10 % at the lower end of the profile and less than
5% at the upper end. Again, the total error of both instru-
ments without the spectroscopy error is shown for both in-
struments. The combined error of the instruments exceeds
the standard deviation of the differences from 10 to 12 km.
As previously mentioned, this suggests that either one or both
of the instruments overestimate their error budget there. As
mentioned in Sect. 4.1.4, natural variability might also play a
role, even though the mean distance and time difference are
rather small as for CFC-11 (Table 2). This probably results in
the standard deviation of the differences being larger than the
combined error of the instruments outside the region from 10
to 12 km. Overall, the agreement of MIPAS-STR and MIPAS
is excellent, since differences rarely exceed 30 pptv and are
mostly insignificant.

4.3.5 Results CFC-12: HIRDLS

Comparisons of MIPAS and HIRDLS measurements of
CFC-12 are summarized in Figs. 20-22. Figure 20 shows
the correlation between MIPAS and HIRDLS measurements.
HIRDLS measurements have several outliers in CFC-12,
which tend to occur more frequently at smaller mixing ra-
tios/higher altitudes. However, it is still visible that the mea-
sured mixing ratios of MIPAS and HIRDLS are correlated
linearly in general. Obvious differences appear in Fig. 21,
where the frequency of the measured amounts of CFC-12
at 16 (left panels) and 23 km (right panels) is shown. While
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Figure 21. Histogram of collocated MIPAS CFC-12 measurements
(top panels) and HIRDLS measurements (bottom panels) for the
years of 2005-2008 at 16 km (left panels) and 23 km (right panels).
The black line indicates the location of the mean of the sample,
while the red dashed line marks the median.
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Figure 22. Comparison of mean profiles of MIPAS CFC-12 (left
panel, continuous red line) and HIRDLS (left panel, continuous
black line) for the years of 2005-2008. The error bars include the
total error in the case of MIPAS and the estimated error — which
is derived from the average of 10 sets of 12 consecutive profiles
of regions with little variability (Gille et al., 2014) — in the case of
HIRDLS. The dashed lines show the median of each data set. The
middle panel shows the mean difference (blue) of these profiles and
the standard error of the mean. The right panel shows the combined
error (purple) of the instruments and the standard deviation of the
differences (brown).

the distributions look very similar at 16 km, clear differences
are visible at 23 km. At 16 km, both measurements’ frequen-
cies only show one peak, which is approximately centered
between 450 and 500 pptv in the case of HIRDLS and is
slightly shifted to higher values in the case of MIPAS, where
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the peak is rather centered around 500 pptv and exhibits a
steeper histogram at higher mixing ratios. At 23 km one can
clearly make out three peaks in the MIPAS distribution, while
for HIRDLS this feature is barely visible as it is smeared
out quite severely, and thus the rightmost peak is hardly dis-
cernible in the HIRDLS distribution. This also leads to a
flatter frequency distribution for HIRDLS. The middle max-
imum peaks at similar amounts of CFC-12 for both instru-
ments and lies between 200 and 250 pptv.

The comparison of the mean profiles of MIPAS (Fig. 22:
red line) and HIRDLS collocated measurements (black line)
shows very good agreement between the two instruments.
The shape of the mean profiles, as well as their maxima and
turning points are very similar, even though the MIPAS pro-
file branches off at slightly lower altitudes and exhibits a
sharper turn around 16 km. The higher volume mixing ratios
of CFC-12, which MIPAS shows below 17 km, stay mostly
within ~20pptv (~4 %) difference, except from the low-
est value (middle panel) which is slightly larger than 40 pptv
(close to 10 %). Between 18 and 25 km, MIPAS measures
smaller amounts of CFC-12 than HIRDLS, with differences
of up to nearly 40 pptv (corresponding to ~ 10 %). From 25
to 30 km, MIPAS CFC-12 volume mixing ratios agree ex-
cellently with those of HIRDLS and differences are gener-
ally smaller than 20 pptv, corresponding to ~2.5 % around
25 km, about 10 % at 28 km and increasing above 30 km.

The combined error of the instruments is similar to the
standard deviation of the differences up to ~ 15km. Above
that, the standard deviation of the difference is always larger
than the combined error and the difference increases with al-
titude. This suggests that the error estimate of the two in-
struments is appropriate in cases where natural variability is
negligible. Since the mean spatial and temporal distance be-
tween the measurements are almost 200 km and close to 3 h,
and thus natural variability might be responsible for the dif-
ferences between the combined error and the standard devi-
ation of the differences above ~ 15 km, the error estimate of
either or both of the instruments might be slightly too con-
servative.

The latitudinally broken down comparisons (Fig. A3) ex-
hibit similar features as for CFC-11. At higher latitudes, de-
viations of the profiles at the bottom end seem larger than
in tropical or subtropical regions. Overall the agreement be-
tween the mean MIPAS and HIRDLS CFC-12 profiles is
excellent, since the differences mainly stay within 20 pptv,
while the scatter plot shows that this mean is derived from
a sample with a rather wide spread. Since HIRDLS CFC ra-
diances have been normalized using WACCM, slight biases
might occur due to that normalization.

4.3.6 Results CFC-12: ACE-FTS
The comparison of ACE-FTS and MIPAS CFC-12 profiles is

shown in Figs. 23-25. Figure 23 exhibits a correlation of the
measurements that is very close to being linear. The agree-
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Figure 23. Correlation of collocated MIPAS CFC-12 measurements
with ACE-FTS measurements during the time period of 2005 to
2012.
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Figure 24. Histogram of MIPAS CFC-12 measurements (top pan-
els) and ACE-FTS measurements (bottom panels) for the years of
2005-2012 at 16 km (left panels) and 23 km (right panels). The
black line indicates the location of the mean of the sample, while
the red dashed line marks the median.

ment of the two instruments appears to be good, with very
few outliers even though MIPAS measures slightly higher
volume mixing ratios at large values, e.g., at the lower end
of the profile. This impression is supported by Fig. 24, which
shows the frequency of MIPAS (top panels) and ACE-FTS
(bottom panels) at 16 (left panels) and 23 km (right panels).
It exhibits considerable numbers of MIPAS CFC-12 mea-
surements reporting volume mixing ratios of 500-600 pptv at
16 km, while ACE-FTS does not report appreciable numbers
of CFC-12 values above 550 pptv. This leads to a far steeper
histogram at higher mixing ratios in the ACE-FTS frequency
distribution at 16 km, while the histogram at lower mixing
ratios is more similar to that of MIPAS, even though it is still
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Figure 25. Comparison of mean profiles of MIPAS CFC-12 (left
panel, continuous red line) and ACE-FTS (left panel: blue line
denotes ACE-FTS on native grid; continuous black line denotes
ACE-FTS interpolated onto the MIPAS grid) for the years of 2005—
2012. The error bars include the total error for MIPAS and the ran-
dom errors from the least-squares fitting process for ACE-FTS. The
dashed lines show the median of each data set. The middle panel
shows the mean difference (blue) of these profiles and the standard
error of the mean. The right panel shows the combined error (pur-
ple) of the instruments and the standard deviation of the differences
(brown).

a bit steeper. The only obvious peak at this altitude occurs at
similar volume mixing ratios for both instruments (around
450 pptv in the case of ACE-FTS and between 450 and
500 pptv in the case of MIPAS). At 23 km both instruments
clearly show a trimodal distribution, peaking close to zero,
around ~ 250 pptv and around ~ 450 pptv. While the left-
most peak appears to be more pronounced in the ACE-FTS
distribution, the middle and right peaks are very similar. The
impression of MIPAS seeing higher values of CFC-12 at
the lower end of the profile is confirmed in Fig. 25 as well.
While the MIPAS (red line) and the ACE-FTS profiles (blue
line: on original grid; black line: interpolated onto the MI-
PAS grid) are very close together at the bottom end (around
~ 6km), the MIPAS profile exhibits a steeper ascent than the
ACE-FTS profiles, leading to deviating profiles of the instru-
ments up to 18 km. Here, the MIPAS mean profile exhibits
volume mixing ratios of CFC-12 that are up to 25-30 pptv
(6-7 %) higher than those of ACE-FTS (middle panel). From
18km up to ~27-28km, MIPAS and ACE-FTS agree re-
markably well with deviations of approximately 10 pptv, cor-
responding to ~ 3 % around 18 km and less than 10 % around
27 km. Above these altitudes, ACE-FTS reports higher vol-
ume mixing ratios of CFC-12 than MIPAS. Around 30 km,
the comparison exhibits the largest deviations, appearing in
differences of up to 50 pptv and more (which corresponds to
~ 25 % and more at these altitudes).
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The comparison of the estimated precision and the stan-
dard deviation of the differences (right panel of Fig. 25)
shows that they come close above 13 km, while below this
altitude the combined error even exceeds the standard devia-
tion of the differences. This suggests that one or both of the
instruments error budgets are overestimated, while this effect
if canceled out or even reversed above 13 km by natural vari-
ability. Natural variability might play a more important role
than for the comparison with HIRDLS, since the HIRDLS
coincidence criteria were chosen far more strictly than for
the comparison of MIPAS with ACE-FTS. This results in a
mean distance and time difference that are similar to CFC-11
with about 375km and 6h, respectively (Table 2) and thus
almost twice as large as for the comparison with HIRDLS.
Both profiles show a bump, which is even more pronounced
than for CFC-11. The explanation for this feature is the same
as for CFC-11 and illustrates the sampling issue created by
the combination of the cut-off of the ACE-FTS profiles at low
CFC-12 values and the distribution of the gas, e.g., higher
volume mixing ratios at lower latitudes. Different to CFC-
11, the bump is not removed completely in the latitudinal
breakdown (Fig. A4). An indication of the bump at the upper
end of the mean profiles is still visible at midlatitudes, which
is presumably attributed to high variability of CFC-12 within
these bins. This originates from a similar sampling effect as
for the whole set of measurements, just in smaller magnitude.
At higher altitudes, the mean profile is again dominated by
low-latitude profile contributions, since profiles from higher
latitudes are cut off at a lower altitude. As for the comparison
with HIRDLS, we observe that differences at the lower end
of the profile are largest at higher latitudes for CFC-12.

Again, Tegtmeier et al. (2016) found a similar behavior
with a slight high bias in MIPAS CFC-12 that seems to be
more pronounced at higher latitudes, even though the rela-
tive differences between MIPAS and the MIM are smaller
than for CFC-11. Their findings agree well with the results
of this study. Despite some differences, the mean MIPAS
and ACE-FTS CFC-12 profiles are in good agreement as they
stay within 15 pptv between 17 and 28 km and within 30 pptv
below, which is slightly larger than in the comparison with
HIRDLS for most of the covered altitude range. The scatter
plot shows a narrower point cloud than the one for HIRDLS.

4.3.7 Results CFC-12: HATS

Similarly as for CFC-11, a comparison of HATS data with
MIPAS measurements at an altitude of 3km below the
estimated tropopause was performed for CFC-12 as well
(Fig. 26). This comparison suggests that MIPAS (continu-
ous red line with large circles) detects slightly higher val-
ues than the HATS stations (continuous black line) at tropo-
spheric levels. However, this effect is less pronounced than
for CFC-11. Deviations mainly stay within 10 pptv, which
corresponds to ~ 2 %, since CFC-12 amounts are larger than
for CFC-11. MIPAS’s CFC-12 volume mixing ratios cover a
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Figure 26. Comparison of MIPAS CFC-12 value estimates at 3 km
below the tropopause (red) and ground-based measurements col-
lected by the HATS network (black).

wide range of values, which is reflected in the large stan-
dard deviation (dashed red line with small circles) of ap-
proximately £30pptv. The values of HATS time series are
very close to the MIPAS measurements throughout the whole
comparison period. Even though periodic variations in the
MIPAS time series have larger amplitudes, the oscillations
in both measurements agree with respect to their period and
phase. Similar to CFC-11, there is an indication that the MI-
PAS CFC-12 time series for the RR period (2005-2012)
declines faster than that of HATS. The difference in the
trends between MIPAS and HATS is —6.85 pptv decade™!
(Sect. 3 for details on the method). A similarly large drift
(—6.89 pptv decade™!) is found for results due to detector
aging at 3 km below the tropopause. Hence, for CFC-12 the
drift due to detector aging can explain the differences in the
trends between MIPAS and HATS to a large extent, even
though only drifts between 35° S and 35° N have been an-
alyzed. All in all, differences between the data sets are very
small.

4.4 CFC-12: high spectral resolution time period (FR)
44.1 Results CFC-12 V5H: MKIV

For the comparison of CFC-12 during the FR period
(Fig. 27), 15 collocated MIPAS profiles were found for the
MKIV measurement taken on 16 December 2002, and 25
MIPAS profiles coincide with the MKIV measurement taken
on 1 April 2003. The mean MIPAS profile (red line) and
the MKIV profile (black line) are close in both cases, show-
ing deviations no larger than 50 pptv (corresponding to 10—
20 % for most of the vertical range) and even considerably
smaller at some altitude levels. Deviations with the closest
MIPAS profile (blue line) are larger than for the mean pro-
file, similar to the other comparisons for CFC-11, ranging
up to ~ 100 pptv. There is a slight indication of the MkIV
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Figure 27. Two MkIV CFC-12 profiles are compared with collo-
cated MIPAS of the FR period. For the measurement on 16 Decem-
ber 2002, 16 collocated MIPAS measurements were found, while
25 MIPAS profiles coincided with the 1 April 2003 MkIV measure-
ment. The setup is similar to Fig. 3.

profile showing larger mixing ratios below 25km in the 1
April 2003 comparison, while this is not visible in the 16
December 2002 comparison. However, the compared profiles
show good agreement in general, with differences up to about
twice as large as for the comparison with HIRDLS.

4.4.2 Results CFC-12 V5H: ACE-FTS

The comparison of MIPAS FR CFC-12 and ACE-FTS
(Fig. 28) data is very similar to that of the reduced resolu-
tion period (RR: Fig. 25), but the agreement is even better
around ~ 10 to 15 km. Since the comparison does not reach
up beyond 28 km, the bump seen in the mean profiles for
the RR period does not appear in either of the mean profiles
for the FR period (left panel). This is mainly because collo-
cated measurements only exist at high latitudes for the short
overlap of the ACE-FTS period and the MIPAS FR period
(February and March 2004). For most of the vertical range
the differences stay within ~ 10 pptv (middle panel), corre-
sponding to ~ 1 % at the lower end of the profile and ~ 20 %
around 28 km. These values are only exceeded around ~ 10
and 17-18 km, as well as at the lowest altitudes, where dif-
ferences can reach up to 20-30pptv (~6 % below 13km
and less than 10 % around 17-18 km). MIPAS shows slightly
higher mixing ratios than ACE-FTS up to ~ 14 km and lower
ones above this altitude. The comparison of the combined er-
ror and the standard deviation of the differences (right panel)
looks similar to the one for the RR period, just slightly more
pronounced, where the combined error exceeds standard de-
viation of the differences up to ~ 16km. Above, the stan-
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Figure 28. Comparison of mean profiles of MIPAS CFC-12 (left
panel, continuous red line) and ACE-FTS (left panel: blue line
denotes ACE-FTS on native grid; continuous black line denotes
ACE-FTS interpolated onto the MIPAS grid) for February and
March 2004, corresponding to the FR period and the MIPAS
V5H_CFC-12_20 data set. The dashed lines show the median of
each data set. The error bars include the total error for MIPAS and
the random errors from the least-squares fitting process for ACE-
FTS. The middle panel shows the mean difference (blue) of these
profiles and the standard error of the mean. The right panel shows
the combined error (purple) of the instruments and the standard de-
viation of the differences (brown).

dard deviations are not explained by the combined errors.
Explanations as for the RR period (Sect. 4.3.6) apply here as
well. Overall, the agreement of MIPAS and ACE-FTS CFC-
12 measurements is remarkably good for the MIPAS FR pe-
riod as the differences stay within 15 pptv for most of the
covered altitude range and are thus smaller than in all com-
parisons for the RR period.

4.4.3 Results CFC-12 V5H: ILAS-I1

The comparison of MIPAS CFC-12 measurements from the
FR period with ILAS-II measurements (Fig. 29) consists of
about 5000 collocated profiles. Throughout the whole alti-
tude range, with very few exceptions, ILAS-II (blue line:
on its original grid; black line: on the MIPAS altitude grid)
shows higher mixing ratios of CFC-12 than MIPAS (left
panel: red line). However, while the mean profiles of MIPAS
and ILAS-II agree rather well up to about 17 km, ILAS-II
shows considerably larger mixing ratios of CFC-12 above
that altitude, which is most pronounced around 25 km. Apart
from the lowermost two altitudes, the differences of the mean
profiles do not exceed 50 pptv up to ~ 17 km (middle panel),
which corresponds to relative differences of approximately
10 % at the largest. From 17 km upwards however, deviations
can be as large as close to 150 pptv around 25 km, resulting
in relative differences of over 100 %. Wetzel et al. (2008)
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Figure 29. Comparison of mean profiles of MIPAS CFC-12 (left
panel, continuous red line) and ILAS-II (left panel: blue line denotes
ILAS-II on native grid; continuous black line denotes ILAS-II) for
the FR period, corresponding to the MIPAS V5H_CFC-12_20 data
set. The dashed lines show the median of each data set. The error
bars include the total error for both instruments. The middle panel
shows the mean difference (blue) of these profiles and the standard
error of the mean. The right panel shows the combined error (pur-
ple) of the instruments and the standard deviation of the differences
(brown).

find a very similar behavior of ILAS-II version 2 measure-
ments compared to MIPAS-B. The large error bars shown in
the left panel presumably result from an overestimated error
budget for ILAS-II. Again, we suggest treating conclusions
drawn from the comparison with ILAS-II with care, since
ACE-FTS shows very good agreement with MIPAS CFC-12
measurements during the FR period, which is supported by
the comparison with HATS.

4.4.4 Results CFC-12 V5H: HATS

The short time series of the MIPAS FR period (Fig. 26: July
2002 to April 2004) is compared to the measurements col-
lected by the HATS network during the same time period
for CFC-12. Similar as for CFC-11, MIPAS (continuous red
line with large red circles) exhibits larger annual and in-
terannual variations than the HATS data (continuous black
line) from mid-2002 to early 2004. While MIPAS oscillates
around a constant mixing ratio of approximately 550 pptv at
3km below the tropopause, the HATS ground-based mea-
surements show mixing ratios well within the range of 540
to 545 pptv. Thus, the difference between MIPAS and HATS
is very small, of an order of ~ 10 pptv at the largest, which
corresponds to relative differences of less than 2 %. Other
than for CFC-11, the mixing ratios of both time series stay
rather constant during this period. According to the small
differences of only ~ 10 pptv, we consider the agreement of
MIPAS with HATS CFC-12 measurements to be remarkably
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Figure 30. Relative differences between MIPAS CFC-11 for the
FR (left) and RR (right) period and each comparison instrument,
calculated as % x 100 %.

good during the FR period, which strongly supports the high
accuracy of the MIPAS CFC-12 measurements during the FR
period.

5 Overview of the relative differences

Figures 30 and 31 show an overview of the relative differ-
ences between MIPAS and the comparison instruments for
CFC-11 and CFC-12, respectively. The differences show MI-
PAS minus the comparison instrument and use MIPAS as a
reference.

5.1 Overview: CFC-11

A slight high bias in MIPAS CFC-11 is clearly visible in
the comparison with ACE-FTS for the FR period (left) be-
low ~ 10km and also indicated at the lower end of the dif-
ferences profile in the comparison with MkIV. For the RR
period (right panel), the comparison with HIRDLS shows a
high bias in MIPAS CFC-11 below ~ 15km, where the dif-
ference is larger than 20 % at the lowest altitude. This high
bias at the lower end of the profile does not appear in the RR
period comparison with ACE-FTS and MIPAS-B and is far
less pronounced in the comparison with MIPAS-STR, where
only the value at the lowest altitude level exceeds 20 % while
oscillating around zero above. While the relative differences
between MIPAS and ACE-FTS are around or below 5 % be-
tween 10 and 18 km for the FR period, they are around 10 %
between the lowest altitude level and almost 20 km for the
RR period. Both ACE-FTS and HIRDLS show relative dif-
ferences of about 20 % close to 25 km. However, one should
keep in mind that the volume mixing ratios of CFC-11 are
small at this altitude, so that this bias is not that obvious
in the absolute comparisons (Figs. 8 and 11). There, the
difference is only around 10-15 pptv in both comparisons.
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Figure 31. Relative differences between MIPAS CFC-12 for the
FR (left) and RR (right) period and each comparison instrument,
calculated as %}%lh” % 100 %.

Even though the relative differences between MIPAS and
MIPAS-STR and MIPAS and MIPAS-B oscillate strongly,
the overall impression is that MIPAS shows slightly too high
values for CFC-11 during the RR period. This impression is
also supported by the comparisons with the cryosampler and
HATS, even though HATS only shows a high bias of close
to 5% at 3km below the tropopause. MKIV is the only in-
strument showing higher volume mixing ratios than MIPAS
up to 25 km. The other instruments show a high bias mainly
around 10 %, that is only exceeded at the lowest altitude lev-
els and above 20km. For the FR period this bias seems to
be slightly smaller in general, while the difference compared
to HATS is similar to the RR period. However, both mea-
surement periods are consistent and agree qualitatively and
quantitatively to a large extent.

5.2 Overview: CFC-12

Both for the FR period (left) and the RR period (right), rela-
tive differences between MIPAS and the comparison instru-
ments stay within 10 % below 20 km. While ACE-FT'S shows
a similar profile for both MIPAS periods, with slightly higher
MIPAS values up to 15-17km and slightly lower MIPAS
values above, MkIV measurements agree better with MIPAS
during the FR period and show lower MIPAS mixing ratios
from ~ 18 to 30km during the RR period. Relative differ-
ences with ILAS-11 show that the instrument measures values
that are about 20 % higher than those acquired by MIPAS
at the bottom end of the profile. Above 25km, all compar-
isons for both periods indicate a low bias in MIPAS CFC-
12, except the one vs. HIRDLS. Overall, relative differences
between MIPAS and the comparison instruments are small
below 25 km, only occasionally exceeding 10 % for most of
the comparisons, while above that altitude, there seems to be
an indication of MIPAS CFC-12 values being slightly lower.

Atmos. Meas. Tech., 9, 3355-3389, 2016



A.2. MIPAS IMK/IAA CFC-11 (CCIF) and CFC-12 (CClyF3) measurements:

accuracy, precision and long-term stability

19

3380 E. Eckert et al.: MIPAS IMK/IAA CFC-11 and CFC-12: accuracy, precision and long-term stability

CFC-11, 200307 in [60; 90}, 5094 profiles

30¢
281
26
24

22

Height, km

Total random error
SD

%

CFC-11, 200807 in [60; 90], 4822 profiles

30f
28f
26
24

22

Height, km

Total random error
SD

%

Figure 32. Analysis of MIPAS CFC-11 measurement error in quiescent atmospheric conditions (polar summer). Left panel: FR period; right

panel: RR period.
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Figure 33. Analysis of MIPAS CFC-12 measurement error in quiescent atmospheric conditions (polar summer). Left panel: FR period; right

panel: RR period.

Comparisons with HATS do not indicate a bias in MIPAS
CFC-12 measurements, as the difference is only 0.5 % for
both the FR and the RR period. The results of the compar-
isons for both MIPAS measurement periods indicate that the
CFC-12 products are very consistent, as they show similar
features and differences of similar magnitudes for both data
products.

6 MIPAS random error

The assessment of whether MIPAS random error estimates
are realistic suffers from possible natural variability and the
fact that even though most of the comparison instruments
provide the full random error budget, it is not clear whether
the random error estimates of the comparison instruments
are realistic. Thus, our random error assessment is comple-
mented by the following study; we know that the total ob-
served variability o) is composed of the natural variability
onat and the random measurement error estimate opan:

2
Ototal = 1/ Pnat + Jrzan' @

Thus the observed variability can be considered an upper
bound of the random measurement error. For calm atmo-
spheric conditions where low natural variability is expected
(polar summer), the observed variability should be domi-
nated by the measurement error. The difference between the
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observed variability and the measurement error should be
small and explainable by the natural variability. If the random
measurement error estimate exceeds the observed variability,
then the error estimates are too conservative. The results of
this analysis for both species and measurement periods are
shown are shown in Figs. 32 and 33. For the CFC-12 FR
period, the observed variability is fully explained by the es-
timated random errors. For the other products (CFC-11 FR
and RR and CFC-12 RR) about two-thirds to three-quarters
of the observed variability are explained, except for CFC-11
RR below 20 km.

7 Long-term stability
71 CFC-11

In order to verify the temporal stability of MIPAS CFC-11
measurements, drifts resulting from changing assumptions
regarding the nonlinearity correction (Fig. 34) were calcu-
lated. As shown by Eckert et al. (2014) and Kiefer et al.
(2013), the assumption of the nonlinearity correction for the
MIPAS detectors being time-independent cannot be held any
more. Time-dependent coefficients for the nonlinearity cor-
rection were found be able to explain drifts between MIPAS
and other instruments, e.g., Aura MLS for ozone. Thus, the
same method was used to calculate drifts in MIPAS CFC-11
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Figure 34. Left panel: altitude-latitude cross section of the instrument drift in MIPAS CFC-11. This drift is calculated by comparing the
temporal evolution of CFC-11 from two different setups. One setup uses nonlinearity correction coefficients used for the bulk MIPAS retrieval
to date. The other uses newly suggested time-dependent nonlinearity correction coefficients (Eckert et al., 2014, Sect. 3.3). The drift is shown
in relative terms, referring to the mean CFC-11 mixing ratio in the middle of the time series. Blueish tiles indicate that the new coefficients
result in higher CFC-11 mixing ratios, while reddish tiles indicate the opposite. White areas indicate that there were too few or no data points
available to estimate a drift properly. Right panel: altitude—latitude cross section of relative MIPAS CFC-11 trends without drift correction,
calculated from data covering January 2005 to April 2012. The trend is weighted with the CFC-11 mixing ratio of the middle of the time
series for each tile. Blueish tiles indicate declining CFC-11 mixing ratios, while increasing mixing ratios are represented by reddish tiles.
Hatching indicates that the trends are either not significant at 2-sigma level or that x2 is more than 10 % different from one. Note different

color bars.

measurements. MIPAS results produced using the retrieval
setup for bulk processing are compared to results derived
using newly suggested time-dependent nonlinearity coeffi-
cients (see Eckert et al., 2014, Sect. 3.3). The difference be-
tween these results is calculated for a subset of measure-
ments taken between June 2005 and October 2011. Subse-
quently, the temporal development of these differences is as-
sessed by fitting a linear variation to them. The left panel
in Fig. 34 shows an Altitude—latitude cross section of the
estimated drifts, where bluish tiles indicate that MIPAS is
seeing more negative/less positive trends using the old, not
time-dependent, nonlinearity coefficients. Red tiles indicate
that MIPAS is seeing more positive/less negative trends for
using the old setup. The drifts are very small compared to
absolute mixing ratios of CFC-11, and only occasionally ex-
ceed 2 % decade™!. Larger drifts appear exclusively at high
latitudes in the Northern Hemisphere, which is a region with
large natural variability, and thus larger differences between
the fit and the measurements lead to less reliable results. In
order to prove that former results by Kellmann et al. (2012)
are still valid, we compared the drift results with the trends
for the whole MIPAS time series (Fig. 34, left panel). Red-
dish tiles indicate positive trends (only in the Southern Hemi-
sphere between 25 and 30 km), while blueish tiles mean that
the CFC-11 mixing ratios have decreased during the MI-
PAS measurement period. Hatching indicates non-significant
trends at 2-sigma level. While the trends are very small be-
low ~ 20 km (even ~ 25 km in the tropics), negative trends of
down to about —50 % were found above this altitude in the
Northern Hemisphere. Positive trends range up to ~ 20 %.
These trends are by far larger than the estimated drifts, and
thus the conclusions drawn from these trends by Kellmann
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et al. (2012) still hold, i.e., that decadal change in strato-
spheric circulation is needed to explain the results.

7.2 CFC-12

The temporal stability over the whole MIPAS measurement
period was examined for CFC-12, as for CFC-11. The results
of the drift estimation (Fig. 35) (left panel) exhibit small,
even close to zero, negative drifts in CFC-12 below ~ 30 km.
Above that altitude, up to ~ 35 km, larger negative drifts ap-
pear, which are largest at midlatitudes and high latitudes and
range down to about —50 %. From 35 km upwards, large pos-
itive drifts were found which exceed 50 % at some points,
with largest drifts shown at higher altitudes and latitudes.
Compared to the trends (Fig. 35, right panel), the drifts are
approximately of the same order of magnitude up to ~ 20 km
(~25km in the tropics). Between that altitude and ~ 30km
the trends are considerably larger and also show positive val-
ues in the Southern Hemisphere. From ~ 30 to 35 km nega-
tive trends are almost entirely canceled out by the drifts. This
also applies to the positive trends above ~ 35 km. Keeping
this in mind, the most pronounced trends are those between
~20 and 30km, which have already been found and inter-
preted by Kellmann et al. (2012). Since drifts in this altitude
range are very small, the conclusions drawn in their paper
still hold, and decadal changes in stratospheric circulation
are evident. Above ~ 35 km, the apparent trend actually is a
drift due to the time-dependent nonlinearity of the detector
which has not been accounted for in the bulk processing of
the MIPAS data to date. After fixing this for the next data ver-
sion, by using the new nonlinearity correction coefficients,
we assume the MIPAS CFC-12 data will be temporally sta-
ble throughout the whole vertical range.

Atmos. Meas. Tech., 9, 3355-3389, 2016
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Latitude [7]

Latitude [°]

Figure 35. Left panel: altitude—latitude cross section of the instrument drift in MIPAS CFC-12. Blueish tiles indicate that the new coefficients
result in higher CFC-12 mixing ratios, while reddish tiles indicate the opposite. White areas indicate that there were too few or no data points
available to estimate a drift properly. Right panel: altitude—latitude cross section of relative MIPAS CFC-12 trends, calculated from data
covering January 2005 to April 2012. Blueish tiles indicate declining CFC-11 mixing ratios, while increasing mixing ratios are represented
by reddish tiles. Hatching indicates that the trends are either not significant at 2-sigma level or that %2 is more than 10 % different from one.

8 Conclusions

The MIPAS CFC-11 product shows good overall agreement
with the presented collocated observations. A slight high bias
is found at low altitudes, below ~ 10 km for the full spectral
resolution (FR) period and ~ 15 km for the reduced spectral
resolution (RR) period. These differences stay mainly within
50 pptv, corresponding to 25 % at the largest. Larger differ-
ences appear in the comparison with ILAS-II, but we sug-
gest treating these results with care since Wetzel et al. (2008)
found similarly large differences when comparing MIPAS-B
results to a former version of ILAS-II measurements. Dif-
ferences in CFC-11 tend to be smaller than 30 pptv above
15km in most cases for the RR period, which corresponds
to approximately 20 % at the largest. For the FR period,
ACE-FTS and MKIV agree with MIPAS within 20 pptv up
to 20km, but show increasing differences above which ex-
ceed 30 pptv at the uppermost level in the case of ACE-FTS
and even more in the case of MkIV. Even though the com-
parisons of the standard deviation in a quiescent atmosphere
and the MIPAS error budget suggest that the latter is slightly
underestimated, this conclusion cannot be drawn from the
comparisons with the other instruments. However, it cannot
be falsified either, since it is unclear how reliable the error
estimates of the other instruments are and how large the con-
tribution of natural variability is. Except for a few outliers in
the comparison with the cryosampler measurement taken on
3 October 2009 and MKIV above ~ 19 km, the CFC-12 prod-
uct exhibits excellent agreement with all compared instru-
ments. During the FR period both ACE-FTS and MKIV agree
very well with MIPAS up to 20 km, with differences staying
within 5 %. For the RR period, similarly good agreement is
found with all instruments. Maximum differences are of the
same order of magnitude as for CFC-11 in the absolute value
of about 50 pptv, but since CFC-12 volume mixing ratios are
larger than those of CFC-11 in general, the relative devia-
tions of MIPAS from comparison instruments are far smaller
and rarely larger than 10 %. This value of relative differences
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is not even reached in most of the comparisons as typical
values stay within 5 % below 18 km. The comparisons of the
standard deviation in a quiescent atmosphere and the MIPAS
error budget show that both quantities are very similar for
the FR period. This suggests that the error budget was esti-
mated accurately. For the RR period, the results of the com-
parison of the standard deviation in a quiescent atmosphere
and the MIPAS random error are similar to those of CFC-11,
and thus suggest a slight underestimation of the error budget
for this time period. However, as for CFC-11, this is difficult
to deduce or falsify from the comparisons with other instru-
ments. MKIV is the only instrument rather suggesting a low
bias in MIPAS CFC-11 and CFC-12 RR measurements. Esti-
mated drifts are small for both species below ~ 25 to 30 km.
Above that altitude, CFC-11 is difficult to detect and the test
data set for drift estimates from different nonlinearity cor-
rection coefficients was sparse, so that no results exist from
~25km upwards. CFC-12 drifts reach up to magnitudes of
about 50 % above ~ 30km, showing large negative values
up to ~35km and positive values above. This is reflected
in the trend, which is mostly artificial above this altitude. At
3km below the tropopause, the drift can partly explain the
differences in the trends between MIPAS and ground-based
HATS CFC-11 data. For CFC-12, the drift is very similar to
the differences found in the trends of MIPAS at 3 km below
the tropopause and the HATS measurements, and is thus a
good candidate for explaining these differences. For future
data versions, these results will be taken into account to pro-
duce a temporally stable CFC-12 data set, which will then
also be suitable for trend analysis above 35 km.

www.atmos-meas-tech.net/9/3355/2016/



122 Appendix A. Copies of all First Author Publications

E. Eckert et al.: MIPAS IMK/IAA CFC-11 and CFC-12: accuracy, precision and long-term stability 3383

9 Data availability

All data sets used in this paper can be accessed as follows:

— MIPAS data can be accessed at the following website:
https://www.imk-asf kit.edu/english/308.php.

— The cryosampler data can be obtained by contacting An-
dreas Engel via email (an.engel @iau.unifrankfurt.de).

— The MKIV data can be found at http://mark4sun.jpl.
nasa.gov/mé4data.html.

— For MIPAS-STR, data from the reconcile campaign
have been used, which can be accessed at the following
website: https://www.fp7-reconcile.eu/reconciledata.

— HIRDLS data can be obtained by using the “Online
Archive” at http://disc.sci.gsfc.nasa.gov/uui/datasets/
HIRDLS2_V007/summary#citation.

— For SCISAT/ACE-FTS, the most recent data version is
available from the ACE team, University of Waterloo,
Canada. Publicly available validated data sets can be
found at http://www.ace.uwaterloo.ca/data.html.

— For ADEOS-I/ILAS-II, as stated on their website
(http://db.cger.nies.go.jp/ilas2/en/), ILAS-II data in-
quiries should be made by sending an email to ilas-
data@nies.go.jp.

— HATS data can be accessed through the follow-
ing download links: ftp:/ftp.cmdl.noaa.gov/hats/
cfes/cfcl1/combined/HATS_global_F11.txt and
ftp://ftp.cmdl.noaa.gov/hats/cfcs/cfc12/combined/
HATS_global_F12.txt.
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Appendix A

In order to have a closer look at the latitudinal dependence of
the differences, we broke the comparison vs. HIRDLS and
ACE-FTS down into five latitude bands. We did not do this
for the comparisons with other instruments because most of

them lack global coverage.
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Figure A1. Comparison of mean profiles of MIPAS CFC-11 (red line) and HIRDLS (black line) for different latitude bins for the years of

2005-2008.
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Figure A2. Comparison of mean profiles of MIPAS CFC-11 (red line) and ACE-FTS (black line) for different latitude bins for the years of

2005-2012.
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Figure A3. Comparison of mean profiles of MIPAS CFC-12 (red line) and HIRDLS (black line) for different latitude bins for the years of
2005-2008.
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Figure A4. Comparison of mean profiles of MIPAS CFC-12 (red line) and ACE-FTS (black line) for different latitude bins for the years of
2005-2012.
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Abstract. MIPAS thermal limb emission measurements were
used to derive vertically resolved profiles of carbon tetra-
chloride (CCly). Level-1b data versions MIPAS/5.02 to MI-
PAS/5.06 were converted into volume mixing ratio profiles
using the level-2 processor developed at Karlsruhe Insti-
tute of Technology (KIT) Institute of Meteorology and Cli-
mate Research (IMK) and Consejo Superior de Investiga-
ciones Cientificas (CSIC), Instituto de Astrofisica de An-
dalucia (IAA). Consideration of peroxyacetyl nitrate (PAN)
as an interfering species, which is jointly retrieved, and CO;
line mixing is crucial for reliable retrievals. Parts of the CO,
Q-branch region that overlap with the CCly signature were
omitted, since large residuals were still found even though
line mixing was considered in the forward model. However,
the omitted spectral region could be narrowed noticeably
when line mixing was accounted for. A new CCly spectro-
scopic data set leads to slightly smaller CCly volume mixing
ratios. In general, latitude—altitude cross sections show the
expected CCly features with highest values of around 90 pptv
at altitudes at and below the tropical tropopause and values
decreasing with altitude and latitude due to stratospheric de-
composition. Other patterns, such as subsidence in the polar
vortex during winter and early spring, are also visible in the
distributions. The decline in CCly abundance during the MI-

PAS Envisat measurement period (July 2002 to April 2012)
is clearly reflected in the altitude-latitude cross section of
trends estimated from the entire retrieved data set.

1 Introduction

Carbon tetrachloride (CCly) is an anthropogenically pro-
duced halogen-yielding trace gas and partly responsible for
stratospheric ozone depletion. It is also a potent greenhouse
gas with a 100-year global warming potential of 1730 (IPCC,
2013; World Meteorological Organization, 2014). CCly was
commonly used in fire extinguishers, as a precursor to re-
frigerants, and in dry cleaning prior to 1990, when it was re-
stricted within the framework of the London Amendment to
the Montreal Protocol. Its abundances in the atmosphere in-
creased steadily from the first part of the 20th century. Emis-
sions declined significantly after 1990, as did the amount
of CCly in the atmosphere with a few years delay. 2007—
2012 bottom-up emissions of 1—4 kilotonnes year™! were
assessed by combining country-by-country reports to the
United Nations Environmental Programme (UNEP) (Liang
et al., 2016). This bottom-up estimate differs considerably
from the 57 (£ 17)kilotonnes year—! top-down emissions
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which were evaluated in 2014 (World Meteorological Or-
ganization, 2014) using atmospheric measurements and life-
time estimates. Even when possible CCly precursors and un-
reported, inadvertent emissions are accounted for, the gap
between reported bottom-up and estimated top-down CCly
emissions cannot be closed, as bottom-up emissions still
only add up to 25kilotonnes year—! (SPARC, 2016). Be-
sides a sink in the atmosphere, CCly is decomposed in the
ocean and the soil with different lifetimes for each sink. Re-
assessment of the different lifetime estimates, which are es-
sential for an adequate top-down assessment of emissions,
leads to lower emissions of ~ 40 (< 15)kilotonnes year~'.
While the gap between bottom-up and top-down emissions is
now smaller after reassessments, the discrepancy is still not
solved entirely. Previous measurements of stratospheric CCly
have also been performed by the Atmospheric Chemistry
Experiment Fourier Transform Spectrometer (ACE-FTS), a
cryosampler instrument employed at Frankfurt University,
and the balloon-borne version of the Michelson Interferome-
ter for Passive Atmospheric Sounding (MIPAS-B2). The first
version of the balloon-borne MIPAS instrument (MIPAS-B)
and ATMOS (Atmospheric Trace Molecule Spectroscopy)
also measured CCly, but not during the MIPAS Envisat mea-
surement period (Zander et al., 1996; von Clarmann et al.,
1995). Additional measurements, especially vertically well-
resolved ones with global coverage such as satellite mea-
surements from MIPAS, can help to improve the understand-
ing of the atmospheric CCly budget and stratospheric life-
time estimate. Furthermore, as a tracer with relatively long
stratospheric lifetimes, CCly measurements can improve the
understanding of changes in the Brewer—Dobson circulation
by further constraining the lower boundary, e.g. processes
around the tropopause. In this study, we present the retrieval
of CCly distributions from MIPAS limb emission spectra.
First, we characterize the MIPAS instrument (Sect. 2), fol-
lowed by a detailed description of the retrieval and the spe-
cific issues that had to be dealt with to derive CCly concen-
trations (Sect. 3). We then compare the results of the MIPAS
Envisat CCly retrieval with those of ACE-FTS, those of the
second balloon-borne MIPAS instrument (MIPAS-B2) and
those of cryosampler measurements (Sect. 5) and summarize
the results in the conclusions (Sect. 6).

2 MIPAS

The Michelson Interferometer for Passive Atmospheric
Sounding was one of the instruments aboard the European
Environmental Satellite (Envisat). It was launched into a sun-
synchronous orbit at an altitude of approximately 800 km on
1 March 2002. On 8 April 2012, all communication with
the satellite was lost, ending an observation period of more
than 10 years. Envisat orbited the earth 14.4 times a day,
crossing the Equator at 10:00 and 22:00 local time. MIPAS
measured infrared emissions between 685 and 2410 cm™!
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(14.6 and 4.15um) (Fischer et al., 2008), which allows for
day and nighttime measurements with global coverage. The
initial spectral resolution of the instrument was 0.025 cm™!
(0.0483cm™! after a “Norton—Beer strong” apodization;
Norton and Beer, 1976). An instrument failure in March
2004 led to an observation gap until January 2005 when
the instrument was successfully restarted. The first period
(June 2002 to March 2004) is referred to as full spectral
resolution (FR) period, while the period from January 2005
to April 2012 is referred to as reduced spectral resolution
(RR) period. Due to a problem with one of the interferom-
eter slides, MIPAS could only be operated with a spectral
resolution of 0.0625cm™~! (0.121 cm™! apodized) from Jan-
uary 2005 on. In this study, only measurements from the in-
strument’s “nominal operation mode” are used. In this mode,
the number of tangent altitudes increased from 17 during the
FR period to 27 during the RR period. The vertical cover-
age ranges from 6 km to around 68 km during the FR period
and up to around 70 km during the RR period, respectively.
MIPAS initially took around 1000 measurements per day.
In 2005, operation was resumed at reduced duty cycle. By
the end of 2007, MIPAS was back at full duty cycle, which
amounts to approximately 1300 RR measurements per day.
The horizontal sampling changed from 510 km during the FR
period to 410 km during the RR period.

The temperature and various atmospheric trace gases are
retrieved from level-1b data using a retrieval processor devel-
oped at the Institute of Meteorology and Climate Research at
the Karlsruhe Institute of Technology (KIT) in close cooper-
ation with the Instituto de Astrofisica de Andalucia (CSIC)
in Granada, Spain. Results shown in this publication cover
both the FR and the RR period.

3 Retrieval

The MIPAS Envisat retrieval is based on a non-linear least-
squares approach and employs a first-order Tikhonov-type
regularization (von Clarmann et al., 2003, 2009).

The radiative transfer is modelled using the Karlsruhe Op-
timized and Precise Radiative Transfer Algorithm (KOPRA)
model (Stiller, 2000). The spectral regions used for the re-
trieval of CCly are 772.0-791.0 and 792.0-805.0cm™!. The
gap from 791.0 to 792.0cm™! is necessary, since even when
accounting for line mixing, strong effects from the CO, Q-
branch still occur in the residuals. Several results from previ-
ous steps in the retrieval chain were used to derive CCly (Ta-
ble 1) including the spectral shift (zangent), the temperature
(T), the horizontal temperature gradient (7grad) and mixing
ratio profiles of HNO3, ClO, CFC-11, C;Hg, HCN, CIONO;
and HNOjy. In addition, several species were found to im-
prove the retrieval whenever their mixing ratio profiles were
fitted alongside CCly. These are peroxyacetyl nitrate (PAN),
CH3CCl3, HCFC-22, O3, H20, C2H; and COF,. Although
for most of these species results from preceding retrieval
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Figure 1. Exemplary spectra of MIPAS CCly at 12 km during the FR period (September 2003): (a) spectra; (b) residuals.

Table 1. Retrieval details on the spectroscopic region, species im-
ported from preceding retrieval steps and variables fitted jointly dur-
ing the retrieval process. Brackets denote mixing ratios.

Spectral regions Imported from preceding  Jointly fitted

retrieval steps variables

772.0-791.0cm ™! Shift(ztangent) [PAN](z)

792.0-805.0cm™!  T(z) [CH3CCl3](z)
Torad(2) [HCFC-22](z)
[HNO3](z) [031(2)
[CI0](2) [H20](z)
[CFC-11](2) [C2Hy](z)
[C2H6](2) [COF;](2)
[HCNI(z) Continuum(z)
[CIONO,](z) offset
[HNO41(2)

steps are available, fitting their concentrations jointly with
that of CCly reduces the fit residuals significantly. This is at-
tributed to spectroscopic inconsistencies of the interferers’
spectroscopic data between the spectral region where these
were retrieved and the spectral region where CCly is ana-
lyzed. Also fitted were a background continuum accounting
for spectral contributions from aerosols and a radiance offset
which is constant for all tangent altitudes (Table 1). These
retrieval settings lead to spectral fits as displayed in Figs. 1
and 2, where an example for the FR period and the RR pe-
riod is shown, respectively. The measured spectra are plotted
in black (not discernible from the best fit modelled in the fit-
ting window), while the red and the blue lines represent the

www.atmos-meas-tech.net/10/2727/2017/

modelled spectra of the regions from 772.0 to 791.0 and from
792.0 to 805.0cm™!, respectively. Some periodic residuals
are visible in both the FR and the RR period. These result
from less than perfectly fitted CO, but, as will be shown in
Sect. 5, are only of minor relevance for the accuracy of the
retrieved CCly.

3.1 Information cross-talk with PAN

The signature of PAN is particularly prominent in the spec-
tral region of CCly and can thus be retrieved during the same
retrieval step. Actually, jointly fitting PAN is very important
for the CCly retrieval. Since PAN was already retrieved from
MIPAS spectra before (Glatthor et al., 2007), it is of obvi-
ous interest to investigate the PAN results from the CCly—
PAN joint retrieval in comparison with those from the origi-
nal PAN retrieval. There, CCly was fitted alongside PAN but
the retrieval was not yet optimized for CCly.

We find slightly higher volume mixing ratios of PAN
throughout most of the altitude—latitude cross section
(Fig. 3). As a consequence, areas showing unphysical mix-
ing ratios below zero in the original retrievals (left panel of
Fig. 3) are now slightly positive or very close to zero. This
suggests that jointly fit PAN from the retrieval optimized for
CCly might be more accurate than PAN retrieved using the
old CCly distributions.

3.2 Line mixing

Since the spectral region where CCly is retrievable con-
tains a CO2 Q-branch, the retrieval is set up to account for
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Figure 2. Exemplary spectra of MIPAS CCly at 11.5 km during the RR period (July 2008): (a) spectra; (b) residuals.
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Figure 3. PAN altitude-latitude cross sections (July 2008) from a separate retrieval using the old CCly distributions (a) and resulting from a

joint retrieval with CCly (b).

line mixing (Funke et al., 1998). This was done by using the
Rosenkranz approximation (Rosenkranz, 1975). Tests were
also performed using the computationally more demanding
direct diagonalization, but this approach was not found to
noticeably change the results of the retrieval. This is possi-
bly the case because the microwindows were carefully se-
lected to omit major spectral signatures of the CO, Q-branch
and because the effect of line mixing is generally smaller at
stratospheric pressure levels. However, it was still necessary
to omit parts of the CO, Q-branch. Figures 4 and 5 show
spectra where the full spectral region was fitted. In Fig. 4, line
mixing was not considered and thus a large peak in the resid-
ual is visible close to 791.0cm™!. In Fig. 5, the Rosenkranz
approximation was used to account for line mixing. Even
though the residual is considerably smaller than without line
mixing taken into account — as would be expected — peaks
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significantly larger than for the remainder of the window are
still visible between 791.0 and 792.0cm™!. Although inclu-
sion of line mixing significantly reduces the residuals in the
CO; branch, the residuals are still unacceptably large there.
With the Rosenkranz approximation, however, the spectral
region excluded from the fit could be narrowed from 791.0
t0 792.0cm™! from 790.5 to 792.5cm ™.

3.3 New CCly spectroscopic data

During the ongoing development of the MIPAS Envisat CCly
retrieval, a new CCly spectroscopic data set was published
by Harrison et al. (2017). Figure 6 shows the influence of
these spectroscopic data on an altitude-latitude cross sec-
tion of CCly distributions of July 2008. The upper panel
shows what stratospheric CCly distributions retrieved with
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Figure 4. Impact of the CO, Q-branch at 11.5km altitude without considering line mixing: (a) spectra; (b) residuals. Black: measured
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Figure 5. Impact of the CO, Q-branch at 11.5 km altitude taking line mixing it into account: (a) spectra; (b) residuals. Black: measured
spectrum, hardly discernible because overplotted by modelled spectra. Note the different scale of the residual axis compared to Fig. 4.

the original spectroscopic data set as presented in HITRAN
2000 (Nemtchinov and Varanasi, 2003) look like. The lower
panel shows the same cross section, but using the new spec-
troscopic data set by Harrison et al. (2017) for an otherwise
identical retrieval setup. While the qualitative and morpho-
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logical features of the distribution are very similar, lower vol-
ume mixing ratios of CCly result when the new spectroscopic
data set is used. Comparing these with reported values of
ground-based measurements as presented in SPARC (2016)
indicates that the updated spectroscopic data lead to results
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Figure 6. Altitude-latitude cross section of July 2008, using the
spectroscopic data set by Nemtchinov and Varanasi (2003) (a) and
using the new spectroscopic data by Harrison et al. (2017) (b).

which, in the tropopause region, agree better with tropo-
spheric measurements. Tropospheric volume mixing ratios
are reported to be at approximately 95 pptv, which is very
close to what MIPAS Envisat presents around the tropical
tropopause and at midlatitudes of the Northern Hemisphere
when using the new spectroscopic data set. In contrast, using
HITRAN 2000 sometimes results in volume mixing ratios
above 100 pptv in the same region. Thus, we consider the
new spectroscopic data set more adequate for the retrieval of
CCly.

4 Results
4.1 Distributions

Figures 7 and 8 and the lower panel of Fig. 6 give an
overview of the latitudinal and altitude distribution of CCly
of different time periods. All of the altitude-latitude cross
sections show the expected patterns of CCly with a rapid de-
crease with increasing altitude in the stratosphere, as the gas
is photolyzed there. In addition, highest volume mixing ra-
tios appear at the Equator where CCly, along with many other
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Figure 7. Altitude-latitude cross sections of MIPAS CCly for the
FR period (September 2003).

trace gases, enters the stratosphere due to the upward trans-
port associated with the Brewer—Dobson circulation. During
January 2010, March 2011 and particularly April 2011, sub-
sidence of higher stratospheric air results in reduced mix-
ing ratios over the North Pole. In Spring 2011, an unusually
stable northern polar vortex resulted in severe ozone deple-
tion and particularly strong subsidence (Manney et al., 2011;
Sinnhuber et al., 2011), which is reflected in the observations
shown here. In general, MIPAS Envisat shows higher volume
mixing ratios in the lower stratosphere during the FR period,
which fits well with the overall decline in CCl4 abundance in
the atmosphere due to its restriction under the Montreal Pro-
tocol. This impression is also supported by the lower panel in
Fig. 6, which shows lower overall volume mixing ratios than
MIPAS sees during the FR period but which are still slightly
higher than during 2010 and 2011. All cross sections show a
maximum in the CCl4 volume mixing ratios around the tropi-
cal tropopause connected with values of similar magnitude at
lower altitudes of northern extratropical regions. This pattern
was also seen in HCFC-22 (Chirkov et al., 2016) and could
be linked to the Asian monsoon. Calculations with the Chem-
ical Lagrangian Model of the Stratosphere (CLaMS) by Vo-
gel et al. (2016) show that there indeed exists a mechanism
which can produce local maxima in the upper troposphere in
2-D distributions of source gases. So, the monsoon might of-
fer an explanation for the patterns seen in CCly around these
atmospheric regions as well.

4.2 Altitude resolution

The vertical resolution of the CCly profiles is very similar
for the FR and the RR period. From about 2.5 to 3km at
the lower end of the profiles, it degrades to approximately
Skm at ~25km and ~7km at ~30km, calculated as the
full width at half maximum of the row of the averaging ker-
nel matrix (Rodgers, 2000). The degrees of freedom are usu-
ally around 3.5 for the FR period and close to 4.0 for the RR
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Figure 8. Altitude—latitude cross sections of MIPAS CCly for the
RR period. (a—c) January 2010, March 2011 and April 2011.

period (Fig. 9). This is presumably attributed to the finer ver-
tical sampling during the RR period with 27 tangent altitudes
compared to 17 tangent altitudes during the FR period. The
signal decreases rapidly with altitude, as the volume mixing
ratios of CCly do. Above 30km, hardly any CCly informa-
tion is available in the MIPAS spectra. Slightly below 20 km,
the averaging kernels show negative side wiggles which are
more pronounced during the FR period (left panel) than the
RR period (right panel).
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4.3 Error budget

Tables 2 and 3 list the error budgets for midlatitudes during
the FR and RR period between 10 and 40 km. Examples for
other latitudes can be found in the Appendix (Tables Al-
A6). For legibility reasons, the errors are only given every
5km, although the retrieval grid is 1 km. Errors due to eleva-
tion uncertainties of the line of sight (LOS) and uncertainties
of several contributing species are given. All profiles show a
strong increase in the relative errors at and above 30 km. Dur-
ing the FR period, the absolute total errors are fairly similar
below this altitude, while large differences can occur from
20 km upwards. Absolute errors are close to 3 pptv between
10 and 25 km and around 5 to 6 pptv at 15km where larger
error appear for all atmospheric situations except the po-
lar summer one where the errors stay close to 3 pptv. The
largest error component is measurement noise (third col-
umn), while at 15km significant parameter errors have to
be considered, in particular the elevation uncertainties of the
LOS and instrument line shape (ILS). Beyond this, uncer-
tainties of HNO4 and CIONO;, profiles, frequency calibration
(shift) and temperature contribute to the total error. The de-
crease of retrieval noise towards higher altitudes is explained
by the coarser altitude resolution at higher altitudes. For the
RR period, the patterns look slightly different. There is no
peak in the total error around 15km, but the total error is
either rather constant at lower altitudes or decreases with al-
titude. Contributions to the error budget are, however, similar
to the FR period.

Figure 10 compares the estimated total error with the de-
viation of the profiles in a quiescent atmosphere. This com-
parison was created in a similar way as in Eckert et al. (2016,
Sect. 6). Up to 18 km altitude, the sample standard deviation
of MIPAS Envisat results is only slightly larger than the es-
timated error. Thus, these profiles suggest that the estimated
error can explain most of the variability in the CCly profiles
up to approximately 18 km. Correspondingly, the error esti-
mate can be considered realistic from the bottom of the pro-
file up to this altitude.

4.4 Trends

Figure 11 shows an altitude-latitude cross section of MI-
PAS Envisat CCly trends. These trends were estimated by
the same method as described by Eckert et al. (2014), which
is based on the method by von Clarmann et al. (2010). In
addition to the setup used by Eckert et al. (2014), the El-
Nifilo—Southern Oscillation (ENSO) was also taken into ac-
count. The data set used for trend calculation covers the en-
tire MIPAS Envisat measurement period from July 2002 to
April 2012. The distribution of the trends agrees well with
the trends estimated by Valeri et al. (2017), who calculated
trends from MIPAS Envisat V7 data they formerly retrieved
and displayed them on a pressure-latitude grid. The most
likely cause of differences between their and our trend es-
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Figure 9. Rows of exemplary averaging kernels of MIPAS CCly. (a) FR period (September 2003). (b) RR period (July 2008).
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Figure 10. Comparison of the estimated total error with the standard
deviation of several MIPAS profiles for a quiescent atmospheric sit-
uation (Equator). Red: total error budget; blue: standard deviation.

timates are the underlying MIPAS spectra. We use MIPAS
V5 spectra which were found to be subject to an instrument
drift due to detector aging (Eckert et al., 2014). Valeri et al.
(2017) use version 7 spectra, where an attempt was made to
tackle the problem of detector aging during the level-1 pro-
cessing. However, Hubert et al. (2016) show that there is still
a drift problem in the version 7 MIPAS temperatures. Since
these temperature drifts are expected to propagate onto the
retrieved CCly4 mixing ratios, it is not clear if version 5 or ver-
sion 7 is more adequate for trend analysis. In spite of these
differences and technical differences

in the level-2 data processing, the trends inferred by Va-
leri et al. (2017) and ours show important common features.
In both data sets a hemispheric asymmetry is found, with
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Figure 11. Altitude-latitude cross sections of MIPAS CCly
trends covering the entire measurement period from July 2002 to
April 2012. Red colours indicate increasing CCly volume mixing
ratios. Blue colours indicate declining CCly concentrations. Hatch-
ing shows where no statistically significant trends could be calcu-
lated at 20 confidence level.

positive trends in the Southern Hemisphere around 25km
(although the region is larger in our data set) and negative
trends in the Northern Hemisphere in almost the whole al-
titude range. Also the average magnitudes of the inferred
trends agree reasonably well between both data sets.
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Table 2. Error estimates for a midlatitude profile during the FR period. Errors are given in pptv (relative errors in %).
Total
Altitude  Total error Noise parameter Gain LOS HNO4 Shift ILS  Temperature ~ CIONO,
40 0.0 (69.4) 0.0 (57.2) 0.0(38.8) 0.0(24.5) 0.0(22.5) 0.0 (18.2) 0.0(1.7) 0.009.2) 0.0 (6.3) 0.0 (5.5)
35 0.0 (68.4) 0.0 (56.7) 0.0(39.1) 0.0(23.5) 0.0(21.5) 0.0 (18.4) 0.0(1.7) 0.0(9.0) 0.0 (6.3) 0.0(5.7)
30 02(71.0)  02(643)  0.1(33.8) 0.1(20.3) 0.1(17.9) 0.1(20.3)  0.0(1.8) 0.0 (3.0) 00(5.1)  0.0(5.1)
25 23 (480.8) 22(459.9) 0.7(1442) 04(794) 00(3.8) 0.6(1150) 0.0(10.0) 0.0(0.7) 0.1 (23.0) 0.1(17.3)
20 2.9(5.3) 24 (4.4) 1.6 (2.9) 0.0 (0.1) 1.5(2.8) 0.1 (0.3) 0.0(0.0) 0.7(1.2) 0.1(0.2) 0.1(0.2)
15 5.0 (4.9) 2.1(2.1) 45(45) 0707  4.04.0) 0.1(0.1)  0.1(0.1) 2.0(2.0) 0.1(0.1)  0.1(0.1)
10 2731 2528  09(L.0) 02(02) 02(03)  03(03) 0.1(0.1) 0404 0.50.6) 0.1(0.1)
Table 3. Error estimates for a midlatitude profile during the RR period. Errors are given in pptv (relative errors in %).
Total
Altitude  Total error Noise  parameter Gain LOS HNO4 Shift ILS Temperature  CIONO,
40 0.0 (214.1) 0.0(127.1) 0.0(173.9) 0.0(73.6) 0.0(147.2) 0.0(24.8) 0.0(2.5 0.0(24.8) 0.0 (24.1) 0.0 (13.4)
35 0.0(211.3) 0.0(128.1) 0.0(172.9) 0.0(704) 0.0(147.3) 0.0(25.0) 0.0(2.6) 0.0(24.3) 0.0(23.7) 0.0(13.4)
30 02(141.2) 0.1(123.6) 0.1(61.8) 0.0(159) 01477 00247 00@28) 00(22.1) 0.0(2.8) 0.0(11.5)
25 24(1873) 221717  09(67.1) 02(140) 04(304) 04(33.6) 0.1 (4.8) 0.6(44.5) 0.0(0.0) 02 (16.4)
20 35(15.0)  26(11.1)  24(10.3)  0.1(0.4) 23(9.9) 0.1(04) 0.1(03) 0.1(0.5) 0.1(02) 0.0(0.1)
15 3.3(6.1) 2.0@3.7) 2.6(4.8) 0.5 (1.0) 2.5(4.6) 0.1(0.3) 0.0(0.1) 0.1(0.2) 0.1(0.1) 0.0 (0.0)
10 5.7 (6.1) 43 (4.6) 3740 1.1(1.2) 3538)  0.2(0.2) 0.0(0.0) 04(0.4) 0.4(04)  0.1(0.1)
CCl4: ATMOS vs. MIPAS 5 Comparisons
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= The ATMOS instrument measured in solar occultation cov-
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Figure 12. Qualitative comparison of profiles from ATMOS (or-
ange) taken during the ATLAS-3 mission (as shown in Zander et al.,
1996, Fig. 1) and climatological means of MIPAS (blue) during 3—
12 November of each year. Solid lines refer to midlatitude measure-
ments (35-49° N). Dashed lines indicate subtropical measurements
(20-35°N).
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in Fig. 12 were extracted directly from Zander et al. (1996,
Fig. 1). CCly volume mixing ratio profiles in the subtropics
(20-35° N; thin dashed lines) and at midlatitudes (35-49° N;
thin full lines) are presented there. Measurements were taken
from 3 to 12 November in 1994 during the ATLAS-3 shuttle
mission. We depicted midlatitude profiles as solid lines and
subtropical profiles as dashed lines in Fig. 12 of this paper. To
compare the ATMOS profiles with MIPAS Envisat, we used
MIPAS Envisat data of all years from 3 to 12 November and
calculated an arithmetic mean for both latitude bands (sub-
tropics and midlatitudes). In Fig. 12, MIPAS Envisat profiles
are shown in blue, while the ATMOS profiles are shown in
orange. The ATMOS profiles show higher volume mixing ra-
tios than those of MIPAS Envisat, because they were mea-
sured shortly after CCly emissions were restricted and, thus,
volume mixing ratios used to be higher in the atmosphere.
However, the general shapes of the ATMOS profiles agree
well with those of MIPAS Envisat. Both MIPAS Envisat
and ATMOS show CCly mixing ratios which quickly de-
crease with altitude. The slopes of decline are similar above
~20km. Largest differences are visible at the lower end of
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the midlatitude profiles. ATMOS CCly mixing ratios also
agree well with Liang et al. (2016, Fig. 2) where a time series
of CCly surface mixing ratios over several decades is shown.
Volume mixing ratios at the lower end of the profiles are no-
ticeably higher than 100 pptv, which is in very good agree-
ment with peak values of CCly shown in Liang et al. (2016,
Fig. 2) for the time around and shortly after 1990. Taking the
temporal development of the surface mixing ratios into ac-
count, ATMOS and MIPAS Envisat measurements provide a
coherent picture.

5.1.2 MIPAS-B

The first balloon-borne version of the MIPAS instrument
was developed prior to the satellite instrument in the late
1980s and early 1990s at the Institute of Meteorology and
Climate Research (IMK) in Karlsruhe (Fischer and Oelhaf,
1996). Measurements with this instrument have been taken
since 1989 (von Clarmann et al., 1993) and first profiles
of CCly were derived from a flight at Kiruna, Sweden, on
14 March 1992 (von Clarmann et al., 1995). Due to the strong
decrease of CCly with altitude, a clear signal of the gas could
not be identified at tangent altitudes of 14.5km and above.
Thus, only the spectrum at 11.3km was analyzed and the
total amount of CCly was estimated by scaling the vertical
profile and using information on the shape as measured in
polar winter conditions before. This leads to an estimated
concentration of approximately 110 pptv at 11.3km, which
is slightly higher than the peak surface values in the long
time series of CCly shown in Liang et al. (2016). Ground-
based measurements shown in there support favouring the
MIPAS Envisat CCly retrieval with the new spectroscopic
data set, since respective results agree better with measure-
ments shown in Liang et al. (2016). MIPAS-B results over-
estimate the ground-based measurements slightly providing
a consistent picture when taking differences in the volume
mixing ratios into account which result from the old versus
the new spectroscopic data set.

5.2 Comparisons with collocated measurements

All collocated measurements were analyzed using spectro-
scopic data of Nemtchinov and Varanasi (2003), which are
included in the HITRAN 2000 database (Rothman et al.,
2003). Thus, in order to allow for a meaningful compari-
son and not to mask possible other differences, a dedicated
MIPAS Envisat comparison data set was generated which is
based on these spectroscopic data as well.

5.2.1 ACE-FTS

The Atmospheric Chemistry Experiment Fourier Transform
Spectrometer is one of two instruments aboard the Canadian
Satellite SCISAT-1. On 12 August 2003, it was launched
into a 74° orbit at 650 km to ensure a focus on higher lati-
tudes. It covers the globe from 85° S to 85° N. Since ACE-
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FTS is an occultation instrument, it takes measurements dur-
ing 15 sunrises and 15 sunsets a day within two latitude
bands. The vertical scan range covers altitudes from the mid-
dle troposphere up to 150 km. Wavelengths between 750 and
4400 cm~! (13.3 and 2.3 um) can be detected with a spectral
resolution of 0.02cm™!. The vertical sampling depends on
the altitude as well as the beta angle. The latter is the angle
between the orbit track and the path from the instrument to
the sun. The sampling ranges from ~ 1 km between 10 and
20km to ~2-3.5 km around 35 km and declines to 56 km at
the upper end of the vertical range. The field of view covers
3—4 km, which is approximately similar to the vertical resolu-
tion of the instrument. Comparisons in this study were made
using version 3.5 of the ACE-FTS data. The CCly retrieval is
performed between 787.5 and 805.5 cm ™! at altitudes from 7
to 25km (Allen et al., 2009).

For the comparison with ACE-FTS (Fig. 13), coincident
profiles within 2 h time difference and no further than 5° lat-
itude and 10° longitude away were used. Profiles at latitudes
higher than 60° S were omitted. Between the lower end and
~ 16 km the agreement is always close to 10 %, with slightly
larger differences below 10 km than between 10 and 15km.
Above 15km, the mean profiles deviate more strongly and
exceed relative differences of 50 % above 19 km (Fig. 13d).
However, differences above 19 km are not as apparent in the
absolute comparison (Fig. 13a). The volume mixing ratio dif-
ference stays within similar values up to near 25 km. Since
CCly decreases rapidly with altitude, this difference is far
more pronounced in relative terms. MIPAS shows slightly
lower volume mixing ratios than ACE-FTS, in general. Part
of this might be attributed to PAN not being accounted for
in the ACE-FTS v3.5 retrieval (Harrison et al., 2017). With
PAN missing from the forward model calculations, the re-
trieval increases CCly to compensate. Preliminary ACE-FTS
version 4 results indicate that retrieved CCly will skew lower
when PAN is included. However, Harrison et al. (2017) do
not investigate the magnitude of the effect of including PAN
versus not including it. Other items changed in the retrieval,
e.g. the microwindow set and new cross sections, so it is not
clear how much of the decrease in CCly can be attributed
to the inclusion of PAN as an interferer in the ACE-FTS re-
trieval. Nevertheless, the agreement between MIPAS Envisat
and ACE is very good, staying within the 10 % range for the
differences up to above 15km.

5.2.2 MIPAS-B2

MIPAS-B2 is the follow-up of MIPAS-B (Friedl-Vallon
et al., 2004), which was lost in 1992. MIPAS-B and MIPAS-
B2 measurements add up to more than 20 flights to date.
MIPAS-B2 covers the spectral range from 750 to 2500 cm ™!
(13.3 and 4 um) and vertical ranges up to the floating altitude
of typically around 30-40km. The vertical sampling is ap-
proximately 1.5 km. The spectral region used for the MIPAS-
B2 retrieval ranges from 786.0 to 806.0cm~'. MIPAS-B2
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Figure 13. Comparison of MIPAS Envisat and version 3.5 ACE-FTS CCly. (a) Mean profiles of all coincident profiles (black: ACE-FTS;
magenta: MIPAS). Dashed lines show the standard deviations of the mean profiles. (b) Number of coincident points per altitude. (c) Corre-
lation coefficient of the mean profiles. (d) Relative differences of the mean profiles. (e) One standard deviation of the relative differences of
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Figure 14. Comparison of MIPAS Envisat and MIPAS-B2 CCly for the MIPAS-B2 flight on 24 January 2010 over Kiruna, Sweden. (a) Mean
profile of all coincident profiles (black line: MIPAS-B2; red line: MIPAS mean; red squares: coincident MIPAS measurements). (b) Absolute
total error budget without consideration of the spectroscopy error. (¢) Relative error budget — red continuous line: difference between the
mean profiles; red dotted line: standard deviation; blue dotted line: mean combined precision; blue dashed line: total mean combined error.

and MIPAS Envisat use the same retrieval strategy and for-
ward model to derive vertical profiles.

Figures 14 and 15 show CCls measurements from a sin-
gle flight of MIPAS-B2 each, compared with collocated mea-
surements of MIPAS Envisat along diabatic 2-day backward
and forward trajectories. These trajectories were calculated at
Free University of Berlin (Naujokat and Grunow, 2003) and
are based on European Centre for Medium-Range Weather
Forecasts (ECMWF) 1.25° x 1.25° analyses. The trajectories

www.atmos-meas-tech.net/10/2727/2017/

start at different altitudes at the respective geolocation of the
balloon measurement. Coincidence criteria for this compar-
ison were 1h and 500 km within the temporal and spacial
range of the trajectories. Figure 14 shows a comparison with
the MIPAS-B2 flight on 24 January 2010. The comparison
with the MIPAS Envisat mean profile (red line), which was
calculated from the ensemble of all collocated MIPAS En-
visat measurements (red squares), agrees with the MIPAS-
B2 measurement (black line) within 5 pptv for most of the

Atmos. Meas. Tech., 10, 2727-2743, 2017
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Figure 15. Comparison of MIPAS Envisat and MIPAS-B2 CCly for the MIPAS-B2 flight on 31 March 2011 over Kiruna, Sweden. (a) Mean
profile of all coincident profiles (black line: MIPAS-B2; red line: MIPAS mean; red squares: coincident MIPAS measurements). (b) Absolute
total error budget without consideration of the spectroscopy error. (c¢) Relative error budget —red continuous line: difference between the
mean profiles; red dotted line: standard deviation; blue dotted line: mean combined precision; blue dashed line: total mean combined error.

altitude range. The MIPAS-B2 measurement lies well within
the spread of all collocated MIPAS Envisat profiles. The dif-
ference (middle panel) is always close to the total combined
error, which includes all error estimates except the spec-
troscopy error. The latter has not been included because a
MIPAS Envisat retrieval setup was used for this compari-
son which is based on the same spectroscopic data as the
MIPAS-B2 retrieval. The right panel shows the relative er-
ror, which stays well within 5 % up to 17 km. Only between
16 and 18 km, the relative difference noticeably exceeds the
combined error of the instruments.

The comparison of the MIPAS-B2 flight on 31 March 2011
(Fig. 15) with MIPAS Envisat presents even better agree-
ment. The difference between the two profiles never exceeds
S pptv (middle panel) and stays within or close to the com-
bined error of the instruments throughout the whole altitude
range. Larger deviations in the relative differences only occur
above 18km, where the combined error of the instruments
also increases rapidly, because of small volume mixing ra-
tios of CCly. Overall, the comparisons with MIPAS-B2 show
excellent agreement between the two instruments. This sug-
gests that the MIPAS Envisat CCly error estimates are re-
alistic and that the residuals in the CO, lines mentioned in
Sect. 3.2 have no major impact on the CCly retrieval. This is
also supported by Fig. 10, at least up to about 18 km, since
the standard deviation of the profiles can be explained by the
MIPAS Envisat error estimates to a large extent.

Atmos. Meas. Tech., 10, 2727-2743, 2017

5.2.3 Cryosampler

The cryosampler whose measurements are used here was de-
veloped at Forschungszentrum Jiilich (Germany) in the early
1980s (Schmidt et al., 1987) and is a balloon-borne instru-
ment. It collects whole air samples which are then frozen dur-
ing the flight and analyzed using gas chromatography after
the flight. In this analysis, a flight performed on 1 April 2011
by the University of Frankfurt (Fig. 16 black circles) is com-
pared to collocated MIPAS Envisat profiles that lie within
1000km and 24 h of the cryosampler profile. The MIPAS
Envisat profiles used for the comparison are those retrieved
with the new spectroscopic data set (continuous blue line:
closest MIPAS profile; red line: MIPAS mean profile; blue-
greyish lines: all collocated MIPAS profiles). In addition,
the closest profile produced with the old spectroscopic data
set is shown (dashed blue line). The only difference be-
tween the blue line and the dashed blue line are the dif-
ferent spectroscopic data sets. It is clearly visible that the
closest MIPAS profile produced with the new spectroscopic
data comes closer to the cryosampler measurements, even
though these still show slightly lower volume mixing ratios
of CCly. A similar pattern of two outliers (second and forth
lowest cryosampler measurements) was also seen in a com-
parison of cryosampler and MIPAS measurements of CFC-
11 and CFC-12 (Eckert et al., 2016), even though the sec-
ond lowest outlier is not as obvious for the CFCs. However,
this might be an indication that cryosampler captured fine
structures (like laminae) produced by the unique atmospheric
situation in spring 2011 (Manney et al., 2011; Sinnhuber
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Figure 16. Comparison of MIPAS Envisat and cryosampler CCly. The cryosampler measurement was taken on 1 April 2011. The continuous
and dashed blue lines are the respective closest MIPAS Envisat profiles calculated using the new and the old spectroscopic data set.

et al., 2011), which MIPAS Envisat cannot resolve due to its
coarser vertical resolution. All other cryosampler measure-
ments lie within the spread of the collocated MIPAS Envisat
profiles. Taking this into account, the overall agreement of
MIPAS and cryosampler is good and Fig. 16 supports the as-
sumption that the retrieval is improved by the usage of the
new spectroscopic data set.

6 Conclusions

Vertical profiles of CCly were retrieved from MIPAS Envisat
limb emission spectra considering various interfering trace
gases and with PAN playing a particularly important role.
Using line mixing in the forward model made it possible to
narrow the spectral region that had to be omitted due to large
residuals and thus to include additional information useful
for the retrieval of CCly, even though parts of the CO> Q-
branch still had to be excluded. Introducing a new spectro-
scopic data set (Harrison et al., 2017) resulted in lower vol-
ume mixing ratios of CCly, which agree better with other
results, e.g. tropospheric values shown in Liang et al. (2016)
and cryosampler measurements. The expected atmospheric
distribution patterns are clearly visible in altitude—latitude
cross sections. These show higher volume mixing ratios of
CCly in the tropics and at lower altitudes, which quickly de-
crease above the tropopause due to photolyzation. They also
decrease with increasing latitude and thus follow the Brewer—
Dobson circulation. A maximum in the tropics connected
with higher values of CCl4 below the northern extratropical
tropopause is a feature also seen in HCFC-22 (Chirkov et al.,
2016), where it was associated with the uplift in the Asian
monsoon, so CCly distributions in this region might have a

www.atmos-meas-tech.net/10/2727/2017/

similar explanation. Trends of the entire measurement period
from July 2002 to April 2012 show good agreement with
trends estimated by Valeri et al. (2017). Comparisons with
ACE-FTS and MIPAS-B2 show very good agreement and
historical measurements of MIPAS-B2 and ATMOS are co-
herent with MIPAS Envisat CCly results using the new spec-
troscopic data. MIPAS profiles retrieved using the new spec-
troscopic data set agree well with cryosampler and deviations
between the measurements can be explained reasonably. The
latter comparison also suggests that the new spectroscopic
data set improves the MIPAS Envisat CCly retrieval. The MI-
PAS Envisat estimated error can explain most of the variabil-
ity of a set of profiles measured during quiescent atmospheric
conditions up to 18 km, so the error estimate seems to be re-
alistic. This is also supported by the comparison of MIPAS
Envisat and MIPAS-B2 where the differences between the
measurements stay mostly within the combined error of the
instruments. Putting differences resulting from different spe-
cial resolutions aside, the comparison with the cryosampler
profile also suggests favouring the spectroscopic data set in-
troduced by Harrison et al. (2017) over the data set used be-
fore.

Data availability. MIPAS data can be accessed at the fol-
lowing website: https://www.imk-asf kit.edu/english/308.php. The
cryosampler data can be obtained by contacting Andreas Engel
via email (an.engel @iau.unifrankfurt.de). Information on MIPAS-
B can be found at the following website: http://www.imk-asf kit.
edu/english/ffb.php. For SCISAT/ACE-FTS, the most recent data
version is available from the ACE team, University of Waterloo,
Canada. Publicly available validated data sets can be found at http:
/Iwww.ace.uwaterloo.ca/data.html.
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Table Al. Error estimates for an equatorial profile during the FR period. Errors are given in pptv (relative errors in %).

Total
Altitude  Total error Noise  parameter Gain LOS HNO4 Shift ILS  Temperature ~ CIONO,
40 0.0(210.6) 0.0(178.7) 0.0(1148) 00(702) 0.0@453) 0.0(555) 0.0(6.0) 0.0(37.6) 0.0 (30.0) 0.0(17.2)
35 0.0(214.1) 0.0(183.5) 0.0(116.2) 0.0(67.3) 0.0(453) 0.0(557) 0.0(6.0) 0.0(37.3) 0.0(30.0) 0.0 (17.1)
30 0.2(195.8) 0.2(177.1) 0.1(85.8) 0.1(51.3) 0.0(233) 0.1(54.1) 0.0(5.2) 0.0(17.7) 0.0(23.3) 0.0(14.0)
25 23(30.4) 222900 09(11.9) 0448 05(7.1) 05(7.1) 0.1(08) 02(2.6) 0228 0.1(13)
20 28(38) 25(34) 13(1.8) 0202 08(12) 0.1(02) 00(0.0) 09(1.2) 0304) 0.1(0.2)
15 53(5.5) 22(2.3) 49(5.1) 0.9 (1.0) 4.2 (4.4) 0.2(0.2) 0.1(0.1) 23(2.4) 0.4 (0.4) 0.1 (0.1)
10 2.8(3.2) 2.6 (2.9) 1.0(1.1) 0.2(0.2) 0.1 (0.1) 0.2(0.2) 0.1(0.1) 0.3 (0.4) 0.8 (0.9) 0.1(0.1)
Table A2. Error estimates for a polar summer profile during the FR period. Errors are given in pptv (relative errors in %).
Total
Altitude  Total error Noise  parameter Gain LOS HNO4 Shift ILS Temperature CIONO>
40 0.095.1) 00(642) 0.0(69.4) 00385 00462) 00(19.8) 0014 0.0(19.0) 0.0(11.3)  0.0(5.1)
35 0.0(937) 00(641) 0.0(69.0) 0.0(39.4) 0.0(468) 00(19.7) 0.0(1.4) 0.0 (19.0) 0.0(11.3)  0.0(5.2)
30 0.2(117.2) 0.2 (87.9) 0.1(73.2) 0.1(39.5) 0.1(53.7) 0.1(26.4) 0.0(1.8) 0.0(11.2) 00(11.2) 0.0(5.9)
25 25(212.9) 22(1874) 12(1022) 05434) 09(733) 06(51.1) 0144  0.1(82) 0.1(11.1) 0.1(8.5)
20 24@22) 21369 122L1) 0117 12QLD  02@0) 000.6)  0.0(0.4) 0.1(1.5)  0.0(0.7)
15 2.8(4.7) 1.7(2.9) 23(3.9) 0.1(0.2) 2237 02(0.4) 0.1(0.1) 0.5 (0.9) 0.2(0.3) 0.1(0.1)
10 3.03.7) 2.3(2.8) 20(24) 0.1(0.1) 1.4 (1.7) 0.1(0.1) 0.1(0.1) 1.2(1.5) 0.3(0.3) 0.0(0.0)
Table A3. Error estimates for a polar winter profile during the FR period. Errors are given in pptv (relative errors in %).
Total
Altitude  Total error Noise  parameter Gain LOS HNO4 Shift ILS Temperature CIONO;
40 0.0(45.8) 0.0(347) 00(30.5) 00(167) 00(20.8) 009.3) 00(0.9) 0.0(7.4) 0.0(5.8) 0.0 (4.4)
35 0.0 (46.6) 0.0(346) 00(29.3) 00(160) 0.0(20.0) 0.0(9.3) 0009 0.0(7.3) 0.0(5.9) 0.0 (4.4)
30 02@47.8) 0240.7) 0.1(263) 00(11.7) 0.1(194) 0.0(10.5) 0.0(0.7) 0.0(L8) 0.0@.1) 0041
25 24(585) 22(53.6) 1.1(26.8) 04 (8.8 0.8(19.7) 0.6(13.6) 0.004) 0.124) 0.1(29) 02(.1)
20 28(22.8) 27(220) 09(73) 00(04) 08(68) 0324 0.1(04) 0.0(0.1) 0.0(0.1) 0.1 (1.0)
15 4417 183.0)  40(7.0) 00(0.1) 39(68) 02(04) 0.0(0.0) 0.9(L6) 0.1(0.1) 0.0(0.1)
10 27(3.1) 2529 09(1.0) 0202 05(0.6) 01(0.1) 0.1(0.1) 0.1(0.1) 0.5(0.6) 0.1(0.1)
Table A4. Error estimates for an equatorial profile during the RR period. Errors are given in pptv (relative errors in %).
Total
Altitude Total error Noise parameter Gain LOS HNO4 Shift ILS  Temperature CIONO,
40 0.0 (3058.9) 0.0 (2867.7) 0.0 (879.4) 0.0(172.1) 0.0(124.3) 0.0 (726.5) 0.0 (47.8) 0.0 (372.8) 0.0 (18.2) 0.0 (210.3)
35 0.0 (18560.0) 0.0 (17998.0) 0.0 (5511.9) 0.0(899.9) 0.0(899.9) 0.0(44432) 0.0(3037) 0.0(2531.0)  0.0(146.2) 0.0 (1293.6)
30 0.2 (73.5) 0.2 (60.7) 0.1 (41.6) 0.0 (13.1) 0.1 (19.5) 0.0 (14.1) 0.0 (2.0) 0.1 (31.3) 0.0 (3.5) 0.0(3.5)
25 2.6 (19.9) 2.0 (15.3) 1.6 (12.2) 0.4(3.2) 12(9.2) 0.3 (24) 0.1(0.5) 0.9 (6.9) 0.1 (0.6) 0.1(0.5)
20 3.3(5.5) 2.4 (4.0) 22(3.7) 0.6 (1.0) 2.1(3.5) 0.1(0.1) 0.1(0.1) 0.3(0.5) 0.1(0.2) 0.0 (0.1)
15 6.2(7.3) 5.1(6.0) 3.6 (4.3) 1.0(1.2) 3.4(4.0) 0.4 (0.5) 0.0 (0.0 0.0 (0.0) 0.5 (0.6) 0.0 (0.0)
10 6.2(7.3) 4.9(5.8) 3.7 (4.4) 1.1(1.3) 3.5(4.1) 0.4 (0.5) 0.0 (0.0) 0.1(0.1) 0.5 (0.6) 0.0 (0.1)
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Table AS. Error estimates for a polar summer profile during the RR period. Errors are given in pptv (relative errors in %).

Total
Altitude ~ Total error Noise parameter Gain LOS HNO4 Shift ILS Temperature ~ CIONO,
40 0.0 (336.8) 0.0(307.1) 0.0(158.5) 0.0(96.1) 0.0(56.5) 0.0(73.3) 0.0(2.2) 0.0(70.3) 0.0(2.7) 0.0(12.9)
35 0.0(3334) 0.0(296.4) 0.0(148.2) 0.0(926) 0.0(55.6) 00(722) 0.0(2.0) 0.0(67.6) 0.0(2.7) 0.0(13.0)
30 0.2(299.3) 0.2(273.3) 0.1(123.6) 0.1(80.7) 0.0(52.1) 0.1(69.0) 0.0(0.4) 0.0(27.3) 003.1)  0.0(75)
25 2.2(72.1)  2.1(689) 0.6(193) 03(102) 019 05757 0.0(0.6) 0.0(1.0) 0.0(0.5)  0.1(1.9)
20 30(162)  22(11.9) 20108  0.0(0.1) 20(10.8) 0.1(04) 0.1(0.5 0423) 0.0(0.2)  0.0(0.1)
15 2.8(3.9) 22(3.1) 1.8(25) 02(03) 16(3) 0102 0000 08(1.2) 0.0(0.1)  0.0(0.0)
10 3.0(3.6) 1.8(22) 253.0) 02(03) 2226) 000.1) 0.1(0.2) 1.0(1.2) 0.1(0.1)  0.0(0.0)

Table A6. Error estimates for a polar winter profile during the RR period. Errors are given in pptv (relative errors in %).

Total
Altitude  Total error Noise  parameter Gain LOS HNO4 Shift ILS Temperature ~ CIONO;
40 0.0 (632.5) 0.0(367.3) 0.0(510.1) 0.0(204.0) 0.0(448.9) 0.0(67.3) 0.0(9.8) 0.0(24.5) 0.0(61.2) 0.0 (36.7)
35 0.0 (608.6) 0.0(342.4) 0.0(494.5) 0.0(190.2) 0.0(437.4) 0.0(66.6) 0.0(9.5) 0.0(22.8) 0.0 (60.9) 0.0 (36.1)
30 0.2(369.8) 0.1(228.9) 0.2(281.8) 0.1(112.7) 0.1(264.1) 0.0(42.3) 0.0(6.0) 0.0 (2.5) 0.0(33.5) 0.0(22.9)
25 2.9(308.3) 22(2339) 1.8(191.3) 0.7(76.5) 1.6(170.1) 0.4 (41.5) 0.1(6.1) 0.2(26.6) 0.2(202) 0.2(23.4)
20 2.9(46.0)  2.7(42.8) 1.1(17.4) 0.1 (1.4) 1.0(15.9) 0225 0112 034.6) 0.1(0.9  0.1(1.3)
15 34(5.1) 23(34) 2537 0.3 (0.5) 24(3.6) 0102 00(@©.1) 05(0.7) 0.1(0.1)  0.0(0.0)
10 22(2.6) 1.5(1.8) 1.6 (1.9) 0.0 (0.0) 14(17)  0.1(0.1) 00(0.0) 0.7(0.9) 02(0.2)  0.0(0.0)
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Abstract. Estimation of a trend of an atmospheric state vari-
able is usually performed by fitting a linear regression line
to a set of data of this variable sampled at different times.
Often these data are irregularly sampled in space and time
and clustered in a sense that error correlations among data
points cause a similar error of data points sampled at similar
times. Since this can affect the estimated trend, we suggest
to take the full error covariance matrix of the data into ac-
count. Superimposed periodic variations can be jointly fitted
in a straightforward manner, even if the shape of the peri-
odic function is not known. Global data sets, particularly
satellite data, can form the basis to estimate the error correla-
tions. State-dependent amplitudes of superimposed periodic
corrections result in a non-linear optimization problem which
is solved iteratively.

1 Introduction

Correct trend estimation is a key question in the discussion of
climate change (IPCC, 2007). While fitting a straight line to
a sample of data is an almost trivial task, errors in the data set
and non-representativeness of the sample add some difficulty
to the problem. Assuming normally distributed errors which
are uncorrelated over the sample, each data point is simply
weighted by the inverse of its variance to obtain a best lin-
ear unbiased estimate of the trend (Aitken, 1935). Methods
applicable to least squares fitting of data where both the de-
pendent and the independent variables are affected by errors
have recently been reviewed by Cantrell (2008).

If the assumption of normal error distribution is question-
able, robust linear regression methods help to reduce the
sensitivity of the trend to outliers in the sample (Muhlbauer

Correspondence to: T. von Clarmann
BY (thomas.clarmann@kit.edu)

et al. 2009 and references therein). Another cure against non-
normality of distributions of residuals are bootstrap methods,
introduced by Efron (1979) as a variant to jackknife methods
and applied to atmospheric trend analysis by, e.g. Cox et al.
(2002), Gardiner et al. (2008) or Vigouroux et al. (2008).

Besides non-normality of the distribution of residuals, cor-
relations between the sampled data are another class of prob-
lems. When using multisite means to infer a trend, the stan-
dard errors of the means omean Which determine the weight
of each mean in the regression analysis are not the standard
deviation o of the sample over the sites divided by the square
root of the number of sites M but

s = (L ), 0

where Fineer 1S the average intersite correlation coefficient
(Jones et al., 1997). This can easily be verified by multi-
plication of the averaging operator from the left and right to
the intersite covariance matrix Sipeer according to multivari-
ate Gaussian error propagation:

1
1 1 M

Jr%lean.inter = (ﬁ, e M)Simer BB 2)
1

M

where the element at position (i,k) of Siner 1S Finter ,»_1(02.
This approach solves the problem of intersite correlations
and is applicable, e.g., if measurements of the same set of
sites are used over the whole period. omean calculated under
consideration of riner accounts for the fact that the available
sites do not fully represent the population, i.e., the sample
mean at a given time is not necessarily identical to the global
mean. Since the same set of stations is used over the whole
period, the measurements at the given sites are not a random
sample.

Weatherhead et al. (1998) discuss how autocorrelations of
noise in the data affect the precision of the estimated trend,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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and they provide a practical method to consider these au-
tocorrelations to avoid over-optimistic confidence estimated
with respect to inferred linear trends. Further, these authors
present a tool to estimate the required length of the time se-
ries to significantly detect a trend.

None of these papers, however, tackles the problem of how
to derive trends on the basis of inhomogeneous data sets. In
this technical note, we investigate the problem that the sam-
pled data are clustered in a sense that the data are groupwise
correlated in the time domain. This is the case when data
inhomogeneities cause systematic deviations between sub-
sets of the data of time series. Through irregular sampling
in time, these systematic deviations map onto the time series
as errors correlated in the time domain. A typical example
would be the estimation of a trend of one atmospheric state
variable from measurements at two different latitudes, where
one measurement site dominates the earlier part and the other
measurement site the later part of the time series. The ne-
glected latitudinal dependence of the observed quantity maps
onto the time domain if the atmosphere is irregularly sam-
pled at the different observation sites. Such data sets, where
the target variable depends on further variables (e.g. latitude,
calibration standard) except the independent variable of the
regression analysis (e.g., time), we call inhomogeneous, and
the unconsidered independent variables we call “hidden vari-
ables”. Irregular sampling of inhomogeneous data leads to
clustering, because certain values of the independent vari-
able may go along with certain values of the hidden variable.
This dependence can be formulated as correlations, typically
the larger, the more similar the value of the hidden variable
is. Other reasons for such kind of groupwise correlations, be-
sides latitude-dependence, are: data based on multiple mea-
surement systems relying on different calibration standards
(Engel et al., 2009), combination of data from two measure-
ment systems which cover different episodes like H,O mea-
surements from HALOE (Randel et al., 2004; Rosenlof and
Reid, 2008) and MIPAS (Milz et al., 2005); and data sets
where the operation mode has been changed during the time
interval under assessment e.g. MIPAS H,O measurements
before (Milz et al., 2009) and after 2004 (von Clarmann et al.,
2009), when the instrument was operated at different spectral
resolutions.

All these systematic differences between subsets of the
data causing data inhomogeneity can be described as error
correlations, which, if neglected, will not only render the sig-
nificance analysis of the trend insignificant, but can actually
change the slope of the regression line, i.e. lead to different
trends.

In Sect. 2 of this paper we present a closed-form solu-
tion to infer a linear regression line from correlated measure-
ments. In Sect. 3 we discuss the issue of seasonal or other
periodic corrections and propose formalisms to infer these
corrections directly from the measurements. Applicability of
each of the schemes proposed will be demonstrated on the
basis of selected case studies. While the proposed concept is
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quite straightforward rather than novel, we hope that it may
be useful to the climate research community where currently
error covariances in irregularly sampled data often seem to be
ignored, even when inhomogeneous datasets are analyzed.

2 Linear trends of clustered data

Assuming a linear trend, we can approximate the temporal
development of an atmospheric state variable y as a straight
line. A straight line is defined as

$ (x;a,b) = a + bx, 3)

where the " symbol indicates a modeled or estimated rather
than a measured state variable. In our application x is the
time of the measurement, but this concept of regression of
clustered data is applicable to a wider context.

For normally distributed, but possibly interdependent er-
rors of y,, n=1... N, N>2, of which the ex ante! esti-
mates are represented by the N XN covariance matrix Sy,
this straight line is the optimal regression line for which the
cost function

x> = (y — (ae+bx)"S, ™' (y — (ae + bx)) “
is minimum, where e=(1,...,1)7 and x=(xi,...,xy)7,
y=O1,...,yn)T, and T denotes the transpose of a matrix.

Coefficients a and b are inferred in a well established man-
ner by setting the derivatives 0 x2/da and dx /b to zero.
This gives
92
D 2eTS ! (y — ae — bx) = 0; )
da Y
Tg-1 Tg-1 TQ-1p,..
e Sy y=e Sy. ae +e S(V bx;

TQ-1 TQ—1
:e S). y—e S). bx

a oy
el'Si'e

and

9 2

%:—ZxTS;I(y—ae—bx):O; ®)

xTS;ly — xTS;lae — xTS;lbx =0

xTS;ly =xTS;1bx +xTS;1ae.

Combining Eqgs. 5 and 6 gives

xTS;lyszS;lbx +xTS;lae )
eTSy_ly — eTS;lbx

:xTS;lbx +xTS‘_,le —
: e’SSe

Ex ante error estimates we call error estimates based on prop-
agation of assumed primary errors through the system, which can
be calculated before the measurement actually has been made, as
opposed to ex post error estimates which are based on the standard
deviation of a sample of measurements (von Clarmann, 2006).

www.atmos-chem-phys.net/10/6737/2010/
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This can be rearranged as
TQ-1,,Tqg—1
x'STee’ ST bx
xTShy - ———2— = ®)
’ e’STe
xS lee” STy
eSy'e

and finally solved to give b:

xTSyily -

xTS7lee’s] !y
eTSCle
xTS; ' eeTs; ' x
e’S;le

xTSy_lyf
b=

()]
xT8y e —
3 xS ye™S e — x7S ] lee” STy
xTS; xeTS e — x78; e Sy x
Inserting this into Eq. 5 allows to calculate a:
xTS7ly —eTS7xb

a=—"— 10)
eTS;le (

TQg—1y,7q—1 TQ—1,p,TQ—1
x"STye' ST'e — x' ST ee’ S
eTSle —eTST1x Lly - - Lly
y Y T xTSy xeTSy e — xTST eeTST x
eTS) e
Tq—1yeTQ—1 TQq—lyyTQ—1
e Sy yx S x —e' Sy xx STy
eTS;lexTS;lx - eTS;lxxTS;.le
For unity S, this reduces to the widely used parameters @ and
b of a regression line for data points of uncorrelated errors of
equal variance:

DRV

a 11
a T N (11)
where

b= N XnYn = 2 %0 Yn 12)

NZX,% - (an)Z

The uncertainty of the slope b is:
ab ab\"
O’Z =({— S| — (13)
ay oy
e"SlexTST! — xTS ] lee ST
- xTS;lxeTS;le—xTS;]eeTS;lx
S < eTSlexTS! — x7S7 ee ST >T
y )

TS lxeTSTle — xTSTleeTST!
xTS xelSy e —x7S) ee’ Sy ' x

ab\_(ab b . -
where (W) = ( TR I ) . The uncertainty of axis intercept
a is estimated accordingly:

3 da\"
SR
_ x7S  xe™ST! — TS xS .
eTS;lexTS;lx — eTS;lxxTS;le
< xS xe”ST! — 7S xS >T
v

eTSylexTSyx — TSy xxTSy e
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From comparison of Egs. (9) and (12) we see that the error
correlations do not only change the estimated error of the
trend but also affect the trend itself, e.g. rotate the regression
line.

Evaluation of Eq. (9) requires knowledge of the covari-
ance matrix S,. For some error sources such error assump-
tions are available and reasonable assumptions on correla-
tions within a class of measurements can be made; if, e.g.,
different subsets of the data are based on different calibra-
tion standards, perfect correlation, i.e., r=1, is appropriate
for the calibration error component within each such subset.
The bias between the subsets has to be estimated, and a fully
correlated block of which each element is the square of the
estimated bias between the n-th and the first data subset has
to be added to that part of the covariance matrix which repre-
sents the n-th data subset. The following equation shows the
construction of a covariance matrix for a dataset composed
of two data subsets biased against each other by an unknown
offset whose absolute value is estimated at bias 1:

bias | ... bias3 |\ (0 ...0
bias? | ... bias? 0..
Sy = Snoise + 1“25 WO“”M o ol [a®
0..0 0..0

where Spise is the measurement noise covariance matrix.
For evaluation of error covariances representing other error
sources, external data may be needed. Typical error correla-
tions in a time series can be caused by the fact that the sam-
ple is composed of measurements at various locations. If the
mean measurement times at two locations differ, any differ-
ence in the expectation value of the state variable with, e.g.,
latitude, will map onto the trend. If the latitudinal depen-
dence is too complicated for a simple correction, or if there
is a non-negligible residual location-related error even after
correction, the related error correlation should be included in
the covariance matrix Sy. Covariances between sites i and k
can be estimated from N global satellite data sets as

N

FikOiO% = Z (xi,n - j\l/)(_xkln — Xk) i (16)

n=1

where r; x is the correlation coefficient between sites i and k.
Three caveats have to be noted in this context:

(a) the N global data sets should be measured in a time
window short enough to justify neglect of any trend;

(b) when Eq. (16) is used to derive the variance (i.e. i=k)
characterizing the representativeness of site 7, the vari-
ance representing the satellite data measurement error
must be subtracted; if the measurement errors of the
satellite data are intercorrelated, the respective covari-
ance matrix has to be subtracted from the covariance

Atmos. Chem. Phys., 10, 6737-6747, 2010
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Table 1. Case Study 1.

Case ATD ai;TQ) r® 4 b
K) (K9 K) (K/yr)

1.1 00 031 1 217.77+£0.80  0.0540.10
12 00 00 0 217.84+0.57 0.044+0.08
1.3 00 031 0 217.88+0.66  0.031+0.08
14 —20 40 1 216.72+191 0.184+0.27
15 -20 00 0 215.00+0.57 0.414+0.08
1.6 —20 40 0 216.24+0.87 0.25+0.11

() AT: artificial bias added to first three measurements;

@ aiT: additional variance in the related block of Sy to account
for bias;

G r: correlation coefficient applied to related block of Sy to ac-
count for bias.

matrix derived according to Eq. (16) to obtain the inter-
site covariance matrix;

(c) the finite spatial resolution of satellite measurements
might be an issue.

In any case, the covariance matrix describing the uncertainty
due to the hidden variable is added to the — often diagonal
— covariance matrix characterizing the measurement noise of
the given sample. In a more general context where various
error sources independent of each other are considered, the
covariance matrix representing the total uncertainty of the
dataset is calculated as the sum of the respective covariance
matrices.

Case Study 1:

The trend estimator of Eq. 9 is applied to tropical (30°S to
30°N) annual temperature averages at 25 km altitude inferred
from limb infrared measurements recorded with the MIPAS
instrument (Fischer et al., 2008). Temperature retrievals for
the years 2002 to 2004 are based on measurements when
MIPAS was operated at full spectral resolution (von Clar-
mann et al., 2003), while measurements from 2005 to 2009
are based on reduced spectral resolution measurements (von
Clarmann et al., 2009). This different operation mode poten-
tially causes an unknown bias between the subsets of data,
which we estimate at +0.56 K and account for by adding

0.56K
0.56K
0.56K

0.31K2;0.31K2;0.31K?
0.31K%;0.31K2;0.31K?
0.31K2;0.31K2;0.31K?

(0.56K;0.56K;0.56K) = %)

to the block of Sy, which refers to the years 2002 to 2004. The
other error component is the estimated standard error of the
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Fig. 1. Linear trends from MIPAS annual mean temperatures at
25 km altitude, 30°S-30°N . Cases 1.1-1.3 are based on measure-
ment data as they are, while an artificial bias of —2K has been ap-
plied to temperatures of the years 2002-2004 in cases 1.4-1.6. In
cases 1.1 and 1.4 covariances were treated correctly; in cases 1.2
and 1.5 the bias was neglected and in cases 1.3 and 1.6 only the
variances of the bias were considered while its covariances were
neglected. After 2004, data used for case studies 1.1-1.3 are identi-
cal to those used for case studies 1.4-1.6. Solid error bars are total
errors while dotted error bars are random errors only.

annual mean, which is variable due to the different sample
size for each year. The x-coordinate of our data set is the
time since 2000, i.e. the intercept refers to the year 2000.

We calculate the regression parameters using the full co-
variance matrix (case 1.1) as described above, for a simpli-
fied case where the bias is ignored (case 1.2), and for a test
case where only the variances of the bias are considered but
not the covariances (case 1.3). Results are shown in Fig. 1
and compiled in Table 1.

Results seem to be quite robust with respect to the change
of the MIPAS operation mode, i.e. the actual bias between
the data subsets might be smaller than anticipated. Thus
the correct statistical treatment of the bias is not critical. In
none of the case studies there is a significant trend detected
(we call a trend significant if it exceeds twice its uncertainty;
for Gaussian errors this corresponds roughly to 5% level of
significance). In order to assess the robustness of the trend
analysis scheme to data with large, correlated error compo-
nents, we repeat the case studies mentioned above, but in-
troduce an artificial bias of —2 K to the data subset covering
the years 2002 to 2004 and modify the covariance matrix ac-
cordingly (case 1.4). Larger data errors propagate to larger
estimated errors in the regression parameters, but the scheme
is robust in a sense that still no significant trend is produced.
In case study 1.5 the same manipulated data are used, but
the artificial error is neglected in the covariance matrix. The
bias maps onto the regression parameters and causes an ar-
tificial, apparently significant trend. In case study 1.6, the
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data uncertainty is considered as an uncorrelated error, i.e.,
the additional variances are considered but covariances are
set to zero. The artificial trend still appears to be significant.
This proves the importance of correct consideration of co-
variances. This example has been chosen for demonstration
purposes. We neither claim that all possible error correla-
tions in the MIPAS data have been perfectly quantified, nor
should the inferred trends be used for extrapolation towards
longer term analysis.

3 Consideration of the annual cycle and related
problems

A linear trend may be superimposed with a periodic function
of known periodic time, e.g. diurnal or seasonal variation,
etc. There are several options to tackle this problem.

If the sample is large enough, the linear trend can be eval-
uated for subsets of data recorded at the same phase of the
periodical variation, and the overall trend is calculated as an
optimal (i.e. weighted inversely by the variances) mean of the
individual trends. This requires binning of data; in the case
of a seasonal cycle, the linear trend can be estimated as the
mean of the trend over all Januaries, Februaries, etc. Prob-
lems occur when the amplitude of the seasonal cycle has a
trend in itself and the whole observation time interval is not
an integer multiple of the time of one cycle.

Another option is subtraction of the periodic signal prior to
trend estimation. The periodic component of the signal can
either be imported from an external source (model, indepen-
dent data) or from the sample itself. The latter approach is
not quite trivial, because the inferred mean periodical signal
will, in turn, depend on the trend (periodic analysis usually is
defined only for stationary time series, i.e. zero trend), such
that either an iterative approach or a multivariate optimiza-
tion (see below) is required. Care has to be taken to consider
the reduction of degrees of freedom implied by inferring the
correction from the data themselves. In the following, we
will discuss how the periodic correction can be estimated si-
multaneously with the trend.

3.1 Correction by sine and cosine functions

The problem of the non-stationary nature of time series,
which is by definition inherent in trend analysis, can be
solved by retrieving the trend, the amplitude of the periodic
variation, and possibly the phase and the shape of the oscilla-
tion in one step. In the case of a known function of unknown
amplitude (e.g. sine), the amplitude can be fitted along with
the trend. In the case of unknown phase, it is usually more
appropriate to fit amplitudes of a sine and a cosine of the
same period length rather than the amplitude and the phase,
in order to keep the fit linear. A regression model involving
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a linear trend superimposed with a single harmonic variation
of unknown phase but known period length / is written as

2 2
ﬁ(x;a,b,c,d)=a+bx+csin% +dcos%. (18)

Setting the partial derivatives of
X2 =@ = 3E)TST (y(x) — Fx) (19)

with respect to the parameters of the regression model to zero
gives

P 2
TX =—2¢"S]! (y(x)—ae—bx—cvgn—dveo) =0 (20)
a

3)(2

- = 21
b 2D
- ZJcTS;l (y(x) —ae — bx — cvsin — dveos) =0

8)(2

- = 22
9 (22)
- 2vsTinSy_.l (y(x) —ae — bx — cvgin — dvges) =0

8)(2

- = 23
2 (23)
- ZvZOSS;' (y(x) —ae — bx — cvgin — dveos) =0,

where vgi,=(sin 2”1’” ,...,sin @)T ,and

Veos=(cos 2”[)(' ,...,CO8 Z”IXN )T Equations (20-23) form a

system of four equations linear in a, b, ¢ and d, of the type

a

("] =4 24)
d

where

Ty, =2¢"S"e (25)

T1'2 = 2eTS;1x

T ¢—1
Tya = ZUCOSSV Vcos

a1 =2¢"S7" y(x)

qa = szOSS;ly(x)‘

For N>4 and non-singularity of T, Eq. (24) can be unam-
biguously solved for the four parameters a...d. This can be
done by any linear equation program package at hand. The
advantage of this approach is that it does not require a sta-
tionary time series to evaluate the amplitudes of the oscilla-
tions. If need be, this type of analysis can also involve mul-
tiple periodic functions of different periods, which may be
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made subject to lowpass filtering. This generalization of the
schemes presented here to applications with more than one
pair of periodic functions is straightforward, and the relation-
ship to harmonic analysis is obvious if the period lengths are
chosen to be integer fractions of the longest one. Problems
with singularity of T will occur if the number of data points
is smaller than the number of period lengths plus 2.

The covariance matrix S, p .4 of the regression parame-
ters is

da da\ T
5 2
Sa.b.c,cI: ?)i Sy ?LLV (26)
o o
ay ay
) ag\\7
(@) ()
ay)) - oy
2eTS;'
2xTS7!
— -1 Y _
=\|T 2”5Tins;l Sy
20f, S5
2e”S;! T
2x7S7!
x | 7! T el
2v%inSyl
vaOSS;

The off-diagonal elements of S, will determine whether the
data errors map either predominantly onto the slope or onto
the axis intercept of the regression curve. For example, large
positive correlations throughout the data lead to large inter-
cept errors while the slope remains quite well determined
with sometimes surprisingly small uncertainties. The ex-
treme case would be fully correlated data errors. It is well
known that such a constant bias in the data does not affect
the trend at all. Consideration of full covariance matrices al-
lows the correct treatment of realistic cases, where the errors
are neither purely random nor purely systematic but may in-
clude correlations within subsets of the data.

The uncertainties estimated by Eq. (26) include the prop-
agation of data errors onto the regression parameters but not
uncertainties caused by the use of an inappropriate model
(e.g. neglect of higher order or periodic components).

3.1.1 Case Study 2:

The trend estimator of Eqs. (18-25) is applied to tropical
(30°S to 30°N) “pseudomonthly” MIPAS temperature av-
erages at 25km. A “pseudomonth” we call a time period of
32 days, chosen to be an integer division of the mean pe-
riod of the semi-annual oscillation (SAO) which was first de-
tected by Reed (1965). The period of the SAO in the MIPAS
data set is estimated at 192 days, which is in good agree-
ment with SAO period length of about 194 days at 30 km as
reported by Guharay et al. (2009). We extend the method
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Table 2. Case Study 2.

Case ATD ai;Tz) r® q b

K) (K9 ) (Kfyr)
2.1 00 031 1 219.24+0.25 -0.09+0.03
22 00 00 0 219.14+0.10  -0.08+0.02
23 00 031 0 218.75+0.28  -0.04+0.04
24 —20 40 1 219.24+0.26  -0.09+0.03
25 -20 00 0 215.83+0.10  0.35+£0.02
2.6 —20 40 0 215.70+£091  0.34+0.14

() AT: artificial bias added to first three measurements;

@ “iT: additional variance in the related block of Sy to account
for bias;

@ r: correlation coefficient applied to related block of Sy, to ac-
count for bias.

described in the theory part towards two sine and two co-
sine terms as to include also the quasi-biennial oscillation
(c.f. Baldwin et al. 2001). Its period length is assumed to
be 25 months, in agreement with data provided by Freie
Universitat Berlin (http://www.geo.fu-berlin.de/met/ag/strat/
produkte/qbo/index.html). The case studies for this applica-
tion, particularly the treatment of biases, were selected as in
case study 1.

Correct treatment of the original MIPAS data and their cor-
relations (case study 2.1) results in a negative trend, neglect
of correlations (case study 2.2) and their simplified treatment
(case study 2.3) lead to small negative temperature trends
(Table 2 and Fig. 2). The trend obtained from case study 2.3
is insignificant. More interesting is the assessment of the data
superimposed with an artificial bias: If the bias is considered
correctly in the covariance matrix (case study 2.4), it does not
change the trend by any substantial amount, while otherwise
(case studies 2.5 and 2.6) there is an apparent positive trend,
which appears significant. This demonstrates how powerful
the concept of bias consideration in the error covariance ma-
trix is to remedy data inhomogeneities.

3.2 Correction by a discrete empirical function

If the shape of the periodic variation is not known a pri-
ori, it can be inferred from the data themselves in one step
with the trend estimation. For data binned in the time do-
main (e.g. when monthly means are used to infer a trend with
superimposed seasonal variation) corrections for each phase
(e.g. monthly corrections) are fitted along with slope and axis
intercept. The regression model then is

)7:11 + bx +Cjx)s 27)

where ¢ (y) is the (e.g., monthly) correction applicable to the
measurement made at time x. The cost function to be mini-
mized for this application is
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Fig. 2. Linear trends from MIPAS 32-day mean temperatures at
25 km altitude, 30°S—-30° N, with consideration of sine and cosine
corrections for the quasi-biennial oscillation and the semi-annual
oscillation. Test cases represent different treatment of the bias, for
details see Fig. 1. The linear term of the regression function is
shown for all cases 2.1-2.6, while, for reasons of clarity, the full
regression curve is shown for case 2.1 only. Representative error
bars include both the random error and — if considered in the re-
spective case — the bias.

X = 28)
(y(x)—(ae + bx+Uc))TS;,l (y(x)—(ae+bx+Uc))

where ¢ is a vector of length J, where J is the number of
phase bins (/=12 in the case of monthly corrections in an
annual cycle) representing the applicable corrections for each
phase bin, and U is a selection matrix with all elements in the
n-th row zero except for column j, where j represents the
month when measurement x,, was made, where the matrix
element is one. N>J+2 is required, and for each phase bin
at least one measurement must be available. Minimization of
%2 to get the regression parameters follows the same strategy
as described in Sect. 3, i.e. the derivatives of x2 with respect
to the regression parameters a, b and ¢ are set zero and the
resulting system of linear equations is solved. However, the
derivative with respect to the axis intercept and that with re-
spect to the additive corrections lead to linearly dependent
equations. Thus, the equation
2
9 =0 (29)
da

is dropped for reasons of redundancy, and

Sei=0 (30)

is included to constrain the solution to zero mean periodic
corrections.
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Fig. 3. Linear trends from MIPAS 32-day mean temperatures at
25 km altitude, 30°S-30°N, using the discrete empirical periodical
correction, as described in Sect. 3.2. Both the linear part of the
regression function and the complete regression function are shown.
No artificial bias has been added to the data in this case study.

Case Study 3:

Here we use the same binned MIPAS temperature data as for
case studies 2.1-2.3. A periodicity of 25 bins is assumed to
match the quasi-biennial oscillation. The trend is estimated
at 0.06£0.01 K/yr (Fig. 3). The estimated uncertainty is the
propagation of the measurement error on the trend and in-
cludes the random error and the bias only; no other error
sources are considered; particularly temperatures might not
be perfectly described by the regression model chosen, and
the time series of limited length might not be representa-
tive for a longer term. As a side aspect, differences in the
trends compared to those inferred in case study 2 (Fig. 2,
c.f.case 2.1) demonstrate the importance of the choice of the
regression model.

3.3 Correction by a continuous empirical function

If binning or averaging in the time domain is to be avoided,
the discrete application of the correction can be replaced by
a continuous time-dependence. This might be advisable if
data are available on a time-grid finer than the bin-width, and
if the variation of y within a bin is large. The actual correc-
tion for a given y(x) can then be estimated by, e.g., linear,
interpolation, leading to the regression model

J=a+bx +cj)Wn jx) + Cj)+1Wn, j(x)+1 (31

where ¢ are periodic corrections at predefined phases and v
their weights. More specifically, c;(x) and ¢ (x)+1 are the pe-
riodic corrections referring to the closest times before/after
the measurement time x (e.g. for each Ist of the month when
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the measurement was made, and the Ist of the following
month, respectively). The weighting factors w are

djxy — d(xp)

Whp,j(x) = d~( ) (32)
Jjx
and
d(xp)
W j(o+1 = d,(”) . (33)
Jjx

where dj(y) is the difference between the times related to
Cj(x) and cj(x)+1 (e.g. the number of days of the month) and
d(x) is difference between the actual measurement time and
the time related to ¢ (y) (e.g. the day of the month). Periodic-
ity is assumed in a sense that ¢ (x)=¢j(x+y.4;)- The number
of parameters to be fitted still is J+2, as with the approach
involving binning in the time domain. The cost function to
be minimized for this application has the same structure as
Eq. (28):

x*= (34
(y(x)—(ae+bx+We)" S} (y(x)—(ae + bx+We))

W is a matrix with all elements in the n-th row zero except
for column j and j+1 (or 1, if j denotes the last column),
where j and j+1 represent the month when measurement
n was made, and the subsequent month, respectively. The
respective matrix elements are the weights of the monthly
correction factors c; and cj41, as defined by Egs. (32-33).
The minimization of the cost functions of Eqs. (28) and (34)
and error estimation follows the same scheme as outlined for
the cost function in Eq. (19), except that the zero mean con-
straint for ¢;...c; has to substitute the equation involving the
partial derivative of x2 with respect to a, as in Sect. 4.2.

Case Study 4:

In this case study we use MIPAS tropical (30°S to 30° N)
daily mean temperatures at 25km altitude. As in case
study 3, 27 independent periodic correction terms are jointly
inferred from the data along with axis intercept and linear
trend; contrary to case study 3, the actual correction appli-
cable to a data point is determined by linear interpolation
between the two correction terms representing the nominal
times before and after the actual measurement time. The in-
ferred trend is 0.06£0.01 K/yr (Fig. 4), as in case study 3. As
in the preceding case studies, random errors and the bias due
to the change in the MIPAS measurement mode are the only
errors considered.

3.4 Correction by functions of state-dependent
amplitude

Often the amplitude of the periodic variation depends lin-
early on the actual mean state a+bx:
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Fig. 4. Linear trends from MIPAS daily mean temperatures at
25km altitude, 30°S-30° N, using the continuous empirical peri-
odical correction, as described in Sect. 3.3. Both the linear part
of the regression function (solid line) and the complete regression
function (dash dot) are shown.

y(x;a,b,c,d) =a + bx (35)

2
+ (a + bx)csin% +

2.
(a + bx)dcos%
=a+ bx

. 2mx . 2mx
+ acsmT + bxcsmT —+
2. 2.
adcos% + bxdcos%

This is typically the case with concentrations of atmospheric
constituents: When the average abundance is larger, also the
diurnal or annual cycle is expected to have a larger amplitude.
Minimization of the related cost function leads to a nonlinear
system of equations, because x appears both in the argument
of the trigonometric function and in its multiplier. Since for
such problems there exists no straight-forward closed-form
solution, this system of nonlinear equations is suggested to
be linearized and iteratively solved for a; 41, bj+1, ¢i+1,and
diy1, where i is the iteration index. The dependence of the
amplitudes of the periodic components on the actual state are
calculated from the results of the preceding iteration step:

0=—2e"S;! (y(x) —diyie —biyix — 36)
ciy1diag ((a[e + bix)vsTin) -

dl-ﬂdiag((aie + bfx>"3os)>;
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0=+h%¢<ﬂn—auw—mﬂx— 37
c,-+1diag((a,-e + b,—x)vSTin) -

d; 11 diag ((a;e + b[x)vcros)> ;

T
0=— 2<diag ((a;e T bix)vSTm)) s, x 38)
(y(x) —ait1€ — biy1x —
c,-+1diag((a,-e + bix)v;‘n) -

d,~+1diag((aie + bl‘x)vz-os)>;

0=— 2(diag ((a,-e + b,-x)chOS))T S;l x (39)
(y(x) —diy1e — bip1x —
ci+1diag((aie + bix)”sTin) -
d; +1diag ((aie + bix)”cTos)>’

Again the equation involving dx2/da=0 is replaced by
c1+...+c;=0. The iteration can be initialized with

N
3
a=y (40)
n=1
and
by=0 41)

and is supposed to converge for cases where the trend is suffi-
ciently small and/or the amplitude of the superimposed peri-
odic function is sufficiently small compared to the y, values.
In both cases, the time-dependence of the amplitude is only
a small perturbation of a function dominated by its linear
terms. Similar considerations apply to periodic corrections
as suggested in Eqgs. (27) and (31).

Case Study 5:

The approach involving state-dependent amplitudes of peri-
odic corrections is applicable particularly to trace gas abun-
dances rather than temperature. We use MIPAS southern
polar (60°-90° S) monthly CFC-11 mean mixing ratios at
20km altitude. Its negative trend is a consequence of the
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Fig. 5. Linear trends from MIPAS monthly mean CFC-11 at 20 km
altitude, 60°S-90° S, using periodical correction of state-dependent
amplitude, as described in Sect. 3.4. The fit converges after the third
iteration.

Montreal Protocol, and the annual variation is driven by at-
mospheric circulation and, particularly, subsidence of CFC-
depleted air in the polar winter stratosphere. Since the effi-
ciency of loss reactions leading to CFC-depletion is propro-
tional to its abundance, application of a correction function
of an abundance-dependent amplitude is appropriate. Also
in this case the change in the MIPAS measurement mode in
2004 makes the dataset inhomogeneous. In the related co-
variance matrix we consider an unknown bias between the
data subsets of 2 ppt. Due to the moderate trend the itera-
tion converges rapidly. The regression function after the first
iteration is

[CFC — 11]/ppt = 42)
42.62 — 1.08¢ +

(42.62 — 1.08¢)(0.575sin(27t) + 0.491cos(271)),

where 7 is the time since 2000 in years. After the third itera-
tion the final regression function is reached (Fig. 5):

[CFC — 11]/ppt = (43)
43.04 — 1.15¢t +

(43.04 — 1.15¢)(0.599sin(2mt) + 0.522cos(27t))

The uncertainty of the trend is £0.38 ppt/yr.

4 Conclusions

In case of irregular temporal and spatial sampling and/or
multiple measurement systems, intersite and/or intersystem
error correlations have to be considered for trend estima-
tion. To disregard the correlations not only renders the sig-
nificance analysis meaningless, but leads to wrong estimates
of the trend itself. Intersite correlations as well as correla-
tion lengths in the time domain can be estimated from satel-
lite data, where, however, the limited spatial resolution of
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remote measurements can add some difficulty. The regres-
sion model can easily be adapted for periodic corrections of
known period length but unknown phase, shape and ampli-
tude. This scheme solves the problem that usual approaches
to infer periodic corrections rely on the time series being sta-
tionary, which is inherently not true in the case of trend es-
timation. State-dependent amplitudes of superimposed peri-
odic corrections can be appropriate when trends of trace gas
abundances are evaluated and result in a non-linear optimiza-
tion problem which is solved iteratively.
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Abstract. Vertical profiles of CFC-11 (CCI3F) and CFC-
12 (CCl,F;) have been measured with the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS) with
global coverage under daytime and nighttime conditions.
The profile retrieval is based on constrained nonlinear least
squares fitting of measured limb spectral radiance to mod-
eled spectra. CFC-11 is measured in its v4-band at 850 cm™!,
and CFC-12 is analyzed in its vs-band at 922 cm~!. To sta-
bilize the retrievals, a Tikhonov-type smoothing constraint is
applied. Main retrieval error sources are measurement noise
and elevation pointing uncertainties. The estimated CFC-11
retrieval errors including noise and parameter errors but ex-
cluding spectroscopic data uncertainties are below 10 pptv
in the middle stratosphere, depending on altitude, the MI-
PAS measurement mode and the actual atmospheric situa-
tion. For CFC-12 the total retrieval errors are below 28 pptv
at an altitude resolution varying from 3 to 5 km. Time series
of altitude/latitude bins were fitted by a simple parametric ap-
proach including constant and linear terms, a quasi-biennial
oscillation (QBO) proxy and sine and cosine terms of several
periods. In the time series from 2002 to 2011, quasi-biennial
and annual oscillations are clearly visible. A decrease of
stratospheric CFC mixing ratios in response to the Montreal
Protocol is observed for most altitudes and latitudes. How-
ever, the trends differ from the trends measured in the tropo-
sphere, they are even positive at some latitudes and altitudes,
and can in some cases only be explained by decadal changes
in atmospheric age of air spectra or vertical mixing patterns.

1 Introduction

Prior to the reduced emissions in response to the Mon-
treal Protocol signed in 1987, CFC-11 (CCI3F) and CFC-12
(CCLF,) were the major sources of stratospheric chlorine.
The stratospheric chlorine loading reached its maximum in
1996/1997, and a slow decline of stratospheric total chlorine
has been observed since then (Rinsland et al., 2003). Beyond
being a source for reactive chlorine, which plays a major
role in stratospheric ozone depletion (Molina and Rowland,
1974), the long lifetimes of these species (Ko and Sze, 1982)
make them ideal tracers for dynamic processes such as subsi-
dence (e.g., Toon et al., 1992), horizontal transport, and mix-
ing (e.g., Waugh et al., 1997).

Recently, evidence has been found that the lifetimes of
CFC-11 and CFC-12 might have been underestimated, and
their reevaluation is considered a high priority action in at-
mospheric sciences, because of their role as a source of ozone
destructing substances (Ko et al., 2012). A necessary prereq-
uisite for a reassessment of lifetime of these CFCs are strato-
spheric measurements.

Atmospheric chlorofluorocarbon (CFC) abundances have
been measured since the early 1970s (Lovelock, 1971). A
variety of in-situ and remote sensing techniques has been de-
veloped for this purpose in the following years, see, e.g., the
bibliography in Goldman et al. (1976). Stratospheric CFC
abundances are typically measured by air sampling tech-
niques and subsequent laboratory analysis (e.g., Lueb et al.,
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1975; Heidt et al., 1975; Engel et al., 1998), by in-situ tech-
niques (e.g., Robinson et al., 1977; Bujok et al., 2001; Ro-
mashkin et al., 2001), or remotely by infrared spectroscopy
from balloon-borne (e.g., Murcray et al., 1975; Williams

S. Kellmann et al.: Global CFC-11 and CFC-12 measurements with MIPAS

Table 1. Scan sequences for MIPAS FR and RR measurements
(Dudhia, 2012). The RR-Nominal mode heights are latitude depen-
dent.

et al., 1976) or space-borne (e.g., Zander et al., 1987) plat- Measurement mode FR-Nominal ~ RR-Nominal
forms in solar occultation geometry. More recent solar oc- Version acronym V30 V5R
cultation instruments used for CFC-detection include the Im- Horizontal spacing 510 km 410km
proved Limb Atmospheric Spectrometer (ILAS) (Khosrawi Optical path difference 20 cm 8cm
et al., 2004) and the Atmospheric Chemistry Experiment Spectral resolution full: reduced:
(ACE) (Mahieu et al., 2008; Brown et al., 2011) . apodized 005em™'  0.121cm !
Independent of a solar background signal, CFCs can also Sweeps/scans 17 27
be measured by limb emission spectroscopy, as first docu-
mented by Brasunas et al. (1986) and Kunde et al. (1987). Scan no. 1 68km 70km
Space-borne limb emission measurements of CFCs were re- Scan no.2 60km 66km
Lo Scan no. 3 52km 62km
ported by Roche et al. (1993) for the' Cryogenic Limb Array Scan no. 4 47km 58km
Etalon Spectrometer (CLAES), by Bingham et al. (1997) for Scan 1o. 5 42km 54km
the Cryogenic Infrared Radiance Instrumentation for Shut- Scan no. 6 39km 50 km
tle (CIRRIS 1A), by Spang et al. (1997) for the Cryogenic Scan no. 7 36 km 46km
IR spectrometers and Telescopes (CRISTA), and by Khos- Scan no. 8 33km 43 km
ravi et al. (2009) for the High Resolution Dynamics Limb Scan no. 9 30km 40 km
Sounder (HIRDLS) instrument onboard NASA’s Earth Ob- Scan no. 10 27km 37km
serving System (EOS) Aura satellite. This series of space- Scanno. 11 24km 34km
borne limb-emission CFC-measurements has been contin- Scan no. 12 21km 31km
ued with the Michelson Interferometer for Passive Atmo- Scan no. 13 18km 29km
spheric Sounding (MIPAS) (Hopfner et al., 2007; Hoffmann Scan no. 14 15km 27km
et al., 2008). In this paper, we present the retrieval of CFC-11 gcan no- 15 12km 23km
) A R i can no. 16 9km 23 km
and CFC-12 volume mixing ratio (VMR) profiles from limb Scan no. 17 6km 21 km
emission MIPAS spectra and report on the climatology and Scan no. 18 19.5km
trends of retrieved profiles. These climatologies have been Scan no. 19 18 km
prepared as a contribution to the SPARC (Stratospheric Pro- Scan no. 20 16.5km
cesses and their Role in Climate) data initiative (Hegglin and Scan no. 21 15km
Tegtmeier, 2011). Scan no. 22 13.5km
Scan no. 23 12km
Scan no. 24 10.5km
Scan no. 25 9km
2 MIPAS data Scan no. 26 7.5km
MIPAS is a cryogenic limb emission Fourier transform Scan no. 27 Gkm
spectrometer designed for measurement of trace species Average number of ~74 ~96

from space (Endemann and Fischer, 1993; European Space
Agency, 2000; Endemann et al., 1996; Fischer and Oelhaf,
1996; Fischer et al., 2008). It is part of the instrumenta-
tion of the Environmental Satellite (ENVISAT) which was
launched into a sun-synchronous polar orbit on 1 March
2002. MIPAS was operated from July 2002 to March 2004
with full spectral resolution (FR) specification (0.05cm™!
in terms of full width at half maximum, after apodization
with the “strong” Norton and Beer (1976) function, corre-
sponding to a maximum optical path difference of 20 cm).
After a failure of one of the interferometer slide, MIPAS was
operated since January 2005 in the reduced spectral resolu-
tion (RR) mode (0.121cm ~!) with an optical path differ-
ence of 8.0cm. We consider MIPAS measurements only in
the so-called nominal measurement modes of both the FR
and the RR period (see Table 1). Data presented here were
recorded from July 2002 to April 2011, which equates to

Atmos. Chem. Phys., 12, 11857-11875, 2012

geolocations per orbit

about 2 million profiles for CFC-11 and CFC-12. The data
analysis reported in this paper relies on the ESA-provided
so-called level-1B data product which includes calibrated
phase-corrected and geolocated radiance spectra (Nett et al.,
1999), ESA data versions MIPAS/4.61 to MIPAS/4.62 for
measurements recorded from 2002 to 2004, and MIPAS/5.02
to MIPAS/5.06 for measurements recorded since 2005. All
spectra under consideration were obtained according to the
standard measurement scenarios with nominal tangent al-
titudes from the upper troposphere to the mesosphere. Ta-
ble 1 lists the scan sequences for MIPAS FR (July 2002—
March 2004) and RR (since 2005) nominal measurement
modes (Dudhia, 2012). Data versions presented in this paper

www.atmos-chem-phys.net/12/11857/2012/



162

Appendix B. Copies of Co-Authored Publications relevant for this Thesis

S. Kellmann et al.: Global CFC-11 and CFC-12 measurements with MIPAS

are V30_CFC11_10 and V30_CFC12_10 for FR measure-
ments and V5R_.CFC11220 and V5R_CFC12_220 for RR
measurements.

Version 6 of the operational ESA data product, just recently
released, also includes CFC-11 and CFC-12. Besides data
presented in this study, there exist also MIPAS CFC data re-
trieved by different data analysis algorithms (Dinelli et al.,
2010; Hoffmann et al., 2008; Moore et al., 2006; Dudhia,
2012).

3 CFC retrievals

The retrieval of CFC-11 and CFC-12 profiles presented here
was performed with a MIPAS data processor dedicated for
scientific applications, which has been developed at the Insti-
tute for Meteorology and Climate Research (IMK) and com-
plemented by components specific to treatment of non-local
thermodynamic equilibrium (non-LTE) developed at the In-
stituto de Astrofisica de Andalucia (IAA). Non-LTE effects
are not relevant to the retrieval of CFCs. The general strategy
of the IMK/IAA data processing has been documented in von
Clarmann et al. (2003b). It underwent a pre-flight function-
ality study and validation by cross-comparison with various
other data-processors within the framework of a blind test
retrieval study (von Clarmann et al., 2003a).

CFC-11 and CFC-12 are retrieved by constrained multi-
parameter non-linear least squares fitting of modeled to mea-
sured spectra. Spectral data from all tangent altitudes are an-
alyzed within one inversion process, as suggested by Car-
lotti (1988). VMR vertical profiles are retrieved on a fixed,
i.e. tangent altitude independent height grid which is finer
than the tangent altitude spacing (50 retrieval altitudes for
CFC-11: 1-km steps from 4 to 45km, then 5-km grid spac-
ing to 50 km, 10-km steps from 60 to 100 km, and 20-km
step to 120 km. 60 retrieval altitudes for CFC-12: 1-km steps
from 4 to 44 km, then 2-km grid spacing from 46 to 70 km,
5-km steps from 75 to 80km, and 10-km steps from 90 to
120km). The horizontal spacing is 510km for the FR res-
olution data nominal mode and 410 km for the RR nominal
mode. In order to obtain stable profiles, the profiles have been
constrained such that the first order finite difference quo-
tient AVMR/Aaltitude at adjacent altitude gridpoints was
minimized, using the formalism as proposed by Tikhonov
(1963). For both trace gases we use a zero a priori profile.
The strength of the regularization has been chosen altitude-
dependent with a scheme proposed by Steck (2002).

Forward modeling of spectra is performed with the Karl-
sruhe Optimized and Precise Radiative Transfer Algorithm
(KOPRA) (Stiller, 2000; Stiller et al., 2002) using a dedi-
cated spectroscopic database for MIPAS compiled by Flaud
et al. (2003). CFC-11 and CFC-12 bands were modeled by
2-dimensional interpolation of pressure-, temperature-, and
wavenumber-resolved laboratory measurements (Varanasi,
1992; Varanasi and Nemtchinov, 1994) to the actual atmo-
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spheric pressures and temperatures. The spectroscopic un-
certainty of this data has been estimated in the literature
to be 5% (Rothman et al., 1998; Rinsland et al., 2005),
however the spectral resolution (0.03cm™! and 0.01cm™!
at pressures below 40 Torr, which corresponds to 53.3 hPa)
of the laboratory data may introduce small systematic er-
rors, together with the interpolation to different tempera-
tures and pressures. Indeed, CFC-11 and CFC-12 show dense
and sharp spectral structure at very high spectral resolution,
even in the Q-branches (see, e.g., Orphal, 1991; McNaughton
et al., 1994, 1995; D’ Amico et al., 2002). It is also impor-
tant to note that comparisons of the absolute band intensities
(see, e.g., Varanasi and Nemtchinov, 1994; D’ Amico et al.,
2002) with other studies show larger differences. For these
reasons, the absolute uncertainty of the spectroscopic data is
estimated to be 10 %, in the absence of further information.

Local spherical homogeneity of the atmosphere is as-
sumed here, i.e., atmospheric state parameters related to one
limb sounding sequence are not allowed to vary with lat-
itude or longitude but only with altitude. The only excep-
tion is temperature: For data versions VSR_CFC11_220 and
V5R_CFC12_220, a horizontal temperature gradient, calcu-
lated from ECMWF temperature fields, was taken into con-
sideration in a range of £400 km around the tangent point to
reduce related retrieval artifacts (Kiefer et al., 2010).

Prior to trace gas retrievals, a spectral shift correction
is applied first. Then elevation pointing correction and the
temperature retrieval are performed (von Clarmann et al.,
2003b, 2009b), and these data are used in the subsequent
trace gas retrievals. The most recent CFC data versions
(V5R_CFC11.220 and V5R_CFC12_220) are based on a
temperature and pointing retrieval where ozone and water
vapor are jointly retrieved. This reduces the dependence of
related a priori information on these species and related er-
ror propagation. Older data versions (V40) where informa-
tion on O3 and H,O was taken from climatologies during
the temperature and elevation pointing retrieval led to tem-
perature artifacts at about 30° N/S where the climatology
was switched from the tropical to the mid-latitudinal case.
These artifacts propagated onto the species retrievals and
led to rabbit-ears-like structures in the altitude/latitude cross-
sections of tropospheric source gases, which are no longer
found in the V5SR_.CFC11.220 and V5R_CFC12220 data.
After temperature and line of sight (LOS) retrieval, the next
steps are dedicated H,O and O3 retrievals for which the re-
sults were found superior over the results of the joint re-
trieval of temperature, elevation pointing, ozone, and water
vapor. After that, species abundances are retrieved in the or-
der HNO3, CHy together with N,O, CIONO;, N»Os, CIO,
and finally CFC-11 and CFC-12. Each gas is retrieved in its
specific spectral region, where results from preceding species
abundance retrievals are used as input for the next species re-
trieval.

Atmos. Chem. Phys., 12, 11857-11875, 2012



B.2. Global CFC-11 (CCIF) and CFC-12 (CClFy) measurements with the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS): retrieval, 163

climatologies and trends

11860

31 CFC-11

CFC-11 was analyzed in the 831.0-853.0 cm™! spectral re-
gion, which covers the main part of the v4 band. Main in-
terfering species in this region are H>O, the HNO3 vs band,
and the COCl, vs band (Toon et al., 2001). In order to avoid
propagation of uncertainties of a priori knowledge on these
species to the CFC-11 profiles, their abundances were jointly
fit along with CFC-11 in this analysis window. Although
H,O results are available from preceding retrievals, joint-
fitting led to reduced residuals in the H,O lines, most prob-
ably due to inconsistencies between spectroscopic data in
the H>O analysis windows and the CFC-11 analysis window.
Furthermore, a background-dependent continuum signal and
a zero-radiance calibration correction were determined along
with the species abundances, as discussed in von Clarmann
et al. (2003b). At tangent heights above 40 km CFC-11 is
far below the detection limit. Thus, to save computing time,
we used the twelve lowermost tangent heights, which corre-
spond to altitudes between 5km and 38 km for the FR data,
and the nineteen lowermost tangent heights, which cover the
5km and 40 km altitude range for the RR data.

Retrieval error estimates for sample FR and RR CFC-11
retrievals are shown in Table 2 and Table 3, respectively.
The high resolution measurement was taken at high south-
ern latitudes on 21 May 2003. The estimated total retrieval
error is 6.4 pptv at 25km and 45.0 pptv at 10 km altitude.
The RR measurement was taken in northern mid-latitudes on
19 September 2009. The related estimated total retrieval er-
ror is 6.1 pptv at 25km and 19.0 pptv at 10 km altitude. For
both measurement modes, the total retrieval error in the mid-
dle stratosphere (above 15-20 km) is dominated by measure-
ment noise, while in the troposphere and lower stratosphere
the leading error sources are uncertainties in elevation point-
ing (line of sight error), uncertainties in the abundances of
the peroxyacetyl nitrate (PAN), NH3, and OCS abundances,
as well as spectral calibration uncertainties (gain error) and
temperature uncertainties.

Selected rows of the CFC-11 averaging kernel matrices
for both measurement modes are shown in Fig. 1. The al-
titude resolution in terms of full width at half maximum of
a row of the averaging kernel matrix is about 4 km for the
FR measurements, and about 2 to 3 km for the RR measure-
ments. The averaging kernels are well-behaved in the sense
that they peak at their nominal altitudes between about 6 km
and 25km for high spectral resolution and between about
10 and 25 km for RR measurements. Below and above, the
retrievals are particularly sensitive to the real atmosphere
below the nominal altitude. This is because the retrieval is
strongly regularized to cope with the low sensitivity at these
altitudes. The retrieved CFC-11 profiles represent approxi-
mately 4 to 7 degrees of freedom for the FR measurements
and 5 to 9 degrees of freedom for the RR measurements, re-
spectively. The better vertical resolution in the RR data is
caused by finer vertical sampling.

Atmos. Chem. Phys., 12, 11857-11875, 2012
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Fig. 1. Rows of averaging kernels of CFC-11 measurements for
FR nominal mode (top) and RR nominal mode (bottom). Diamonds
represent the nominal altitudes (i.e. the diagonal value of the aver-
aging kernel matrix). Only every third kernel is shown.

The horizontal information smearing (we intentionally
avoid the term “horizontal resolution” because the resolu-
tion can never be better than the horizontal sampling) was
estimated on the basis of 2-D averaging kernels, evaluated
on the basis of 2-D Jacobians of 1-D retrievals as described
in von Clarmann et al. (2009a). The horizontal information
smearing of a MIPAS retrieval in terms of full width at half
maximum of the horizontal component of the 2-D averaging
kernel is approximately 200-500 km, depending on measure-
ment mode and altitude (Table 4). In many cases, the smear-
ing is smaller than the horizontal sampling, implying that the
horizontal resolution is limited by the horizontal sampling
grid rather than the horizontal information smearing.

www.atmos-chem-phys.net/12/11857/2012/
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Table 2. Error budget of a V3O_CFC11_10 (FR nominal mode) retrieval from spectra recorded at 63° S, 164° E on 21 May 2003 at 22:51
UTC, for selected altitudes. The errors are given in units of pptv (%). The total error is the sum of measurement noise and parameter error.
The parameter error is the sum of uncertainties in interfering species and instrumental properties, which interact as random error sources

(PAN, NH3, ..., OCS).

V30 Total Measurement  Parameter PAN NH3  Line Of Gain  Temperature OCsS
CFC-11 Error Noise Error Sight

Height

30km 1.9 (284) 1.8 (26.9) 0.4 (6.7) 03@42) 0.1(18) 03(46) <0.1(<0.1) <0.1(0.5) 0.1(09)
25km 6.4 (174) 6.1 (16.6) 19(5.2) 06(1.7) 06(1.6) 1.6(44) 0.2(0.5) 02(0.6) 03(0.9)
20km 8.0 (12.7) 59094 55(8.8) 14(22) 0609 52(83) 0.7 (1.1) 04(0.7) 05(0.8)
15km 93(4.9) 28(1.5) 8.8 (4.7) 5026) 18(10) 68(3.6) 14(0.7) 10(05) 09(0.5)
10km 450 (15.7) 40(14) 440(153) 440(153) 19(0.7) 42(15)  0.1(<0.1) 04(0.1) 13(05)

Table 3. Error budget of a VSR_.CFC11_220 (RR nominal mode) retrieval from spectra recorded at 37° N, 29° W on 19 September 2009 at

00:11 UTC for selected altitudes. The errors are given in units of pptv (%). Details as for Table 2.

V5R Total Measurement Parameter PAN NH3 Line Of Gain  Temperature ocCs
CFC-11 Error Noise Error Sight

Height

30km 19(352) 1.7(315) 0.7(126) 0.6(10.9) 0.1(14) 039 0.1(1.6) <0.1(03) <0.1(04)
25km 6.1(14.8) 55(13.3) 2.6(6.3) 1.1(27) <0.1(.1) 23(5.6) 0.1(0.2) 0.1(0.2) 0.1(0.3)
20 km 9.8 (6.7) 55@.7) 8.2(5.6) 1.1(0.7) 02(0.2) 80(G4 1410 03(0.2) 0.2 (0.1)
15km 11.0 (44) 48(1.9) 93(3.7) 09(04) 06(03) 8735 3.1(12) 0.5(0.2) 0.3 (0.1)
10 km 19.0 (7.7) 45(1.8) 180(7.3) 8.6(3.5) 23(09) 150(6.1) 5824 1.0 (04) 0.8 (0.3)

Table 4. Horizontal information smearing (full width at half maxi-
mum of the horizontal component of the 2-D averaging kernel) for
CFC-11.

Mode Nominal Nominal
Spectr. Resol. full  reduced
25km 440 km 468 km
20km 335km 497 km
15km 293 km 159km
10 km 199 km 295 km

The information displacement is the horizontal distance
between the point where most information comes from and
the nominal geolocation of the limb scan, which is defined
as the geolocation of the tangent point of the middle line of
sight in a MIPAS limb scan. Compared to the nominal geolo-
cation, the tangent points are displaced towards the satellite
for the lowermost tangent altitude and in the opposite direc-
tion for the uppermost tangent altitude. This displacement is
caused by the satellite movement and the position of the tan-
gent point as a function of the elevation angle. Beyond this,
also atmospheric opacity and regularization of the retrievals
contribute to the information displacement. In Table 5 the
CFC-11 weighted displacements are listed for altitudes of in-
terest. Negative distances are displacements away from the
satellite, beyond the tangent point. Positive distances are dis-
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placements towards the satellite. Except for higher altitudes
the displacements are small compared to the horizontal sam-
pling distance.

Figure 2 shows examples of a measured versus best fit
modeled CFC-11 spectra, along with related residual spectra.
For the FR measurement, a spectrum recorded at about 14 km
tangent altitude is shown, which was measured on 21 May
2003. The broad spectral signature of CFC-11 is well repro-
duced. The root mean square (rms) of the residual is 16.91
nW (cm? srem~")~! which is about equal to the nominal
noise equivalent spectral radiance (NESR) in the wavenum-
ber region 830-850 cm™!, which is 15 nW (cm? srcm™!)~!
for apodized spectra. The RR spectrum was recorded at about
14km tangent altitude on 19 September 2009. Also this
spectrum is well reproduced and the rms of the residual is
12.78 nW (cm? srem™ 1) ™!, which also is about equal to the
nominal apodized noise equivalent spectral radiance of 12
oW (cm? srem™)~ L.

32 CFC-12

CFC-12 was analyzed in the 915.0-925.0 cm™! spectral re-
gion, which covers the central part of the vs band. Main in-
terfering signals are caused by the CO, 10001 <— 00011 so-
called laser band, the HNO3 2v9 band, H,O and a weak PAN
band. All these interfering species were jointly fit along with
continuum and offset-correction. In contrast to CFC-11, we
used all available tangent heights for the CFC-12 retrieval,

Atmos. Chem. Phys., 12, 11857-11875, 2012
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Table 5. Information displacement for CFC-11 retrievals. Negative
distances are displacements away from the satellite, beyond the tan-
gent point. Positive distances are displacements towards the satel-
lite.

Mode Nominal Nominal
Spectr. Resol. full reduced
25km 561 km 249 km
20km 112km 82km
15km —74km 105km
10km —146km 4km

because the measurable signal of CFC-12 extends to higher
altitudes than that of CFC-11.

Error estimates for CFC-12 FR and RR measurements are
shown in Table 6 and Table 7, respectively. The estimated to-
tal retrieval error of CFC-12 retrieved from high spectral res-
olution measurements is 20.0 pptv for 25km and 18.0 pptv
for 10km altitude. At 20km and above measurement noise
is the leading error source, while below parameter errors are
dominating. The main parameter error components are the
line of sight elevation pointing error, gain calibration error,
the error of the horizontal (along track) temperature gradi-
ent, the temperature error itself, and the uncertainty in the
NH3 profile. For RR CFC-12 retrievals, the relative impor-
tance of the various error sources is similar, except that the
horizontal temperature inhomogeneities do not appear as er-
ror source since horizontal temperature gradients were ac-
counted for in the retrieval. In the stratosphere, total retrieval
errors are only slightly larger than for high spectral resolution
measurements (22.0 pptv at 25 km) but at 10 km the error is
much larger (64.0 pptv) because of propagated parameter un-
certainties, for the example chosen.

The altitude resolution in terms of full width at half max-
imum of a row of the averaging kernel matrix is about 3
to Skm for the FR measurements and about 3 to 4 km for
the RR measurements. This corresponds to 6-9 degrees of
freedom for FR measurements and 9-13 for RR measure-
ments. CFC-12 averaging kernels are shown in Fig. 3. They
are well-behaved between about 8 and 40 km for high spec-
tral retrievals and between 10 and 50km for RR measure-
ments. As for CFC-11, the better altitude resolution of the
RR measurements is due to the better vertical sampling.

Figure 4 shows examples of measured (black) versus fit-
ted (red) CFC-12 spectra. The high spectral resolution mea-
surement was recorded on 21 May 2003 at the border of
the southern polar cap and the tangent altitude is 11km.
The measured spectrum is well reproduced and the rms of
the residual is 19.15nW (cm? srem™!)~! which is slightly
higher than the nominal noise equivalent spectral radiance.
The RR was recorded on 19 September 2009 at a tangent
altitude of 11km. Here the rms of the fit residual (13.84
nW (cm?srem~!)~! is even slightly less than the nominal
noise equivalent spectral radiance.
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Fig. 2. Typical measured (black) and calculated (red) spectra of
CFC-11 and the fit residual in 14 km in the 831 and 853 cm™! spec-
tral region for the FR (top) and the RR (bottom) nominal measure-
ment modes.

The horizontal information smearing of CFC-12 retrievals
is approximately 300 km at altitudes below 24 km and more
than 400 km above for the FR retrievals (Table 8). For the
RR retrievals assessed here, it is between about 300 km and
more than 500 km. As for CFC-11, the information displace-
ment is clearly smaller than the horizontal measurement grid
(Table 9).

4 The SPARC climatologies

MIPAS CFC climatologies have been developed from the re-
trieved data presented here and prepared in compliance with
the methodical and data format requirements of the SPARC
(Stratospheric Processes and their Role in Climate) data ini-
tiative (Hegglin and Tegtmeier, 2011). The climatology con-
sists of zonal monthly mean fields of CFC volume mixing
ratios on 28 pressure levels of 300, 250, 200, 170, 150, 130,
115,100, 90,80, 70,50, 30,20, 15,10,7,5,3,2,1.5,1.0,0.7,
0.5,0.3,0.2,0.15,0.1 hPa. Along with these monthly means,
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Table 6. Error budget of a V3O_CFC12_10 (FR nominal mode) retrieval from spectra recorded at 63° S, 164° E on 21 May 2003 at 22:51
UTC for selected altitudes. The errors are given in units of pptv (%). Details as for Table 2.

V30 Total Measurement Parameter Line Of Gain Temp. Temp. NH3
CFC-12 Error Noise Error Sight Inhomog.

Height

35km 21.0 (87.6) 21.0 (87.6) 1667 0729 1250 05(19) 0627 <0.1(0.1)
30km 20.0 (58.6) 20.0 (58.6) 3109.1) 308 0309 02(0.6) 0.104) 0.1(02)
25km 20.0(13.2) 18.0 (11.9) 86(57) 84(55) 10(0.6) <0.1(<0.1) 1.1(0.7) <0.1(<0.1)
20 km 20.0 (7.4) 150(55) 130(48) 130(48) 34(.3) 0.6(0.2) 2.1(0.8) 0.2 (0.1)
15km 18.0 (3.8) 94(20) 150@3.1) 150@3.1) 35(0.7) 04(0.1) 2.7(0.6) 0.8 (0.2)
10 km 18.0 (2.5) 120(1.7) 130(18) 80(1.1) 45(0.6) 2604) 15(0.2) 8.8(12)

Table 7. Error budget of a VSR_.CFC12_220 (RR nominal mode) retrieval from spectra recorded at 37° N, 29° W on 19 September 2009 at
00:11 UTC, for selected altitudes. The errors are given in units of pptv (%). Details as for Table 2.

V5R Total Measurement  Parameter Line Of Gain Temp. Shift NH3
CFC-12 Error Noise Error Sight

Height

35km 28.0 (32.1) 27.0 (31.0) 6.7(7.7) 63(72) 21(24) 05(0.6) 04(04) 0.1(0.1)
30km 24.0(22.9) 22.0(21.0) 8.8(84) 84(80) 2524 06(0.6) 0.3(0.3) 0.1 (0.1)
25km 22.0(9.0) 21.0 (8.6) 5.12.1) 42(1.7)  29(1.2) 0.7(03) 02(0.1) <0.1(<0.1)
20km 220(5.3) 16.0 (3.9) 15.0 (3.6) 14034) 51(12) 12(03) 0.1(<0.1) <0.1(<0.1)
15km 220 (4.1) 150 (2.8) 16.0 (3.0) 130(24) 93(1.7) 1.7(0.3) 0.1(<0.1) 0.2 (<0.1)
10km 64.0 (12.0) 13.0(24) 63.0(119) 570(10.7) 270(5.1) 63(12) 0.1(<0.1) 1.3(02)

Table 8. Horizontal information smearing (full width at half maxi-
mum of the horizontal component of the 2-D averaging kernel) for
CFC-12.

Mode Nominal Nominal
Spectr. Resol. full  reduced
35km 503 km 510km
30km 430km 444km
25km 406 km 557km
20km 304 km 394km
15km 250 km 578 km
10km 262km 292 km

standard deviations and sample sizes are provided. Techni-
cal details of the generation of these climatologies follow the
approach published by von Clarmann et al. (2012).

4.1 CFC-11 observations

Figure 5 shows monthly zonal means of CFC-11 between
200 hPa and 10hPa for September 2002, December 2003,
March 2008, and June 2010. Largest mixing ratios are seen in
the tropics in the upwelling branch of the Brewer-Dobson cir-
culation. With increasing altitude and latitude mixing ratios
become smaller, reflecting photochemical and OH-driven
CFC-depletion in aged air. The decrease of CFC-11 from the
years 2002 to 2010 is noticeable particularly in the tropical
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Table 9. Information displacement for CFC-12 retrievals.

Mode Nominal Nominal
Spectr. Resol. full  reduced
35km 187km  —19km
30km 153km 13km
25km —61km 40km
20km —87km 83 km
15km —177km 147 km
10km —373km  —61km

tropopause, where the air is youngest. Here the effect of re-
duced CFC emissions in response to the Montreal Protocol
is best visible.

Figures 6 and 7 illustrate the temporal evolution of CFC-
11 for all latitudes between July 2002 and April 2011 at se-
lected altitude levels from 200 hPa to 15 hPa. Between April
and December 2004 no MIPAS data are available because
of the instrument failure mentioned in Sect. 2. Particularly
at 200 hPa there is an obvious bias between the FR and the
RR data, mainly caused by the improved vertical resolution
of the latter. Nevertheless, the decadal decrease of CFC-11
is well observable in these time series at all altitudes over
the entire measuring period. Furthermore, the annual cycle is
clearly visible, and it is in opposite phase in the Southern ver-
sus the Northern Hemisphere, following the local season. In

Atmos. Chem. Phys., 12, 11857-11875, 2012
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Fig. 3. Rows of averaging kernels of CFC-12 measurements for FR
nominal mode (top) and RR (bottom) nominal measurement modes.
Diamonds represent the nominal altitudes (i.e. the diagonal value of
the averaging kernel matrix). Only every third kernel is shown.

the stratosphere, minimum mixing ratios are found in the po-
lar winter, due to the subsidence of old air depleted of CFCs.
In the troposphere, there is a polar summer minimum, con-
sistent with the seasonal cycle seen in in-situ and flask data
published by Butler et al. (1998). All time series show, as
expected, the maxima of the CFC-11 volume mixing ratios
in the tropical and subtropical zone between 30° S to 30° N.
The region of large CFC-11 amounts, however, is not sym-
metrical around the equator but shifted by a couple of de-
grees to northern latitudes. The stratospheric mixing barrier,
discernable by the region of the largest CFC-11 zonal gradi-
ent at 15hPa, 20 hPa, 50 hPa, and 70 hPa varies with season
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Fig. 4. Typical measured (black) and calculated (in red) spectra of
CFC-12 and the fit residual in 11 km in the 915.0-925.0 cm ™! spec-
tral region for the FR (top) and the RR (bottom) spectral resolution
nominal modes.

between 20°, 25°, 30° and 40°, respectively, in the Northern
Hemisphere, compared to 12°, 15°,20° and 30° in the South-
ern Hemisphere. A difference between hemispheres was also
found by Palazzi et al. (2011). At 15hPa, 20 hPa and 50 hPa a
clear signal of the quasi-biennial oscillation (QBO) is visible.

4.2 CFC-12 observations

Figure 8 shows monthly zonal mean CFC-12 mixing ra-
tio distributions between 200 hPa and 1hPa of CFC-12 in
September 2002, December 2003, March 2008, and June
2010. The structures are similar to those of CFC-11 but the
CFC-12 survives the transport into higher altitudes in the as-
cending branch of the Brewer-Dobson circulation, because
it is more stable under sunlit conditions. Also for CFC-12
a decrease with time is observable, but it is much less pro-
nounced than that of CFC-11. This is because the decom-
position of CFC-12 in the atmosphere is slower than that of
CFC-11. The lifetime of CFC-12 in the stratosphere of about
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and 10 hPa in September 2002, December 2003, March 2008, and
June 2010.
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Fig. 6. Time series of CFC-11 as a function of latitude between
July 2002 and April 2011 in 15 hPa, 20 hPa and 50 hPa. Note there
is no MIPAS data available between April and December 2004. The
white spots in the southern polar region indicate data gaps due to
the existence of not detected polar stratospheric clouds, because no
retrievals are possible below cloud top altitude.

100 yr is larger than that of CFC-11 which is about 45 yr
(Cunnold et al., 1997; Volk et al., 1997). Time series (Fig. 9
and Fig. 10) show basically the same features already dis-
cussed for CFC-11 (negative trend, annual cycle, QBO, and
asymmetry around the equator). Also for CFC-12 there is a
bias between FR and RR measurements, most pronounced at
lower altitudes.
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Fig. 9. Time series of CFC-12 as a function of latitude between
July 2002 and April 2011 at 15hPa, 20 hPa and 50 hPa. Details as
for Fig. 6.

VMR(t) = a + bt 4 c1gqbo (t) + d1gbo, (t) + (€)]
9
2t 2t
i g 2t
+,,2=;(Cn sin I +d, cos 0 )

where ¢ is time, gbo; and gbo, are quasi-biennial oscilla-
tion (QBO) indices. The terms under the sum are 8 sine
and cosine functions of the period length /,, which rep-
resent the seasonal and the semi-annual cycle and their
“overtones” with period lengths of 3, 4, 8, 9, 18, and 24
months. Sine and cosine of the same period length are
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Fig. 10. Time series of CFC-12 as a function of latitude between
July 2002 and April 2011 at 70 hPa, 100 hPa and 200 hPa. Details
as for Fig. 7.

both fitted to account for any phase shift of the variation.
The terms gbo; and gbo, are the normalized Singapore
winds at 30 hPa and 50 hPa. These are provided by the Free
University of Berlin via http://www.geo.fu-berlin.de/met/ag/
strat/produkte/qbo/index.html. As suggested by Kyroli et al.
(2010), we exploit the approximate orthogonality of qgbo; and
gbo, to emulate any QBO phase shift by their combination
with different weights. Coefficients a, b, ci, ..., c9, di, ...,
dg are fitted to the data using the method of von Clarmann
et al. (2010), where the full error covariance matrix of mix-
ing ratios is considered, with the squared standard errors of
the monthly means as the diagonal terms. In a first step of
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B.2. Global CFC-11 (CCIF) and CFC-12 (CClFy) measurements with the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS): retrieval, 171

climatologies and trends

11868

the analysis, covariances are only important to consider any
bias between the FR and the RR CFC measurements due to
the change of the MIPAS measurement modes. Since these
biases are thought to be primarily caused by different alti-
tude resolutions, they can depend on altitude and latitude.
For each time series at a certain altitude and latitude band,
the bias can simply be treated as a fully correlated error com-
ponent of one data subset. This method is very robust with
respect to the estimate of the residual bias used to create the
covariance matrix. Consideration of the bias in the covari-
ance matrix has been shown to be equivalent to the inference
of the bias from the data themselves with an optimal estima-
tion scheme where the a priori variance of the residual bias
equals the residual bias component in our covariance matrix
(cf. von Clarmann et al., 2001). From the fit residuals, addi-
tional autocorrelated error terms are estimated and added to
the initial covariances, as described by Stiller et al. (2012). A
second trend fit is performed with the enhanced covariance
matrix, which is then used for the scientific analysis.

5.2 Results for CFC-11

Trends of CFC-11 based on monthly zonal mean mixing ra-
tios in 10° latitude bins have been calculated for selected al-
titudes. Data coverage was good from July 2002 to March
2004 with measurements available for about 16 to 31 days
per month. From 2005 to 2007 data coverage was quite in-
homogeneous when the number of days for which nominal
mode measurements were available varied from 2 to 30 days
per month, while since then MIPAS has again been operated
at full duty cycle and nearly continuous coverage. Figure 11
shows examples of measured and best fitting time series. A
negative trend is obvious in all these examples, as well as
the annual variation, and the bias between the data subsets
V30_CFC11_10 and VSR_CFC11_220. The minima of mid-
latitudinal measurements occur in local winter (left panels).
The amplitude of the annual cycle is largest at polar latitudes.
In the tropical time series a clear QBO signal is visible (up-
per right panel), while the amplitude of the annual cycle is
largely reduced compared to higher latitudes.

Liang et al. (2008) report northern and southern hemi-
spheric averaged monthly mean surface CFC-11 and CFC-
12 mixing ratios between January 1977 and December 2004
based on measurements of different long-term observations
(Prinn et al., 2000; Montzka et al., 1999; Thompson et al.,
2004). Their CFC-11 monthly mean values in the year 2002
are about 260 pptv which coincides well with the starting
point of our regression line with mixing ratios between 260
to 265 pptv at ~ 10km altitude. CFC-11 measurements are
also provided by the Halocarbons and other Atmospheric
Trace Species (HATS) group at NOAA/ESRL (Elkins et al.,
2012a). They provide a combined data set from various
NOAA/ESRL measurement programs; the method for com-
bining the various NOAA/ESRL measurement programs into
one data set is described by Hall et al. (2011). These CFC-
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11 measurements for April 2011 are about 240 pptv which
agrees very well with our values between 229 and 242 ppt
at 10km altitude (Fig. 11, right middle panel, left and right
lower panel).

The inferred trends from 2002-2011 for all lati-
tude/altitude bins are summarized in Fig. 12, along with es-
timated 1-sigma uncertainties and significance of the trends
in terms of multiples of sigma. The estimated uncertainties
include the additional autocorrelated error term discussed
in Sect. 5.1 and are consistent with the fit residuals in a
sense that the reduced x2 values are close to unity. In wide
parts of the atmosphere highly significant negative trends be-
tween —10 and —40 pptv per decade are found. These trends
agree well with the tropospheric trends of about —25 pptv
per decade in the same period measured by the HATS group
(Elkins et al., 2012a) and the data reported by Butler et al.
(1998) (—23 pptv per decade), of which the extension to cur-
rent dates can be found on http://www.esrl.noaa.gov/gmd/
hats/graphs/graphs.html.

Differences between the MIPAS percentage trends and the
age-corrected tropospheric trends are shown in Fig. 13. Age
of air has been taken from Stiller et al. (2012). We would like
to stress that we do not necessarily expect the stratospheric
trends to reproduce the tropospheric ones with a time lag de-
pending on the age of stratospheric air, because stratospheric
circulation could change, affecting the time lag and possi-
bly the level of depletion of the air observed. For an atmo-
sphere without changes in stratospheric dynamics and delta-
shaped age spectra, the differences shown in Fig. 13 are ex-
pected to be zero throughout. However we find positive and
negative trend differences of several ten percent. The posi-
tive trend values between 10-90° S in the stratosphere be-
tween about 22 km and 30 km altitude can be explained by air
with broad age spectra, containing particularly old air which
has entered the stratosphere prior to about 1993 when tropo-
spheric CFC-11 concentrations reached their maximum. The
mean age alone, which is about 5 yr in this altitude/latitude-
range (Stiller et al., 2012) cannot explain the positive trend.
In the upper northern hemispheric stratosphere, trends are
more negative than expected from the tropospheric trends
corrected for the age of air. This is the region where Stiller
et al. (2012) have found a pronounced increase in the age of
stratospheric air, which, however, cannot alone explain the
larger negative trends. Instead, changing circulation and/or
mixing patterns which heavily affect the shape of the age
spectra may be able to explain both, the increase of age of air
and the stronger negative CFC-11 trends. However, a fully
consistent explanation is not yet available.

5.3 Results for CFC-12
The findings on periodic and quasi-periodic variations of
CFC-11 also apply to CFC-12 (Fig. 14). The annual variation

and the QBO are well represented by the regression model.
In comparison to the CFC-12 mixing ratios of ~ 543 pptv as
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Fig. 11. Temporal evolution of CFC-11 for northern mid-latitudes (50° N to 60° N) at 20 km (top left panel), inner tropics (0° S to 10° S) at
20 km (top right panel), southern mid-latitudes (50° S to 60° S) at 15 km altitude (middle left panel), northern polar latitudes (80° N to 90° N)
at 10 km altitude (middle right panel), southern subtropics (20° S to 30° S) at 10 km altitude (lower right panel), and northern mid-latitudes
(30°N to 40° N) at 10 km (lower right panel), The blue diamonds are the MIPAS data points; the bold solid orange curve is the fit through
the data. The linear part of the regression represented by the straight orange line. The dotted orange curve and straight line are the respective
bias-corrected fit and its linear component, respectively. In the lower part of each panel, the residuals between MIPAS CFC-11 monthly zonal
means and the trend-corrected regression function are shown. The trend of CFC-11 in pptv per decade, its uncertainty, and the bias between

the data subsets FR and RR are printed in orange font.

reported by Liang et al. (2008) for the year 2002 our val-
ues at the starting point of the regression line in 2002 are
slightly lower with mixing ratios between 524 and 537 pptv.
The HATS group reports mixing ratios for a CFC-12 data
set combined from various NOAA/ESRL measurement pro-
grams of about 528 pptv for April 2011 (Elkins et al.,2012b),

www.atmos-chem-phys.net/12/11857/2012/

which is slightly higher than the MIPAS data at the end of
the regression line where mixing ratios vary with latitude be-
tween 506 and 508 pptv (Fig. 14, right middle panel, left and
right lower panel).

A survey of the inferred trends is given in Fig. 15. The pat-
terns of positive and negative trends of CFC-12 are similar

Atmos. Chem. Phys., 12, 11857-11875, 2012
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Fig.12. CFC-11 trends over the years 2002 to 2011 as a function of
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tainties (middle); and significance of the trend in terms of multiples
of sigma (bottom). Numerical values are found in the Supplement.

to those of CFC-11 but are better visible. In the troposphere
and in the lower stratosphere where relatively young air is
observed consistently (Waugh and Hall, 2002; Stiller et al.,
2012), the trends are negative throughout, with typical val-
ues around —20 pptv per decade, which again is in agree-
ment with tropospheric trend measurements by Elkins et al.
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Fig. 13. Differences of relative trends between MIPAS and HATS
data under consideration of the age of air over the years 2002 to
2011 as a function of altitude and latitude in % per decade for CFC-
11. The data gaps are due to missing age of air data. Numerical
values are found in the Supplement.

(2012a) and the extension of the record by Butler et al.
(1998). Particularly large negative trends are observed in the
middle northern hemispheric stratosphere, with largest neg-
ative values at 20-30° N, 25km altitude. Similar to CFC-
11, these negative trends are larger than the age corrected
tropospheric trends (Fig. 16), and occur again in the region
where Stiller et al. (2012) found the increase in mean age
of air. Similar to CFC-11, we suggest that changing circu-
lation and/or mixing patterns affect the shape of age spec-
tra and may lead to steepening of the trends relative to the
tropospheric ones. Above this region (above 20-30 km alti-
tude at latitudes from 90-20° N, respectively), slightly pos-
itive trends have been found. With an age of approximately
6 yr, the starting point of the time series (2002) refers to tro-
pospheric air in 1996, when CFC-12 was still increasing. For
the positive trends in the middle southern hemispheric strato-
sphere the same explanation as for CFC-11 applies. The ef-
fect is, however, more pronounced for CFC-12, because its
tropospheric maximum was reached later. Of course there
are also other possible explanations for differences between
stratospheric and tropospheric CFC-trends, e.g. decadal vari-
ations of subsidence or mixing of CFC-depleted air from
higher altitudes. All plausible explanations, however, imply
decadal changes in stratospheric dynamics.

6 Conclusions

Global altitude-resolved zonal mean distributions of strato-
spheric CFC-11 and CFC-12 were inferred from MIPAS
measurements. Altitude- and latitude resolved time series
show the expected annual cycle (strongest at high latitudes)
and QBO signal (strongest in the tropics). As expected as
response to the Montreal Protocol, at most altitudes and
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mid-latitudes (30° N to 40° N) at 10 km (lower right panel). Details as for Fig. 11.

latitudes negative trends are observed, which are on average
consistent to the trends of tropospheric CFC-11 and CFC-12
mixing ratios. However, the CFC trends in the stratosphere
vary with altitude and latitude, and in some regions even
positive trends are observed. Generally speaking, trends are
mostly negative where age trends as reported by Stiller et al.
(2012) are positive and vice versa, but this picture is not fully
consistent. All plausible explanations for the observed CFC-
trends involve some kind of decadal change in stratospheric
dynamics. Either substantial changes in the shape of the age

www.atmos-chem-phys.net/12/11857/2012/

spectra or changes in vertical mixing patterns are needed
to solve the apparent contradiction. The use of these MI-
PAS CFC-measurements for a quantitative analysis of strato-
spheric age-of-air spectra under consideration of their alti-
tude and latitude dependent lifetimes will be a major focus
for our research in the next years.

Atmos. Chem. Phys., 12, 11857-11875, 2012



B.2. Global CFC-11 (CCIF) and CFC-12 (CClyF5) measurements with the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS): retrieval, 175

climatologies and trends

11872 S. Kellmann et al.: Global CFC-11 and CFC-12 measurements with MIPAS
CFC-12 linear variation pptv/dec CFC-12 relative trend minus relative HATS_trend(AoA) [%/dec]
5" s . ) 35 ] i . 150
] 100 '
% 30 100
' )
50
T E>
Py
g 0 g 0
Z2 I 20
-50
-50
15 15 -100
-100
10 10 -150
L . | | . . . )
-50 [) 50 50 [) 50
Latitude [deg] Latitude [deg]

1-sigma uncertainty of CFC-12 linear variation pptv/dec Fig. 16. As for Fig. 13 but for CFC-12. Numerical values are found

.? in the Supplement.

Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/12/
® 11857/2012/acp-12-11857-2012-supplement.zip.

Altitude [km]

Acknowledgements. ESA has provided MIPAS Level-1B data.
o s 0 Meteorological analysis data have been provided by ECMWEFE.
Latitude [deg] Development of CFC-11 and CFC-12 data retrieval was partly
funded by the German Federal Ministry of Education and Research

(BMBF) under contract no. S0EE0901. We acknowledge support
by Deutsche Forschungsgemeinschaft and Open Access Publishing
Fund of Karlsruhe Institute of Technology. Partial support for
NOAA/ESRL ground based measurements is from the Atmo-
spheric Composition and Climate Program of NOAA’s Climate
Program Office.

of CFC-12 linear variation
T

Altitude [km]

The service charges for this open access publication
have been covered by a Research Centre of the
Helmbholtz Association.

Edited by: J. B. Burkholder

-50

0 50
Latitude [deg]

References
Fig. 15. CFC-12 trends over the years 2002 to 2011 as a function of
altitude and latitude in pptv per decade (top); 1-sigma trend uncer- Bingham, G. E., Zhou, D. K., Bartschi, B. Y., Anderson, G. P.,
tainties (middle); and significance of the trend in terms of multiples Smith, D.R., Chetwynd, J. H., and Nadile, R. M.: Cryogenic In-
of sigma (bottom). Numerical values are found in the Supplement. frared Radiance Instrumentation for Shuttle (CIRRIS 1A) Earth
limb spectral measurements, calibration, and atmospheric O3,
HNO3, CFC-12, and CFC-11 profile retrieval, J. Geophys. Res.,

IMK/TAA generated MIPAS/Envisat data can be obtained 102, 3547-3558, 1997.
by registered users from the data server: http://www.imk-asf. Brasunas, J. C., Kunde, V. G., Hanel, R. A., Walser, D., Herath,
kit.edu/english/308.php. L. W., Buijs, H. L., Bérubé, J. N., and McKinnon, J.: Balloon-

borne cryogenic spectrometer for measurement of lower strato-
spheric trace constituents, in: Proc. SPIE, vol. 619, 80-88, SPIE,
Bellingham, WA, USA, 1986.

Brown, A. T., Chipperfield, M. P., Boone, C., Wilson, C., Walker,
K. A., and Bernath, P. F.: Trends in atmospheric halogen contain-

Atmos. Chem. Phys., 12, 11857-11875, 2012 www.atmos-chem-phys.net/12/11857/2012/



176

Appendix B. Copies of Co-Authored Publications relevant for this Thesis

S. Kellmann et al.: Global CFC-11 and CFC-12 measurements with MIPAS

ing gases since 2004, J. Quant. Spectrosc. Radiat. Transfer, 112,
2552-2566, doi:10.1016/j.jqsrt.2011.07.005, 2011.

Bujok, O., Tan, V., Klein, E., Nopper, R., Bauer, R., Engel, A., Ger-
hards, M.-T., Afchine, A., McKenna, D. S., Schmidt, U., Wien-
hold, F. G., and Fischer, H.. GHOST — A Novel Airborne Gas
Chromatograph for In Situ Measurements of Long—Lived Trac-
ers in the Lower Stratosphere: Method and Applications, J. At-
mos. Chem., 39, 37-64, 2001.

Butler, J. H., Montzka, S. A., Clarke, A. D., Lobert, J. M., and
Elkins, J. W.: Growth and distribution of halons in the atmo-
sphere, J. Geophys. Res., 103, 1503-1511, 1998.

Carlotti, M.: Global-fit approach to the analysis of limb—scanning
atmospheric measurements, Appl. Opt., 27, 3250-3254, 1988.
Cunnold, D. M., Weiss, R. F., Prinn, R. G., Hartley, D., Simmonds,
P. G., Fraser, P. J., Miller, B., Alyea, F. N., and Porter, L.:
GAGE/AGAGE measurements indicating reductions in global
emissions of CCI3F and CCl,F, in 1992-1994,J. Geophys. Res.,

102, 1259-1269, 1997.

D’Amico, G., Snels, M., Hollenstein, H., and Quack, M.: Anal-
ysis of the v3 + vy combination band of CF,Cl, from spec-
tra obtained by high resolution diode laser and FTIR super-
sonic jet techniques, Phys. Chem. Chem. Phys., 4, 1531-1536,
doi:10.1039/B110919G, 2002.

Dinelli, B. M., Arnone, E., Brizzi, G., Carlotti, M., Castelli, E.,
Magnani, L., Papandrea, E., Prevedelli, M., and Ridolfi, M.:
The MIPAS2D database of MIPAS/ENVISAT measurements re-
trieved with a multi-target 2-dimensional tomographic approach,
Atmos. Meas. Tech., 3, 355-374, doi:10.5194/amt-3-355-2010,
2010.

Dudhia, A.: http://www.atm.ox.ac.uk/group/mipas/rrmodes.html,
last access: 16 July 2012.

Elkins, J. W., Montzka, S. A., Hall, B., and Dutton, G.: Combined
Chloroflurocarbon-11 data from the NOAA/ESRL global mon-
itoring division, http://www.esrl.noaa.gov/gmd/hats/combined/
CFC11.html, National Oceanic & Atmospheric Administration,
Earth System Research Laboratory, Global Monitoring Division,
Dept. of Commer., Boulder, CO, USA, 2012a.

Elkins, J. W., Montzka, S. A., Hall, B., and Dutton, G.: Combined
Chloroflurocarbon-12 data from the NOAA/ESRL global mon-
itoring division, http://www.esrl.noaa.gov/gmd/hats/combined/
CFC12.html, National Oceanic & Atmospheric Administration,
Earth System Research Laboratory, Global Monitoring Division,
Dept. of Commer., Boulder, CO, USA, 2012b.

Endemann, M. and Fischer, H.: Envisat’s High-Resolution Limb
Sounder: MIPAS, ESA bulletin, 76, 47-52, 1993.

Endemann, M., Gare, P., Smith, D., Hoerning, K., Fladt, B., and
Gessner, R.: MIPAS Design Overview and Current Develop-
ment Status, in: Proceedings EUROPTO series, Optics in Atmo-
spheric Propagation, adaptive systems, and Lidar techniques for
Remote Sensing, Taormina, Italy, 24-26 September 1996, vol.
2956, 124-135, 1996.

Engel, A., Schmidt, U., and McKenna, D.: Stratospheric trends of
CFC-12 over the past two decades: Recent observational evi-
dence of declining growth rates, Geophys. Res. Lett., 25, 3319—
3322, 1998.

European Space Agency: Envisat, MIPAS An instrument for atmo-
spheric chemistry and climate research, ESA Publications Divi-
sion, ESTEC, P.O. Box 299, 2200 AG Noordwijk, The Nether-
lands, SP-1229, 2000.

www.atmos-chem-phys.net/12/11857/2012/

11873

Fischer, H. and Oelhaf, H.: Remote sensing of vertical profiles of
atmospheric trace constituents with MIPAS limb-emission spec-
trometers, Appl. Opt., 35,2787-2796, 1996.

Fischer, H., Birk, M., Blom, C., Carli, B., Carlotti, M., von Clar-
mann, T., Delbouille, L., Dudhia, A., Ehhalt, D., Endemann, M.,
Flaud, J. M., Gessner, R., Kleinert, A., Koopman, R., Langen, J.,
Lopez-Puertas, M., Mosner, P., Nett, H., Oelhaf, H., Perron, G.,
Remedios, J., Ridolfi, M., Stiller, G., and Zander, R.: MIPAS: an
instrument for atmospheric and climate research, Atmos. Chem.
Phys., 8,2151-2188, doi:10.5194/acp-8-2151-2008, 2008.

Flaud, J.-M., Piccolo, C., Carli, B., Perrin, A., Coudert, L. H., Teffo,
J.-L., and Brown, L. R.: Molecular line parameters for the MI-
PAS (Michelson Interferometer for Passive Atmospheric Sound-
ing) experiment, Atmos. Oceanic Opt., 16, 172-182,2003.

Goldman, A., Bonomo, F. S., and Murcray, D. G.: Statistical-band-
model analysis and integrated intensity of the 10.8 ym band of
CF,Cl,, Geophys. Res. Lett., 3,309-312, 1976.

Hall, B. D., Dutton, G. S., Mondeel, D. J., Nance, J. D., Rigby,
M., Butler, J. H., Moore, F. L., Hurst, D. F., and Elkins, J. W.:
Improving measurements of SF6 for the study of atmospheric
transport and emissions, Atmos. Meas. Tech., 4, 2441-2451,
doi:10.5194/amt-4-2441-2011,2011.

Hegglin, M. and Tegtmeier, S.: The SPARC Data Initiative, SPARC
Newsletter, 36, 22-23,2011.

Heidt, L. E., Lueb, R., Pollock, W., and Ehhalt, D. H.: Stratospheric
Profiles of CCI3F and CCI,F,, Geophys. Res. Lett., 2, 445447,
doi:10.1029/GL002i010p00445, 1975.

Hoffmann, L., Kaufmann, M., Spang, R., Miiller, R., Remedios,
J. J., Moore, D. P., Volk, C. M., von Clarmann, T., and Riese,
M.: Envisat MIPAS measurements of CFC-11: retrieval, vali-
dation, and climatology, Atmos. Chem. Phys., 8, 3671-3688,
doi:10.5194/acp-8-3671-2008, 2008.

Hopfner, M., von Clarmann, T., Engelhardt, M., Fischer, H., Funke,
B., Glatthor, N., Grabowski, U., Kellmann, S., Kiefer, M., Lin-
den, A., Lopez-Puertas, M., Milz, M., Steck, T., Stiller, G. P.,
Wang, D. Y., Ruhnke, R., Kouker, W., Reddmann, T., Bernath,
P., Boone, C., and Walker, K. A.: Comparison between ACE-
FTS and MIPAS IMK/IAA profiles of O3, H,O, N,O, CHy,
CFC-11, CFC-12, HNO3, CIONO;, NO,, N;Os, CO, and SF¢
in February/March 2004, in: Proc. Third Workshop on the Atmo-
spheric Chemistry Validation of Envisat, (ACVE-3), 4-7 Decem-
ber, 2006, ESRIN, Frascati, Italy, vol. ESA SP-642, CD-ROM,
ESA Publications Division, ESTEC, Postbus 299, 2200 AG No-
ordwijk, The Netherlands, 2007.

Khosravi, R., Lambert, A., Lee, H., Gille, J., Barnett, J., Fran-
cis, G., Edwards, D., Halvorson, C., Massie, S., Craig, C.,
Krinsky, C., Mclnerney, J., Stone, K., Eden, T., Nardi, B.,
Hepplewhite, C., Mankin, W., and Coffey, M.: Overview and
characterization of retrievals of temperature, pressure, and at-
mospheric constituents from the High Resolution Dynamics
Limb Sounder (HIRDLS) measurements, J. Geophys. Res., 114,
D20304, doi:10.1029/2009JD011937, 2009.

Khosrawi, F., Miiller, R., Irie, H., Engel, A., Toon, G. C., Sen, B.,
Aoki, S., Nakazawa, T., Traub, W. A., Jucks, K. W., Johnson,
D. G., Oelhaf, H., Wetzel, G., Sugita, T., Kanzawa, H., Yokota,
T., Nakajima, H., and Sasano, Y.: Validation of CFC-12 mea-
surements from the Improved Limb Atmospheric Spectrometer
(ILAS) with the version 6.0 retrieval algorithm, J. Geophys. Res.,
109, D06311, doi:10.1029/20031D004325, 2004.

Atmos. Chem. Phys., 12, 11857-11875, 2012



B.2. Global CFC-11 (CCIF) and CFC-12 (CClFy) measurements with the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS): retrieval, 177

climatologies and trends

11874

Kiefer, M., Arnone, E., Dudhia, A., Carlotti, M., Castelli, E., von
Clarmann, T., Dinelli, B. M., Kleinert, A., Linden, A., Milz, M.,
Papandrea, E., and Stiller, G.: Impact of temperature field inho-
mogeneities on the retrieval of atmospheric species from MIPAS
IR limb emission spectra, Atmos. Meas. Tech., 3, 1487-1507,
doi:10.5194/amt-3-1487-2010, 2010.

Ko, M., Newman, P., Reinmann, S., and Strahan, S. E.: Lifetime
of halogen source gases, available at: http://sparcclima.vs89.
snowflakehosting.ch/activities/lifetime-halogen-gases/, last ac-
cess: 16 July 2012.

Ko, M. K. W. and Sze, N. D.: A 2-D model calculation of atmo-
spheric lifetimes for NoO, CFC-11 and CFC-12, Nature, 297,
317-319, 1982.

Kunde, V. G., Brasunas, J. C., Conrath, B. J., Hanel, R. A., Her-
man, J. R., Jennings, D. E., Maguire, W. C., Walser, D. W., An-
nen, J. N, Silverstein, M. J., Abbas, M. M., Herath, L. W., Buijs,
H.L.,Berube, H. L., and McKinnon, J.: Infrared spectroscopy of
the lower stratosphere with a balloon- borne cryogenic Fourier
spectrometer, Appl. Opt., 26, 545-553, 1987.

Kyrola, E., Tamminen, J., Sofieva, V., Bertaux, J. L., Hauchecorne,
A., Dalaudier, F., Fussen, D., Vanhellemont, F., Fanton d’ Andon,
0., Barrot, G., Guirlet, M., Fehr, T., and Saavedra de Miguel,
L.: GOMOS O3, NO;, and NO3 observations in 2002-2008,
Atmos. Chem. Phys., 10, 7723-7738, doi:10.5194/acp-10-7723-
2010,2010.

Liang, Q., Stolarski, R. S., Douglass, A. R., Newman, P. A., and
Nielsen, J. E.: Evaluation of emissions and transport of CFCs us-
ing surface observations and their seasonal cycles and the GEOS
CCM simulation with emissions-based forcing, J. Geophys. Res.,
113,D14302, doi:10.1029/2007JD009617, 2008.

Lovelock, J. E.: Atmospheric fluorine compounds as indicators of
air movements, Nature, 230, 379, doi:10.1038/230379a0, 1971.

Lueb, R. A., Ehhalt, D. H., and Heidt, L. E.: Balloon-borne low
temperature air sampler, Rev. Sci. Instr., 46, 702-705, 1975.

Mahieu, E., Duchatelet, P., Demoulin, P., Walker, K. A., Dupuy, E.,
Froidevaux, L., Randall, C., Catoire, V., Strong, K., Boone, C.
D., Bernath, P. F., Blavier, J.-F., Blumenstock, T., Coffey, M., De
Maziere, M., Griffith, D., Hannigan, J., Hase, F., Jones, N., Jucks,
K. W., Kagawa, A., Kasai, Y., Mebarki, Y., Mikuteit, S., Nassar,
R., Notholt, J., Rinsland, C. P., Robert, C., Schrems, O., Senten,
C., Smale, D., Taylor, J., Tétard, C., Toon, G. C., Warneke, T.,
Wood, S. W., Zander, R., and Servais, C.: Validation of ACE-
FTS v2.2 measurements of HCI, HF, CCI3F and CCI2F2 using
space-, balloon- and ground-based instrument observations, At-
mos. Chem. Phys., 8,6199-6221, doi:10.5194/acp-8-6199-2008,
2008.

McNaughton, D., McGilvery, D., and Robertson, E. G.: High-
resolution FTIR-jet spectroscopy of CClyF;, J. Chem. Soc.,
Faraday Trans., 90, 1055-1060, doi:10.1039/FT9949001055,
1994.

McNaughton, D., McGilvery, D., and Robertson, E. G.: High reso-
lution FTIR spectroscopy of CFC’s in a supersonic jet expansion,
J. Mol. Struct., 348, 1-4, 1995.

Molina, M. J. and Rowland, F. S.: Stratospheric sink for chloroflu-
oromethanes: Chlorine atom-catalysed destruction of ozone, Na-
ture, 249, 810-812, 1974.

Montzka, S. A., Butler, J. H., Elkins, J. W., Thompson, T. M.,
Clarke, A. D., and Lock, L. T.: Present and future trends in the
atmospheric burden of ozone-depletion halogens, Nature, 398,

Atmos. Chem. Phys., 12, 11857-11875, 2012

S. Kellmann et al.: Global CFC-11 and CFC-12 measurements with MIPAS

690-694, 1999.

Moore, D. P., Waterfall, A. M., and Remedios, J. J.: The po-
tential for radiometric retrievals of halocarbon concentrations
from the MIPAS-E instrument, Adv. Space Res., 37,2238-2246,
doi:10.1026/j.asr.2005.06.058, 2006.

Murcray, D. G., Bonomo, F. S., Brooks, J. N., Goldman, A., Mur-
cray, F. H., and Williams, W. J.: Detection of fluorocarbons in the
stratosphere, Geophys. Res. Lett., 2, 109-112, 1975.

Nett, H., Carli, B., Carlotti, M., Dudhia, A., Fischer, H., Flaud, J .-
M., Perron, G., Raspollini, P., and Ridolfi, M.: MIPAS Ground
Processor and Data Products, in: Proc. IEEE 1999 International
Geoscience and Remote Sensing Symposium, 28 June-2 July
1999, Hamburg, Germany, 1692—1696, 1999.

Norton, H. and Beer, R.: New apodizing functions for Fourier spec-
trometry, J. Opt. Soc. Am, 66,259-264, (Errata J. Opt. Soc. Am.,
67,419, 1977), 1976.

Orphal, J.: Bestimmung von Linienparametern in der vg—Bande
von CF,;Cly (CFC-12) mittels hochauflosender Diodenlaser-
spektroskopie, Master’s thesis, Humboldt-Universitit zu Berlin,
1991.

Palazzi, E., Fierli, F., Stiller, G. P., and Urban, J.: Probability density
functions of long-lived tracer observations from satellite in the
subtropical barrier region: data intercomparison, Atmos. Chem.
Phys., 11,10579-10598, doi:10.5194/acp-11-10579-2011,2011.

Prinn, R. G., Weiss, R. F., Fraser, P. J., Simmonds, P. G., Cun-
nold, D. M., Alyea, F. N., O’Doherty, S., Salameh, P., Miller,
B.R.,Huang,J., Wang,R. H.J., Hartley, D. E., Harth, C., Steele,
L. P., Sturrock, G., Midgley, P. M., and McCulloch, A.: A his-
tory of chemically and radiatively important gases in air de-
duced from ALE/GAGE/AGAGE, J. Geophys. Res., 105,17751—
17792, doi:10.1029/2000JD900141, 2000.

Rinsland, C. P., Mahieu, E., Zander, R., Jones, N. B., Chipperfield,
M. P., Goldman, A., Anderson, J., Russell III, J. M., Demoulin,
P., Notholt, J., Toon, G. C., Blavier, J.-F., Sen, B., Sussmann,
R., Wood, S. W., Meier, A., Griffith, D. W. T., Chiou, L. S.,
Murcray, F. J., Stephen, T. M., Hase, F., Mikuteit, S., Schulz,
A., and Blumenstock, T.: Long-term trends of inorganic chlo-
rine from ground-based infrared solar spectra: Past increases
and evidence for stabilization, J. Geophys. Res., 108, 4252,
doi:10.1029/2002JD003001, 2003.

Rinsland, C. P., Goldman, A., Mahieu, E., Zander, R., Chiou, L. S.,
Hannigan, J. W., Wood, S. W., and Elkins, J. W.: Long-Term Evo-
lution in the Tropospheric Concentration of CCIyF; (chloroflu-
orocarbon 12) Derived from High Spectral Resolution Infrared
Solar Absorption Spectra: Retrieval and Comparison with in situ
Surface Measurements, J. Quant. Spectrosc. Radiat. Transfer, 92,
201-209, doi:10.1016/j.jqsrt.2004.07.022, 2005.

Robinson, E., Rasmussen, R. A., Krasnec, J., Pierotti, D., and
Jakubovic, M.: Halocarbon measurements in the Alaskan tropo-
sphere and lower stratosphere, Atmos. Environ., 11, 215-223,
1977.

Roche, A. E., Kumer, J. B., Mergenthaler, J. L., Ely, G. A., Up-
linger, W. G., Potter, J. F., James, T. C., and Sterritt, L. W.: The
Cryogenic Limb Array Etalon Spectrometer CLAES on UARS:
Experiment Description and Performance, J. Geophys. Res., 98,
10763-10775, 1993.

Romashkin, P. A, Hurst, D. F., Elkins, J. W., Dutton, G. S., Fahey,
D. W., Dunn, R. E., Moore, F. L., Myers, R. C., and Hall, B. D.:
In Situ Measurements of Long-Lived Trace Gases in the Lower

www.atmos-chem-phys.net/12/11857/2012/



178

Appendix B. Copies of Co-Authored Publications relevant for this Thesis

S. Kellmann et al.: Global CFC-11 and CFC-12 measurements with MIPAS

Stratosphere by Gas Chromatography, J. Atmos. Oceanic. Tech-
nol., 18, 1195-1204,2001.

Rothman, L. S., Rinsland, C. P., Goldman, A., Massie, T., Ed-
wards, D. P., Flaud, J.-M., Perrin, A., Camy-Peyret, C., Dana,
V., Mandin, J.-Y., Schroeder, J., McCann, A., Gamache, R. R.,
‘Wattson, R. B., Yoshino, K., Chance, K. V., Jucks, K. W., Brown,
L. R., Nemtchinov, V., and Varanasi, P.. The HITRAN molecu-
lar spectroscopic database and HAWKS (HITRAN Atmospheric
‘Workstation): 1996 Edition, J. Quant. Spectrosc. Radiat. Trans-
fer, 60, 665-710, 1998.

Spang, R., Riese, M., and Offermann, D.: CFC11 Measurements by
CRISTA, Adv. Space Res., 19, 575-578, 1997.

Steck, T.: Methods for determining regularization for atmospheric
retrieval problems, Appl. Opt., 41, 1788-1797, 2002.

Stiller, G. P., ed.: The Karlsruhe Optimized and Precise Radia-
tive Transfer Algorithm (KOPRA), vol. FZKA 6487 of Wis-
senschaftliche Berichte, Forschungszentrum Karlsruhe, 2000.

Stiller, G. P., von Clarmann, T., Funke, B., Glatthor, N., Hase, F.,
Hopfner, M., and Linden, A.: Sensitivity of trace gas abundances
retrievals from infrared limb emission spectra to simplifying ap-
proximations in radiative transfer modelling, J. Quant. Spectrosc.
Radiat. Transfer, 72, 249-280, 2002.

Stiller, G. P., von Clarmann, T., Haenel, F., Funke, B., Glatthor,
N., Grabowski, U., Kellmann, S., Kiefer, M., Linden, A., Los-
sow, S., and Lopez-Puertas, M.: Observed temporal evolution of
global mean age of stratospheric air for the 2002 to 2010 period,
Atmos. Chem. Phys., 12,3311-3331, doi:10.5194/acp-12-3311-
2012,2012.

Thompson, T. M., Butler, J. H., Daube, B. C., Dutton, G. S., Elkins,
J. W., Hall, B.D., Hurst, D. F., King, D. B, Kline, E. S., Lafleur,
B. G., Lind, J., Lovitz, S., Mondeel, D. J., Montzka, S. A.,
Moore, F.L.,Nance,J.D.,Neu,J.L.,Romashkin, P. A., Scheffer,
A., and Snible, W. J.: Halocarbons and other atmospheric trace
species, in: Summary Rep. 27 2002-2003, edited by: Schnell,
R. C., 115-135, Clim. Monit. Diagn. Lab., Dept. of Commer.,
Boulder, CO, USA, 2004.

Tikhonov, A.: On the solution of incorrectly stated problems and
method of regularization, Dokl. Akad. Nauk. SSSR, 151, 501—
504, 1963.

Toon, G. C., Farmer, C. B., Shaper, P. W., Lowes, L. L., Norton,
R. H., Schoeberl, M. R, Lait, L. R., and Newman, P. A.: Ev-
idence for Subsidence in the 1989 Arctic Winter Stratosphere
from Airborne Infrared Composition Measurements, J. Geophys.
Res., 97,7963-7970, 1992.

Toon, G. C., Blavier, J.-F., Sen, B., and Drouin, B. J.: Atmospheric
COCl, measured by solar occultation spectrometry, Geophys.
Res. Lett., 28, 2835-2838,2001.

Varanasi, P.: Absorption Coefficients of CFC-11 and CFC-12
needed for Atmospheric Remote Sensing and Global Warm-
ing Studies, J. Quant. Spectrosc. Radiat. Transfer, 48, 205-219,
1992.

Varanasi, P. and Nemtchinov, V.: Thermal Infrared Absorption Co-
efficients of CFC-12 at Atmospheric Conditions, J. Quant. Spec-
trosc. Radiat. Transfer, 51, 679-687, 1994.

Volk, C. M., Elkins, J. W., Fahey, D. W., Dutton, G. S., Gilli-
gan, J. M., Loewenstein, M., Podolske, J. R., Chan, K. R.,
and Gunson, M. R.: Evaluation of source gas lifetimes from
stratospheric observations, J. Geophys. Res., 102, 25543-25564,
doi:10.1029/97JD02215, 1997.

www.atmos-chem-phys.net/12/11857/2012/

11875

von Clarmann, T., Grabowski, U., and Kiefer, M.: On the role of
non-random errors in inverse problems in radiative transfer and
other applications, J. Quant. Spectrosc. Radiat. Transfer, 71, 39—
46,2001.

von Clarmann, T., Ceccherini, S., Doicu, A., Dudhia, A., Funke,
B., Grabowski, U., Hilgers, S., Jay, V., Linden, A., Lopez-
Puertas, M., Martin-Torres, F.-J., Payne, V., Reburn, J., Ridolfi,
M., Schreier, F., Schwarz, G., Siddans, R., and Steck, T.: A blind
test retrieval experiment for infrared limb emission spectrometry,
J. Geophys. Res., 108,4746,doi:10.1029/2003JD003835,2003a.

von Clarmann, T., Glatthor, N., Grabowski, U., Hopfner, M., Kell-
mann, S., Kiefer, M., Linden, A., Mengistu Tsidu, G., Milz,
M., Steck, T., Stiller, G. P., Wang, D. Y., Fischer, H., Funke,
B., Gil-Lépez, S., and Lopez-Puertas, M.: Retrieval of temper-
ature and tangent altitude pointing from limb emission spectra
recorded from space by the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS), J. Geophys. Res., 108, 4736,
doi:10.1029/2003JD003602, 2003b.

von Clarmann, T., De Clercq, C., Ridolfi, M., Hopfner, M., and
Lambert, J.-C.: The horizontal resolution of MIPAS, Atmos.
Meas. Tech., 2, 47-54, doi:10.5194/amt-2-47-2009, 2009a.

von Clarmann, T., Hopfner, M., Kellmann, S., Linden, A., Chauhan,
S., Funke, B., Grabowski, U., Glatthor, N., Kiefer, M., Schiefer-
decker, T., Stiller, G. P., and Versick, S.: Retrieval of temperature,
H,0, O3, HNO3, CHy4, N7O, CIONO; and CIO from MIPAS
reduced resolution nominal mode limb emission measurements,
Atmos. Meas. Tech., 2, 159-175, doi:10.5194/amt-2-159-2009,
2009b.

von Clarmann, T., Stiller, G., Grabowski, U., Eckert, E., and Or-
phal, J.: Technical Note: Trend estimation from irregularly sam-
pled, correlated data, Atmos. Chem. Phys., 10, 6737-6747,
doi:10.5194/acp-10-6737-2010, 2010.

von Clarmann, T., Funke, B., Glatthor, N., Kellmann, S., Kiefer,
M., Kirner, O., Sinnhuber, B.-M., and Stiller, G. P.: The MI-
PAS HOCI climatology, Atmos. Chem. Phys., 12, 1965-1977,
doi:10.5194/acp-12-1965-2012,2012.

Waugh, D. W. and Hall, T. M.: Age of stratospheric air:
theory, observations, and models, Rev. Geophys., 40, 1010,
doi:10.1029/2000RG000101, 2002.

Waugh, D. W., Plumb, R. A., Elkins, J. W., Fahey, D. W., Boer-
ing, K. A., Dutton, G. S., Volk, C. M., Keim, E., Gao, R.-S.,
Daube, B. C., Wofsy, S. C., Loewenstein, M., Podolske, J. R.,
Chan, K. R., Proffitt, M. H., Kelly, K. K., Newman, P. A., and
Lait, L. R.: Mixing of polar votex air into middle latitudes as
revealed by tracer—tracer scatterplots, J. Geophys. Res., 102,
13119-13134, 1997.

Williams, W. J., Kosters, J. J., Goldman, A., and Murcray, D. G.:
Measurements of stratospheric halocarbon distributions using in-
frared techniques, Geophys. Res. Lett., 3, 379-382, 1976.

Zander, R., Rinsland, C. P., Farmer, C. B., and Norton, R. H.: In-
frared spectroscopic measurements of halogenated source gases
in the stratosphere with the ATMOS instrument, J. Geophys.
Res., 92, 9836-9850, 1987.

Atmos. Chem. Phys., 12, 11857-11875, 2012



B.3. Reassessment of MIPAS age of air trends and variability 179

B.3 Reassessment of MIPAS age of air trends and vari-
ability



180

Appendix B. Copies of Co-Authored Publications relevant for this Thesis

Atmos. Chem. Phys., 15, 13161-13176, 2015
www.atmos-chem-phys.net/15/13161/2015/
doi:10.5194/acp-15-13161-2015

© Author(s) 2015. CC Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

Reassessment of MIPAS age of air trends and variability

F.J.Haenel', G.P. Stiller', T. von Clarmann', B. Funke?, E. Eckert!, N. Glatthor', U. Grabowski!, S. Kellmann!,

M. Kiefer!, A. Linden', and T. Reddmann!

IKarlsruhe Institute of Technology, Institute for Meteorology and Climate Research, Karlsruhe, Germany
Instituto de Astrofisica de Andalucia (CSIC), 18008 Granada, Spain

Correspondence to: F. J. Haenel (florian.haenel @kit.edu)

Received: 1 April 2015 — Published in Atmos. Chem. Phys. Discuss.: 26 May 2015
Revised: 27 October 2015 — Accepted: 9 November 2015 — Published: 27 November 2015

Abstract. A new and improved setup of the SFg retrieval to-
gether with a newly calibrated version of MIPAS-ENVISAT
level 1b spectra (version 5, ESA data version 5.02/5.06) was
used to obtain a new global SFe data set, covering the to-
tal observational period of MIPAS from July 2002 to April
2012 for the first time. Monthly and zonally averaged SF¢
profiles were converted into mean age of air using a tropo-
spheric SFg-reference curve. The obtained data set of age of
air was compared to airborne age of air measurements. The
temporal evolution of the mean age of air was then investi-
gated in 10° latitude and 1-2 km altitude bins. A regression
model consisting of a constant and a linear trend term, two
proxies for the quasi-biennial oscillation variation, sinusoidal
terms for the seasonal and semiannual variation and over-
tones was fitted to the age of air time series. The annual cycle
for particular regions in the stratosphere was investigated and
compared to other studies. The age of air trend over the total
MIPAS period consisting of the linear term was assessed and
compared to previous findings of Stiller et al. (2012). While
the linear increase of mean age is confirmed to be positive for
the northern midlatitudes and southern polar middle strato-
sphere, differences are found in the northern polar upper
stratosphere, where the mean age is now found to increase
as well. The magnitude of trends in the northern midlatitude
middle stratosphere is slightly lower compared to the previ-
ous version and the trends fit remarkably well to the trend
derived by Engel et al. (2009). Negative age of air trends
found by Stiller et al. (2012) are confirmed for the lowermost
tropical stratosphere and lowermost southern midlatitudinal
stratosphere. Differences to the previous data versions occur
in the middle tropical stratosphere around 25 km, where the
trends are now negative. Overall, the new latitude—altitude
distribution of trends appears to be less patchy and more co-

herent than the previous one. The new data provide evidence
of an accelerating shallow branch of the Brewer—Dobson cir-
culation, at least in the Southern Hemisphere. Finally the age
of air decadal trends are compared to trends calculated with
simulated SF¢ values by the Karlsruhe Simulation Model of
the Middle Atmosphere (KASIMA) and good agreement is
found. The hemispheric asymmetry in the trends found in
the MIPAS data is also indicated in the trends calculated with
simulated SFg values by the KASIMA model.

1 Introduction

While it is widely accepted that climate change with en-
hanced greenhouse-gas abundances leads to a warming of
the troposphere and a cooling of the stratosphere, the sec-
ondary effects, in particular on the global circulation in the
stratosphere, the Brewer—Dobson circulation (BDC), are still
an issue of current research (Butchart, 2014). A changing
BDC will have large impact on the overall composition of the
stratosphere, on the ozone budget and distribution (Shepherd,
2008; Li et al., 2009) and on the lifetimes of ozone-depleting
substances such as CFCs (Butchart and Scaife, 2001; Dou-
glass et al., 2008) and greenhouse gases. The mean age of air
(AoA), which is the average transit time of an air parcel from
the entry point of the stratosphere, the tropical tropopause,
has become a measure for the strength of the BDC in particu-
lar for observational analysis (Hall and Plumb, 1994; Waugh
and Hall, 2002). The mean age of air comprises both infor-
mation on the speed of the advection and the amount of mix-
ing and stirring exerted on the air parcel. Modern general cir-
culation models and chemistry—climate models consistently
simulate an acceleration of the BDC in a greenhouse-gas-
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induced changing climate (Rind et al., 1990; Butchart and
Scaife, 2001; Butchart et al., 2006; Austin and Li, 2006;
Garcia and Randel, 2008; Li et al., 2008; Calvo and Garcia,
2009; McLandress and Shepherd, 2009; Butchart et al., 2010;
Okamoto et al., 2011; Bunzel and Schmidt, 2013; Oberldn-
der et al., 2013). So far, however, this expected speeding up
of the BDC has not been confirmed by observations. Engel
et al. (2009) provided a 30-year record of mean age of air de-
rived from CO; and SF¢ balloon-borne measurements which
showed a slight but insignificant increase of mean age over
the years 1975-2005 for northern midlatitudes, which would
indicate a decelerated BDC. Bonisch et al. (2011) reported
an acceleration of the shallow branch of the BDC for the
time period 1979-2009, while they found an unchanged deep
branch. Diallo et al. (2012) investigated the age of strato-
spheric air in the ERA-Interim reanalysis over the period
1989-2010 and stated that the shallow and the deep branch
of the BDC may evolve differently. They found a negative
and significant age of air trend in the lower stratosphere and
a positive but insignificant trend in the middle stratosphere.
Stiller et al. (2008, 2012) provided the first global data set on
age of air derived from satellite SF¢ measurements. In their
paper MIPAS-ENVISAT level 1b spectra of versions 3 and 4
were used to retrieve vertical profiles of SF distributed over
the whole globe for the time period September 2002 to Jan-
uary 2010. Monthly zonal means were converted into mean
age of air, from which decadal trends were inferred for lati-
tude and altitude bins.

The derived age of air trends were found to be spatially
inhomogeneous with regions of increasing mean age of air
and regions of decreasing age of air. The non-homogeneity of
trends was also reported by Monge-Sanz et al. (2013), who
also found a significant increasing trend in the mean age of
air over northern midlatitudes in an multiannual CTM sim-
ulation driven by ERA-Interim winds over the period 1990—
2009 and confirmed the measurements by Stiller et al. (2012)
and Engel et al. (2009). In their model study they already no-
ticed a hemispheric asymmetry, which was also later found
by Mabhieu et al. (2014) with SLIMCAT model calculations.
Ploeger et al. (2015) confirmed this hemispheric asymme-
try with calculations of the CLaMS model, also driven by
ERA-Interim data, and found positive trends in the Northern
Hemisphere and negative trends in the Southern Hemisphere
for the time period 2002-2012.

The work presented here is a continuation of the work
of Stiller et al. (2012). An extended and improved SF¢ data
set is provided on the basis of a newly calibrated version of
MIPAS-ENVISAT level 1b spectra (version 5, ESA data ver-
sion 5.02/5.06). This new global SF¢ data set for the first time
covers the total MIPAS period from July 2002 to April 2012.

The characteristics of the MIPAS instrument are presented
in Sect. 2. The improvements on the retrieval setup are dis-
cussed in Sect. 3. The characteristics and morphology of
the new global SFe data set and the resulting age of air
data set are assessed in Sect. 4. Then the temporal develop-
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ment is investigated and compared with the previous findings
(Sect. 5). In Sect. 6, MIPAS-derived AoA trends are com-
pared with trends calculated with simulated SFg values from
the Karlsruhe Simulation Model of the Middle Atmosphere
(KASIMA). Finally, in Sect. 7, we summarize the lessons
learned about possible changes of the BDC.

2 MIPAS

MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding) is a Fourier transform infrared spectrometer
aboard ENVISAT (Environmental Satellite; Fischer et al.,
2000) and was designed for the detection of mid-infrared
limb emission spectra in the middle and upper atmosphere.
The atmospheric spectra were inverted into vertical profiles
of atmospheric pressure, temperature and volume mixing ra-
tios (vmrs) of at least 30 trace constituents. Details of the
MIPAS instrument can be found in Fischer et al. (2008).

In 2004 the operation of the MIPAS instrument was inter-
rupted due to a problem with the interferometer slide. The
optical path difference was then reduced, implying a deterio-
ration of the spectral resolution from 0.025 to 0.0625cm™".
The first phase of the mission (2002-2004) is usually referred
to as the MIPAS full-resolution (FR) period, while the sec-
ond phase (2005-2012) is called the reduced-resolution (RR)
period.

Because of the long optical path through the atmospheric
layers, MIPAS could also detect trace gases with very low
mixing ratios. Vertical information was gained by scanning
the atmosphere at different elevation angles with different
tangent altitudes. MIPAS could observe atmospheric param-
eters in the altitude range from 5 to 160 km with minimum
and maximum steps of 1 and 8 km respectively (Fischer et al.,
2008).

3 Improvement of the retrieval of SF¢ mixing ratios

Data processing relies on constrained least squares fitting us-
ing the Tikhonov (Tikhonov, 1963) regularization approach.
Further details of the MIPAS data processor used are de-
scribed in von Clarmann et al. (2003, 2009). Information on
temperature and line of sight, as well as the spectral shift,
was taken from preceding MIPAS retrievals performed prior
to SFe in the sequential retrieval chain.

While the retrieval of SFg by Stiller et al. (2012) relied on
ESA version 4.61/4.62 and 4.67 calibrated radiance spectra,
we have used version 5.02/5.06 spectra provided by ESA in
the course of reprocessing of the data. These data are con-
sidered superior with respect to 4.61/4.62/4.67, in particular
because the spectra of the FR period no longer suffered from
a calibration insufficiency which was reported as “baseline
oscillations” in Stiller et al. (2008) and the whole data set
is better calibrated now. Further technical details on the
MIPAS level 1b data can be found at https://earth.esa.int/
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Figure 1. Contributing trace gases to a typical spectrum measured at
midlatitudes in July at 20 km (low resolution) with the SFg signature
in red.

web/sppa/mission-performance/esa-missions/envisat/mipas/
products-and-algorithms/products-information.

Beyond this, the SF¢ retrieval setup has been improved
over that used by Stiller et al. (2012). Improvements are re-
lated to the consideration of non-local thermodynamic equi-
librium emission of interfering CO; lines, the treatment of
interfering species in general and the details of the joint re-
trieval of the background continuum. The implementation
of the altitude dependence of the regularization strength has
been slightly changed. The definition of the analysis window
(941-952 cm™~, see Fig. 1), the regularization strength of the
inverse problem and the spectroscopic database chosen re-
mained unchanged since no improvements over the approach
by Stiller et al. (2012) could be achieved with respect to
these. Spectroscopic data were used from a dedicated MIPAS
database for gases like HyO, CO;, 03 and COF; (Flaud et al.,
2003). For N,O, NH3, CFC-12 and SFg the spectroscopic
database HITRAN2000 (Rothman et al., 2003) was used.
Tests with varying regularization parameters did not lead to
any retrieval improvements, i.e. the regularization strength
chosen by Stiller et al. (2012) has been confirmed to be ade-
quate. The new SFg data described and used here are version
V5h_SF6_20 for the FR data product and V5r_SF6_222 and
V5r_SF6_223 for the RR period. The latter two data versions
have no discernible differences; their different version num-
bers just reflect different sources of ECMWF meteorological
analysis data used in the retrieval. In the FR V5h_SF6_20
data version the artefact of the previous version caused by
radiance baseline oscillations in the level 1 data described in
Stiller et al. (2008) is no longer an issue and has been totally
overcome.
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3.1 Non-local thermodynamic equilibrium

The Q branch of the vz band of SFg at 947.9 cm~! anal-
ysed here is strongly superimposed by the CO; laser band
(00011 — 10001) at 947.74cm~" and lies just above the
first hot band (01111 — 11101) line at 947.94cm™! (see
Fig. 1). These CO, emission bands deviate from local ther-
modynamic equilibrium (LTE) in the middle atmosphere,
particularly during daytime. Stiller et al. (2012) approxi-
mated the non-LTE effect by treating the CO, laser band and
hot band emissions as emissions from different (non-CO;)
species and by fitting their “virtual abundances” along with
the SF¢ retrieval. While these virtual abundances have no
physical meaning, they helped to model fairly well the CO;
laser band emission and to avoid related spectral residuals
and error propagation. Contrary to that, our refined analy-
sis relies on explicit modelling of the non-LTE emissions of
the CO» laser and hot bands. In the course of a preceding
CO retrieval (Funke et al., 2007), the vibrational tempera-
tures of the CO; laser band and the hot band were calcu-
lated for the actual atmospheric conditions. Since the radia-
tive transfer code used in our retrieval, the Karlsruhe Opti-
mized and Precise Radiative Transfer Algorithm (KOPRA,
Stiller, 2000; Stiller et al., 2002; Funke and Hopfner, 2000),
supports calculation of non-LTE emissions, these could di-
rectly be used for the calculation of the laser band signal and
hot band emissions. This improves considerably the descrip-
tion of the CO; emissions and reduces the residuals between
the observed and modelled spectra, leading eventually to im-
proved SF¢ results (compare residuals at the position of CO;
lines in Fig. 2).

3.2 Interfering gases

Figure 1 shows the spectral window used for the SF¢ re-
trieval and the expected spectral contributions of contribut-
ing species for MIPAS reduced resolution at 20 km in mid-
latitudes for July. The signature of the target species SFg
(red solid line) is quite weak compared to some of the in-
terfering species. Thus a careful treatment of the interfer-
ing species is essential to minimize related error propaga-
tion. Since for some of the interfering species no reliable
a priori information on their abundances is available, these
gases are jointly fitted along with SF¢. For other interferents,
abundance information is available from preceding MIPAS
retrievals; however, inconsistent spectroscopic data or cali-
bration inconsistencies in the SF¢ analysis window and the
interferents’ dedicated analysis windows can cause artefacts
when the known abundances are used to model the contri-
bution of these gases in the SFg analysis window. Thus, it
is occasionally adequate to jointly fit these gases along with
SFg, too. Stiller et al. (2012) have used abundance informa-
tion from climatologies or preceding MIPAS retrievals for all
interfering species except for CO, and H;O, which were fit-
ted jointly along with SF¢. In the new retrieval scheme the
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Figure 2. Coadded spectra (measured and modelled) and residu-
als for tangent height 12 (approx. 24 km) over 1 day for the final
retrieval setup (upper panels) and for the previous retrieval setup
(lower panels).

trace gases COF, and ozone were additionally joint fitted.
This helped to minimize the residual of the fit and also re-
moved a slight tilt of the residual in spectral space. For all
gases a first order Tikhonov-type regularisation was chosen,
which means that the slope of the profile was forced to some
constraint, rather then forcing the profile towards an a priori
profile as done in the optimal estimation approach. Usually
the constant zero profile served as a priori profile and in this
way oscillations in the profile are damped and the profile be-
comes smoother. In the following we present a gas-by-gas
discussion of our treatment of all interfering species.

321 CO;
CO; is the main contributing gas of all emitters in the SFg
analysis window (microwindow) used (blue solid lines in

Fig. 1). As mentioned above the maximum of the SF¢ spec-
tral signature is just underneath of the wing of a CO; laser
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line. In order to get an accurate value of the SFg mixing ra-
tio from radiances emitted in the SFg microwindow, a very
precise modelling of the CO; is crucial. We have used a non-
LTE model to account for the CO, emissions in the middle
atmosphere and fitted it jointly with SF¢. The first guess pro-
file in the iterative procedure was taken from climatologies
(Remedios et al., 2007).

322 H,0

A water vapour signature is located near the SFg Q branch
at 948.26cm ™!, so a considerable information crosstalk is
expected between the H,O and the SFg signals. The wa-
ter vapour profile resulting from the preceding retrieval in
dedicated microwindows (prefit) was used as a priori and
first guess profile for every geolocation. The regularization
strength associated with H>O was adjusted such that the cor-
rection with respect to the initial H,O profile had about 1 to
1.5 degrees of freedom. Basically the profiles have the shape
of the prefit profile and only a shift of the prefit profile is
allowed. The residual near the water vapour line was not re-
duced when the regularization for water vapour was relaxed.
Variations of the regularization for water vapour or the choice
of related a priori (constant zero or water prefit) did not have
any discernible effect on the SFg retrieval.

323 COF;

There is not much vertically resolved information contained
on COF; in the microwindow, but fitting this trace gas jointly
with the target species helped to minimize the residuals.
A climatological profile served as a priori and first guess pro-
file since there was no prefit of COF, available. The regular-
ization was chosen relatively strong such that the resulting
COF, profiles have about 1.5 to 3.5 degrees of freedom.

324 O3

Like COF,, ozone does not contribute much to the signal
in the microwindow, but prefits from the ozone retrieval ex-
isted. Thus, the ozone prefits served as a priori and first guess
profiles. Together with the joint fit of COF,, the joint fit of
ozone helped to remove a tilt in the residual. The regulariza-
tion applied allowed the ozone profiles to have about 1.5 to
3.5 degrees of freedom.

3.2.5 Further species

Profiles of N,O, NH3 and CFC-12 were imported from
a database (Remedios et al., 2007). Since the signals of these
gases are small, related uncertainties are tolerable.

3.3 Background continuum and radiance offset

In the previous SFg retrieval by Stiller et al. (2012) back-
ground continuum radiation was considered up to an altitude
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of 33km. In the atmosphere continuum radiation, i.e. radi-
ation which is only varying very slightly in spectral space
(in contrast to spectral lines), is emitted by clouds, dust or
other aerosol particles. Also the sum of very far wings of
spectral lines, no more accounted for by the line by line cal-
culation, can contribute to the continuum radiation. In gen-
eral it was assumed that a consideration of continuum radi-
ation above 33km was not necessary, particularly because
there are no aerosol contributions expected above the Junge
layer. However, it turned out that fitting continuum radiation
up to higher altitudes (50 km) could eliminate an artefact
in the retrieved SFg profile: while in the retrieval of Stiller
et al. (2012) an unexplained local maximum in SFg occurred
around 36 km in the tropics, this supposedly unphysical fea-
ture vanishes completely with the new continuum treatment.
This provides evidence that there is additional continuum ra-
diation in the atmosphere which if not accounted for leads to
elevated SFg mixing ratios, since the SFg signature is also of
broad band nature. The approach of a joint fit of the contin-
uum radiation up to higher altitudes also helped to improve
retrievals of other species. In addition, a recent paper pointed
out that there is evidence of aerosol particles even above the
Junge layer due to meteoric dust (Neely III et al., 2011). In
our retrievals we also fit a constant radiance offset jointly
in order to account for a possible residual shift in radiance
due to imperfect radiance calibration. This offset had to be
strongly regularized in order to cope with the pronounced lin-
ear interdependence of the continuum and offset Jacobians.

3.4 Miscellaneous

The consideration of continuum up to higher altitudes al-
lowed the usage of more upper tangent heights. While the
previous retrieval setup only used the first 19 out of 27 tan-
gent heights in MIPAS reduced-resolution mode, the new
setup incorporated information from measurements of 22
tangent heights. This allowed more information from higher
altitudes to be gained, i.e. the averaging kernel diagonals in-
creased slightly at higher altitudes. In addition, the root mean
square (RMS) of the residuals in upper tangent heights de-
creased. Hence, with the new retrieval setup for the first time
it made sense to include 22 tangents height instead of 19. The
new mean SF¢ profiles contain more information in the alti-
tude range 40-50 km, show more structure and depend less
on the prior information there.

3.5 Discussion of the retrieval refinement

In Fig. 2 an example for the residual between measured and
simulated spectrum at tangent height 12 (approx. 24 km) of
the final retrieval setup (upper panels) and the previous setup
(lower panels) is shown. To reduce the noise, measured and
modelled spectra have been coadded over the period of 1 day.
One can see that the residuals improved substantially. Espe-
cially the CO» lines and the water vapour line (compare with
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Table 1. Previous and final RMS of the residual for tangent altitude
12, 14 and 16 with coadded spectra over 1 day.

Latitude RMS RMS Rel.
band previous final improvement

Tangent altitude 12~ 24 km

0-30 1.861 1.108 40 %
30-60 1.704 1.188 30 %
60-90 1.092 1.001 83 %
-30-0 2.034 1.157 43 %
—60-—-30 2.361 1.390 41%
—90-—60 2.808 1.871 33%

Tangent altitude 14 ~ 28 km

0-30 1.567 1.003 36 %
30-60 1.365 0.909 33%
60-90 1.021 1.001 2%
—30-0 1.786 1.035 42 %

—60-—-30 1.987 1229 38 %
—90-—-60 2432 1.6841 31%

Tangent altitude 16 ~ 31 km

0-30 1.921 1.040 46 %
30-60 1.294 1.025 21 %
60-90 1.012 0.946 7%
—30-0 1.971 1.034 48 %
—60-—30 1.969 1.117 43 %
—90-—60 2.037 1.547 24 %

Fig. 1) are fit much better and overall the RMS of the residual
has been reduced from about 1.8 to 1.0nW (cm?srem™!)~!
in this example.

Also a slight tilt of the residual in spectral space was re-
moved. The improvements achieved in the residuals are de-
pendent on altitude and latitude. In Table 1 we present pre-
vious and final RMS of the residuals between measured and
modelled spectra resolved in latitude bands of 30° for our
example day for three selected tangent altitudes. The relative
improvements are largest in the tropics, amounting to about
40 %, and are smallest in the northern polar stratosphere,
where infrared radiances are small, because our example data
were a day in boreal winter.

With the new retrieval setup the unexplained “nose”, a lo-
cal maximum in the tropical SFg profiles at 36 km, no longer
appeared after considering the continuum above the standard
altitude of 33 km up to an altitude of 50 km.

The vertical resolution of the new SFg data is slightly de-
graded compared to the previous version and varies now from
4 to 6 km at 20 km, from 7 to 10 km at 30 km and from 12 to
18 km at 40 km altitude due to the inclusion of more gases in
the fit, which was done to achieve a higher accuracy and less
systematic errors.
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4 The new SF¢ data set and age of air distributions

With the new retrieval setup, the complete set of nominal
mode MIPAS data was processed and approx. 2.3 million
SFe profiles have been retrieved. The profiles belong to ge-
olocations that cover the whole globe and the full MIPAS pe-
riod from July 2002 to April 2012 but with several data gaps
in between. The single profiles scatter a lot and the noise er-
ror is too large (in the order of 20 %) to provide useful age
of air information from single profiles. However, averaged
profiles lead to meaningful SF¢ profiles.

The new SFg data set exhibits similar features as the pre-
vious one described in Stiller et al. (2012), e.g. the SF¢ vmrs
are increasing with time at all latitudes. Seasonal influences
can be identified, such as very low mixing ratios at the end of
austral winter in the southern polar latitudes. A figure show-
ing the time series of SF¢ over latitude is included in the
Supplement.

4.1 Conversion of SF¢ into age of air

For the calculation of AoA from SFg abundances a SFg refer-
ence curve is necessary. The theoretical concept of age of air
as derived by Hall and Plumb (1994) requires the knowledge
of SF¢ mixing ratios at the entry point into the stratosphere,
i.e. the tropical tropopause region, over a long period of time.
As pointed out by Stiller et al. (2012) such a long-term obser-
vational data set is not available. Only ground-based obser-
vations can provide the necessary reference data. However,
transport times from the surface to the tropical tropopause are
somewhat uncertain and can amount to days or even hours (to
the top of convection) to weeks or months (to the top of the
tropical tropopause layer). Using surface data as a reference
can imply a high bias in this order of magnitude on the AoA
data.

This has to be kept in mind when comparing MIPAS
AoA distributions to model data, for which time O is set by
tropopause crossing of the air parcel.

‘We have constructed the SFg reference curve as described
in Stiller et al. (2012) using NOAA/ESRL SF¢ data. For
the period 1995 to November 2013 smoothed ground-based
global-mean combined flask and in situ data (Hall et al.,
2011) are used, while for times before 1995 a linear approx-
imation from Hall et al. (2011) (y =0.12540.215 x (t —
1985)) is applied. The reference curve is extended with a lin-
ear extrapolation until June 2014 to deal with MIPAS SFg
values slightly higher than the reference values at that certain
time that can occur sporadically due to their random errors.

The AoA is then calculated by simply mapping the mea-
sured SF¢ value on the reference curve and reading of the
reference time. The time difference, the so-called lag time,
approximates the AoA. According to Hall and Plumb (1994)
this lag time is only equivalent to the mean age of air when
the used tracer is growing strictly linear, i.e. the reference
curve has to be linear. Because our constructed reference
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curve appears to be slightly non-linear, a correction is ap-
plied. Within an iterative procedure the reference curve is
convoluted with a typical age spectrum. More details of this
non-linearity correction are discussed in Stiller et al. (2012).

SFe is a stable tracer in the stratosphere. However, it has
a mesospheric sink. Every winter SF¢-depleted air from the
mesosphere subsides into the polar vortex leading to “appar-
ent ages” which are considerably larger than the true ages.
This “overaging” is most pronounced in the polar vortices,
where AoA derived from SF¢ can be greater by 2 or more
years (Waugh and Hall, 2002). However, due to in-mixing
of some of the vortex air into midlatitudes, the entire strato-
sphere is affected to a certain degree. This should be kept in
mind when comparing AoA calculated from SFg abundances
with AoA calculated from other tracers or model studies.
Stiller et al. (2012) estimated the global effect of overaging
to about 0.08 years per year of age for the Southern Hemi-
sphere and to about 0.04 years per year of age for the North-
ern Hemisphere.

4.2 Global distribution of AcA

The derived monthly zonal means of AoA have a precision in
terms of the standard error of the means of 0.06-0.4 years for
the reduced-resolution period and of 0.08-0.5 years for the
full-resolution period. Most of the monthly means are com-
posed of 500-800 single values when fully occupied.

The global distribution of the newly derived AoA data set
can be seen as average over all years for the four seasons in
Fig. 3.

Highest AoA values occur in the polar stratosphere in
hemispheric winter to spring being particularly high in the
Southern Hemisphere. This again can be explained by in-
trusion and subsidence of old upper stratospheric and meso-
spheric air into the polar vortex. Due to the mesospheric SFe
sink, this mesospheric air appears even older than it actually
is.

The differences in the zonal monthly means of AoA to the
previous data set, averaged over all years for the four seasons,
are presented in Fig. 4. The main difference to the old data
set is that the local minimum of AoA in the tropics around
36km is no longer present in the new data set. This feature
of the old data set has been proven to be a retrieval artefact,
which was eliminated by a refined treatment of continuum
radiation (see Sect. 3). This artefact triggered an oscillation
in lower layers which are no longer present in the new data
set. Above 40 km, the air is now found to be younger at al-
most all latitudes, which appears to be more realistic. The old
data version was reported to have a possible high bias of up
to 2 years above 35 km, most pronounced at the summer pole
due to the simplified approach concerning the non-LTE treat-
ment of interfering CO; lines (Stiller et al., 2008). The full
non-LTE treatment used for the new data set has removed this
systematic uncertainty. In addition, part of the lower AoA in
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Figure 3. Zonal mean distribution of mean age of stratospheric air for the four seasons, derived by averaging MIPAS AoA data of all available
years for the respective season.
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Figure 4. Differences of zonal seasonal mean distribution of mean age of stratospheric air to the previous data version averaged for the four
seasons.

the upper stratosphere is attributed to the revised regulariza- earlier airborne measurements from the 1990s as published
tion of the retrieval. by Waugh and Hall (2002) and Hall et al. (1999). Overall

Among studies of AoA (e.g. Stiller et al., 2012; Diallo this comparison on a latitudinal cross-section at 20 km turns
et al., 2012; SPARC CCMVal, 2010) it became a standard out to be quite similar to the one in Fig. 4 in Stiller et al.
for validation of measured or modelled AoA to compare with (2012): the agreement of MIPAS AoA with the earlier air-
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Figure 5. Comparison of MIPAS AoA profiles with airborne pro-
files of the 1990s for the tropics (5° S), the northern midlatitudes
(40° N) and the northern high latitudes (65° N).

borne measurements is excellent in the northern and south-
ern midlatitudes, whereas in the tropics and high latitudes
MIPAS exhibits higher age. There are only small differences
to the comparison with the previous MIPAS AoA version,
like the spread of MIPAS AoA in the tropics is lower and the
negative peak of low MIPAS AoA at about 30° N is no longer
present in the new version. The respective figure is attached
in the Supplement.

In Fig. 5 MIPAS AoA profiles are compared to airborne
AoA profiles (in situ CO, measurements by Boering et al.,
1996; Andrews et al., 2001; in situ SF¢ measurements by
Ray et al., 1999; air sample measurements by Harnisch et al.,
1996) for the tropics (5° S), the northern midlatitudes (40° N)
and the northern high latitudes (65° N). In the tropics MIPAS
AoA is older than in situ CO; and SF¢ measurements at all
altitudes. In the northern midlatitudes the MIPAS profile fits
excellently to the SFg in situ data up to an altitude of 27 km
and is older higher up. As expected, in situ CO, measure-
ments provide lower ages, and the AoA from SF¢ air sam-
ples by Harnisch et al. (1996) is younger, too. At northern
high latitudes, MIPAS age profiles only fit well to the SF¢
air samples taken from polar vortex air. To illustrate the high
seasonality, monthly averaged MIPAS profiles are addition-
ally shown with oldest ages found for January.
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5 Observed temporal variability for the period July
2002 to April 2012

For the analysis of the temporal variability of the new AoA
data set the same methods were applied as in Stiller et al.
(2012), i.e. the following regression function was fitted to
the data:

age(t) = a + bt + c1qbo, (1) + d1qbo, (1)

9
2rt 2mt
+ cp sin— +d, cos—) (1)

;( L T

where ¢ is time, gbo; and gbo, are the quasi-biennial oscil-
lation (QBO) indices and the sum represents eight sine and
eight cosine functions of the period length /,,. The period of
the first two sine and cosine functions is 12 and 6 months re-
spectively, representing the seasonal and the semiannual cy-
cle. The other six terms have period lengths of 3,4, 8,9, 18
and 24 months and describe deviations of the temporal vari-
ation from a pure sine or cosine wave. Fitting sine and co-
sine of the same period length accounts for a possible phase
shift of the oscillation. The terms gbo; and gbo, are the nor-
malized Singapore winds at 30 and 50hPa as provided by
the Free University of Berlin via http://www.geo.fu-berlin.
de/met/ag/strat/produkte/qbo/index.html. These QBO prox-
ies are approximately orthogonal such that their combina-
tion can emulate any QBO phase shift (Kyrola et al., 2010).
For the fit of the coefficients a, b, ¢y, ..., ¢9,d1, ..., dg tO
the data, the method of von Clarmann et al. (2010) is used,
which considers the full error covariance matrix of mean age
data S, with the squared standard errors of the means of
the monthly zonal means as the diagonal terms (Stiller et al.,
2012).

An example of the fit of our regression model to MIPAS
monthly zonal mean data can be seen in the Supplement.
The fit considers a potential bias of the two MIPAS mea-
surement periods (dashed orange line) as described in von
Clarmann et al. (2010). Such a fit is done for every 10°/1—
2 km latitude—altitude bin.

5.1 Age of air trends

In Stiller et al. (2012) the time series analysis was first dis-
cussed within the framework of descriptive statistics, i.e.
without consideration of the autocorrelations in the residu-
als of the trend analysis. As a second step, the analysis was
repeated within the framework of inductive statistics, where
autocorrelated model errors have to be considered. In this
study we focus on the trend analysis which is referred to
as “model-error corrected linear increase” in Stiller et al.
(2012), because the analysis without consideration of the au-
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tocorrelated model errors leads to very similar trends whose
significances, however, are considerably overestimated.

As described in Stiller et al. (2012) our regression model
only accounts for the linear trend, several periodics and the
QBO terms. Other atmospheric variability, especially from
non-periodic events, is not included in this model. This re-
sults in fit residuals which are considerably larger than the
data errors represented by the covariance matrix Sy,, which
includes only the standard errors of the monthly means and
the correlated terms to account for the possible bias between
the MIPAS data subsets (von Clarmann et al., 2010). There-
fore the x2,ceq Of the fit with

2
Xreduced = )

(agemipas — agemodelled)TSy;l (agemipas — @ge€modelled)
m-—n

exceeds the value of unity in most cases, where agemipas
and agemodelled are the data vectors containing the measured
and modelled age values respectively and where m and n are
the number of data pairs and the number of fitted coefficients
respectively (Stiller et al., 2012). In order to consider the
model errors of the regression model, the autocorrelation of
two adjacent data points was estimated in a first step. In a sec-
ond step the fit was rerun with the autocorrelation and a con-
stant error term added to the covariance matrices. These ad-
ditional terms in the covariance matrices were scaled within
an iterative procedure, such that the resulting szeduced of the
trend fit was close to unity. This iterative procedure is neces-
sary because the additional autocorrelated error term changes
the weight between the data points in the fit.

The linear increase of AoA over the whole MIPAS period
derived from our regression analysis varies with altitude and
latitude. The global view can be seen in Fig. 6 top panel. Red
areas indicate increasing AoA, while blue regions indicate
decreasing AoA. Hatched areas indicate where the trend is
not significant, i.e. it is smaller in absolute terms than its 20
uncertainty.

The overall pattern of linear increase/decrease is in good
agreement with the respective picture of the trend fit without
consideration of autocorrelation and empirical errors (see re-
spective figure in the Supplement), which confirms that our
method is robust. The significance of most data bins is lower,
as expected, due to the additional error terms.

The distribution of trends in the latitude—altitude plane
roughly confirms the mean trends of those obtained by Stiller
et al. (2012) and their general morphology but looks more
coherent and less patchy, meaning that regions of linear in-
crease and decrease respectively are more contiguous. There
are basically two regions of linear decrease: a large one con-
sisting of the tropics and southern subtropics between about
19 to 30km and extending to the lowermost midlatitudinal
southern stratosphere and a smaller one consisting of the up-
per tropical troposphere extending to the lowermost strato-
sphere (LMS) of midlatitudes. These regions are surrounded
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Figure 6. Top: Altitude—latitude cross-section of the model-error
corrected linear increase of MIPAS AoA over the years 2002 to
2012, i.e. after including the model error and autocorrelations be-
tween the data points in the fit. Hatched areas indicate where the
trend is not significant, i.e. it is smaller (in absolute terms) than
its 20" uncertainty. Bottom: 1o uncertainty of the trend in terms of
years/decade.

by regions of AoA linear increase. Largest positive linear
trends were observed in the polar regions. Compared to find-
ings of Stiller et al. (2012) a positive linear increase of mean
age is confirmed for the northern midlatitudes and southern
upper polar stratosphere. Negative age of air trends of Stiller
et al. (2012) in the lowermost tropical stratosphere and lower
southern midlatitudinal stratosphere are also confirmed. Dif-
ferences are found in the northern polar stratosphere, where
the mean age is now increasing as well. In the tropical strato-
sphere the picture is now almost opposite to the previous data
of Stiller et al. (2012), meaning that AoA is increasing where
it used to be decreasing and vice versa. These changes are at-
tributed to the more adequate treatment of the background
continuum emission in the retrieval and the associated re-
moval of the spurious SF¢ maximum and subsequent errors.
A clear asymmetry between the hemispheres is visible.

The uncertainties (see Fig. 6, bottom panel) are now more
realistic, since now an additional model error has been added;
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Figure 7. Vertical profiles of the age of air linear increase/decrease
over the years 2002 to 2012 for example latitudes. Horizontal bars
give the 20" uncertainties of the linear variations. The 30-year trend
as derived by Engel et al. (2009) for the northern midlatitudes is also
shown for comparison as a black cross indicating its valid altitude
range and its 20" uncertainty.

however, they are smaller than the ones derived by Stiller
et al. (2012), which is attributed to the longer time series,
covering now the full MIPAS period, and the fact that the
new AoA data set is less noisy than the previous one.

The vertical profiles of AoA linear trends for every other
latitude bin are shown in Fig. 7, top panel. Engel et al. (2009)
derived a trend of AoA for 30 to 50° N of +0.24 +0.22 year
per decade (1o uncertainty level) for the 24 to 35 km altitude
range for 1975-2005. This trend together with its valid alti-
tude range and its 20 uncertainty is marked as big black cross
in Fig. 7. For better illustration the same picture with the MI-
PAS linear trend profiles for the two relevant latitude bins is
shown in Fig. 7, bottom panel. The MIPAS AoA trends of
30 to 40 and 40 to 50° N are slightly lower than in the previ-
ous version and match now impressively well with the trend
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estimated by Engel et al. (2009) in the 24 to 35 km altitude
region. One has to keep in mind that the trend derived by En-
gel et al. (2009) represents the time period 1975-2005, while
MIPAS measured from 2002 to 2012. So there is only a small
time overlap between the two trends. Still the agreement of
both is remarkable. The MIPAS AoA trends for the latitude
bins 30 to 40 and 40 to 50° N are significantly distinct from
0 for all altitudes above 22km even on the 20 uncertainty
level.

5.2 Annual cycle and QBO influence

Figure 8 shows the amplitudes and phases of the seasonal
cycle, i.e. the amplitudes and phases of terms with period
length 1 year determined with the regression model described
above. Compared to Fig. 9 in Stiller et al. (2012) there are
no substantial differences in the new data set. Thus, their re-
spective conclusions remain valid in the light of the new data.
Here we want to highlight the few differences and continue
with the discussion, in particular by comparing the results
with findings of other studies.

Diallo et al. (2012) found polar stratospheric AoA above
25 km, with youngest air at the end of local winter to spring,
to be in the opposite phase than in the lowermost extratrop-
ical stratosphere in their analysis of ERA-Interim data. In
the model analysis of Li et al. (2012) the maximum of AoA
in the polar region in spring is also bounded to the lower
stratosphere, whereas the upper polar stratosphere exhibits
younger age. In contrast the oldest air in northern polar re-
gions is found in MIPAS data in spring in the lower strato-
sphere and in mid-winter in the higher stratosphere. This dif-
ference to MIPAS AoA can be explained by the different
derivations of AoA in the respective studies: while in Diallo
etal. (2012) AoA is explicitly calculated by backward trajec-
tories of the air parcel, and in Li et al. (2012) the AoA is de-
termined by the pulse tracer method, the MIPAS AoA is de-
rived by SFg observations which exhibit an overaging when
SFe-depleted mesospheric air subsides into the polar strato-
sphere during winter. This overaging in the polar stratosphere
during winter shifts the phase in the MIPAS data towards old-
est air in polar midwinter, when subsidence of mesospheric
air is strongest.

Some discernible difference to the previous data set is that
the band of high seasonal amplitudes in the northern midlati-
tudes is not visible anymore in the new distribution of ampli-
tudes (Fig. 8, top panel). Instead there is a region in northern
midlatitudes above 25 km, which also exhibits high ampli-
tudes like the equivalent region in the Southern Hemisphere.
A higher amplitude of the seasonal cycle is now also found
in the extratropical southern LMS. Hence, now both hemi-
spheres show enhanced seasonal amplitudes in the extratrop-
ical LMS, which are tentatively attributed to the seasonality
of the permeability of the subtropical jet (Stiller et al., 2012)
and flooding of this region with old vortex air after the vortex
breakdown at the end of winter and spring.

www.atmos-chem-phys.net/15/13161/2015/



190

Appendix B. Copies of Co-Authored Publications relevant for this Thesis

F. J. Haenel et al.: Reassessment of MIPAS age of air trends and variability

Age 12—month periodic variation amplitude:

MIPAS years
40
35
1.5
— 30
E
=
g 25 1.0
]
Bt
©
0.5
m—— 0.0
-90 —60 -30 0 30 60 90
latitude [deg]
Age Seasonal oscillation month of minimum:
MIPAS
40 12
35 10
— 30 8
E
=
3 25 6
]
Bt
© 20 4
15 2
10 0
-90 —60 -30 0 30 60 90
latitude [deg]
Age Seasonal oscillation month of maximum:
MIPAS
40 12
35 10
— 30 8
€
=
g 25 5
E]
=
© 4

20

15

-90 —60 -30 o] 30 60 90
latitude [deg]

Figure 8. Altitude—latitude cross-sections of amplitudes (top) and
month of the minimum (middle) and maximum (bottom) of the sea-
sonal variation of the mean age of air.

Consistently Diallo et al. (2012) found high amplitudes of
the seasonal cycle in the southern and northern extratropical
LMS. Most parts of both the southern and northern extrat-
ropical LMS reach their maximum in AoA at the end of lo-
cal winter to spring in the MIPAS data set as well as in the
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analysis by Diallo et al. (2012). This hemispheric symmetry
is a feature of the new MIPAS data set. Bonisch et al. (2009)
found oldest AoA in the northern LMS in April and youngest
in October with in situ measurements of SFg and CO; during
the SPURT aircraft campaigns. MIPAS observed youngest
air in hemispheric late summer to autumn when the mixing
barrier in the subtropics is weakest and young air from the
tropics is injected in this region, also referred to as “flush-
ing” of the LMS (Hegglin and Shepherd, 2007). Also cross-
tropopause isentropic mixing from the tropical troposphere
in the extratropical LMS is enhanced during summer—early
autumn when the subtropical jet is weak (Chen, 1995).

Model results of Li et al. (2012) of the seasonal variation
of AoA also agree with MIPAS in the extratropical LMS.

In the northern subtropical lower stratosphere an abrupt
meridional phase shift of almost half a year occurs, which
means that these air masses are well isolated by the sub-
tropical jet. Equatorwards the air is oldest in summer, when
the subtropical mixing barrier and the BDC are weakest and
older air from the extratropics is mixed in. This process is
also indicated in the Southern Hemisphere and these oppo-
site phases between the subtropics and the extratropics are
also observed in the model results of Li et al. (2012).

In the midlatitudinal middle and upper stratosphere the air
is youngest in local winter, when, according to the known
seasonality of the Brewer-Dobson circulation, younger air is
brought to higher latitudes more efficiently. The mixing bar-
riers are partially visible by abrupt phase shifts in the month
of minimum and maximum age respectively: air masses in
the polar vortex are well isolated from the rest of the hemi-
sphere. The subtropical mixing barrier is visible in the north-
ern lower stratosphere at 30° N and is indicated in the upper
stratosphere only in the plot of maximum age of Fig. 8. In the
Southern Hemisphere the abrupt phase shifts seem to occur
at 50-60° S and at 10-20° S.

In the tropics below approx. 28 km air is youngest in boreal
winter, even in the Southern Hemisphere (except for altitude—
latitude bins below 20 km). The hemispheric difference is
lower than expected, which was also noticed by Stiller et al.
(2012). However, this minimum in AoA in the southern trop-
ics occurs approx. 2 months later in the new MIPAS data. In
the Northern Hemisphere air is oldest in late summer, while
it is oldest in austral spring to early summer in the South-
ern Hemisphere. Furthermore this maximum in AoA in the
southern tropics occurs 2 months earlier in the new MIPAS
data set compared to the previous one.

The amplitude of the QBO signal in AoA is shown in
Fig. 9 for all latitudes and altitudes under assessment. High
amplitudes are found not only in the tropics but also in the
upper stratosphere at midlatitudes, whereas highest ampli-
tudes were found in the upper polar stratosphere. We also
find high amplitudes in the northern lowermost stratosphere.
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Figure 9. Altitude—latitude cross-sections of amplitudes of the QBO
variation of mean age of air.

6 Comparison with model simulation

The MIPAS SFg-based AoA trends for 2002-2012 are com-
pared with trends derived from SF¢ distributions calculated
with the KASIMA (see Kouker et al. (1999); Ruhnke et al.
(1999); Reddmann et al. (2001, 2010) for a description of
the model and some applications). Here we used the model
in the configuration as described in Reddmann et al. (2001)
but with a T42/L63 configuration corresponding to about
2.84° x 2.84° horizontal resolution and 63 vertical levels be-
tween 7 and 120 km. In addition, the model is nudged to
ERA-Interim analyses below 1hPa. SFs mixing ratio val-
ues were set at the lower boundary of the model in the tro-
posphere using NOAA/ESRL data. Note that the model in-
cludes the mesospheric loss of SFe, which is implemented in
the model according to Reddmann et al. (2001). Previously,
Stiller et al. (2008) showed that the apparent high mean age
values in late polar stratospheric winter observed in MIPAS
observations can only be reproduced by the model simula-
tions when including mesospheric loss.

For the determination of the trend of SF¢-derived mean
age of air in the model calculation, the SFe distributions
were calculated on a pressure—latitude grid using 64 latitude
bins. In each pressure—latitude bin monthly zonal averages of
SFe were calculated together with their standard error of the
mean. The vertical pressure coordinates have been converted
to geometrical altitudes assuming an isothermal atmosphere
with a scale height H of 7km (z=—HIn(p/ po)). After-
wards the monthly zonal means have been interpolated on
the MIPAS altitude grid and binned in the MIPAS latitude
bins. These regridded zonal SF¢ monthly means were sam-
pled and converted to AoA in the same manner as it was done
for the measured SF¢ values (see Sect. 4.1).

Figure 10 shows the distribution of age trends calculated
with simulated SFg values from the KASIMA model in
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Figure 10. Calculated AoA trends for 2002-2012 from the
KASIMA model with consideration of empirical errors and auto-
correlation. Hatched areas indicate where the trend is not signifi-
cant.

a latitude—altitude plane with consideration of empirical er-
rors and autocorrelations.

The model results agree remarkably well with the empir-
ical AoA trends: positive decadal trends are found in the
upper polar stratosphere in both hemispheres and at north-
ern midlatitudes around 20 to 25km while negative trends
are found in the tropics and southern subtropics as well as
in the southern lower and lowermost stratosphere at midlati-
tudes and southern polar region. The most pronounced neg-
ative trend is detected in the southern tropics and subtrop-
ics around 25 to 30 km, whereas it is found around 25 km in
the MIPAS measurements. At northern midlatitudes at about
25 to 30 km altitude a tongue of negative trend is modelled.
While MIPAS detected still positive trends there, there is at
least a local age trend minimum in this region in the MI-
PAS data. At first glance there seems to be no disagreement
between MIPAS and KASIMA in this region, because neg-
ative trends in KASIMA are not significant there. However,
one has to be careful with the significances when compar-
ing MIPAS and KASIMA: KASIMA is a nudged model, i.e.
in wide parts of the atmosphere it represents the real atmo-
sphere. This implies that the atmospheric variability patterns
of KASIMA and MIPAS which are responsible for the error
of the multilinear model share certain components and there-
fore cannot be assumed as fully uncorrelated. Thus, this error
characterizes the expected difference between the regression
function and truth; however, it cannot necessarily account for
the differences between MIPAS and KASIMA. For this com-
parison the trends without consideration of the model errors
may be more adequate. These figures are attached in the Sup-
plement and show that the region of the “negative tongue” is
significant in KASIMA, whereas it is significantly positive in
MIPAS.
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At high latitudes lower stratospheric trends are positive
in the MIPAS but negative in the KASIMA data set. These
trends are not significant for MIPAS; however, they are sig-
nificant when comparing the respective figures of trends
without consideration of the model error (see figures in the
Supplement). So there is indeed a contradiction in this re-
gion, which is most likely due to the “overaging” effect,
which is more pronounced in the measured data because
KASIMA underestimates polar winter subsidence.

What is striking in Fig. 10 is the hemispheric asymmetry
between significant negative trends in the Southern Hemi-
sphere and significant positive trends in the Northern Hemi-
sphere, which was also found in the MIPAS data. This hemi-
spheric asymmetry was also noticed by Monge-Sanz et al.
(2013) with the TOMCAT model and by Mahieu et al. (2014)
with the SLIMCAT model and was later also confirmed by
Ploeger et al. (2015) with the CLaMS model.

7 Summary and conclusions

In this work the SFg¢ retrieval setup for MIPAS ENVISAT
spectra has been improved over the one developed by Stiller
et al. (2012) and a newer version of spectra provided by ESA
(level 1b data, version 5.02/5.06) was used to retrieve global
profiles of the trace gas SFg. Monthly zonal means were con-
verted in AoA using a tropospheric reference curve. The new
AoA data set resembles roughly that of Stiller et al. (2012)
but shows differences with respect to several details. Some
spurious features of the old data set no longer appear in the
new data set. In particular, the new data set does not show
the local AoA minimum at 36 km in the tropics, which was
believed to be a retrieval artefact of the previous version and
could be eliminated by a refined consideration of continuum
radiation. A possible high bias of the old AoA data set above
40km is removed as the air is considerably younger in this
altitude region in the new data version.

The latitudinal cross-section of AoA at 20km was com-
pared to airborne observations from the 1990s and no sub-
stantial differences to the previous version of Stiller et al.
(2012) were found. The comparison of AoA profiles with air-
borne measurements shows that in the tropics MIPAS AoA is
older at all altitudes. At northern midlatitudes MIPAS agrees
with most of SFg in situ data whereas at high northern lat-
itudes MIPAS is again older, and only the SFs air samples
inside the polar vortex match with the MIPAS data.

The temporal variability of AoA over the 10 years of MI-
PAS measurements (2002-2012) was analysed by fitting a re-
gression model to the AoA time series. The annual cycle in
AoA of particular regions in the stratosphere was investi-
gated and found to be in good agreement with other studies.

The derived AoA decadal trends show a pronounced hemi-
spheric asymmetry above the lowermost stratosphere. The
results of Stiller et al. (2012) were confirmed with respect
to the typical values and the general morphology. The over-
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all picture of linear increase/decrease in the latitude—altitude
plane, however, is more contiguous and less patchy with
the new data. Positive linear trends were confirmed for the
northern midlatitudes and southern polar middle stratosphere
whereas negative trends were confirmed for the lowermost
tropical stratosphere and lowermost southern midlatitudinal
stratosphere. Differences to the previous data set occur in the
northern polar upper stratosphere, where trends are now posi-
tive, and in the middle tropical stratosphere, where trends are
now negative. The latter might be explained by the removal
of the retrieval artefact which changed the shape of the AoA
profile in the tropics considerably. The linear increase in the
southern and northern polar stratosphere and in the northern
midlatitudes can be considered as robust results. The signif-
icant positive trend in the northern midlatitudes supports the
findings of Engel et al. (2009) and the inferred trends match
impressively well with the estimated trend by Engel et al.
(2009).

The refined MIPAS observations on AoA in this study do
not corroborate the results of various model studies, which
consistently predict a decreasing AoA for the whole strato-
sphere. However, our decadal trends cannot be compared to
results from long-term model studies. Our comparison with
the KASIMA model for the period 2002-2012 shows that
the linear increase in the upper polar stratosphere and in the
northern midlatitudes can be reproduced in the model at least
when data are sampled and analysed in the same manner as
the MIPAS data. It also demonstrates that the ERA-Interim
data, used to nudge KASIMA, apparently are able to repro-
duce the observed transport trend, which shows that they are
suitable for studies of the BDC and its trends.

Nevertheless this study finds a decreasing AoA trend in the
tropics and in the lower and lowermost midlatitudinal south-
ern stratosphere in agreement with long-term model studies
and hence supports the idea of an increasing shallow branch
of the BDC, which was also proposed by Bonisch et al.
(2011) and supported by Diallo et al. (2012), at least in the
Southern Hemisphere.

The Supplement related to this article is available online
at doi:10.5194/acp-15-13161-2015-supplement.
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