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Summary

A new and improved setup of the SFg 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 data set of vertically resolved SFg mixing ratios, covering
the total observational period of MIPAS from July 2002 to April 2012 for the first
time. This data set was validated with balloon-borne in-situ measurements as well
as with data from the other renowned satellite instrument measuring SFg, the Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS). Monthly
and zonally averaged SFg vertical profiles were converted into mean age of air (AoA)
using a tropospheric SF¢ reference curve. The obtained data set of age of air was com-
pared to airborne age of air measurements. The temporal evolution of the mean age of
air was then investigated 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
overtones was fitted to the age of air time series. The annual cycle of age of air 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 midlatitude middle stratosphere is slightly lower compared
to the previous results and the trends fit remarkably well to the trend derived by
Engel et al. [2009] for northern midlatitudes. Negative age of air trends found by
Stiller et al. [2012] are confirmed for the lowermost tropical and southern midlatitudi-
nal stratosphere. Differences to the previous data versions occur in the middle tropical
stratosphere around 25km, where the age trends are now negative. Overall, the new
latitude—altitude distribution of trends appears to be less patchy and more coherent
than the previous one. In addition, different sensitivity studies on the calculation of
age of air have been carried out, including a further developed non-linearity correction
with simulated age of air spectra as opposed to the traditional method where an inverse

Gaussian function was used to parametrise the age spectrum as a function of the mean



age. Age of air trend patterns were found to be robust with respect to these variations
of the analysis method. Applying the same methods as for MIPAS, it was tried to
infer decadal age of air trends also from ACE-FTS SFy data. Even though data cov-
erage is very sparse, significant positive decadal trends for the northern midlatitudes
were found also for this data set. The hemispheric asymmetry of negative age of air
trends in the Southern Hemisphere, and positive trends in the Northern Hemisphere
was found to be consistent with simulations by the Lagrangian chemistry transport
model CLaMS driven by ERA-Interim data. The decadal trends are also compared to
trends calculated from SFg mixing ratios simulated by the Karlsruhe Simulation Model
of the Middle Atmosphere (KASIMA) and good agreement is found.

While CLaMS model calculations for the MIPAS period have shown that trends
in AoA can often be attributed to trends in mixing processes and not necessarily to
circulation changes, the negative AoA trends in the southern midlatitudinal lowermost
stratosphere could unambiguously be attributed to an accelerating shallow branch of

the Brewer-Dobson circulation.
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Chapter 1
Introduction

The Earth’s atmosphere is usually classified into different layers based on the vertical
temperature profile. The lowest layer is the troposphere, which contains about 80%
of the atmosphere’s mass and is characterised by a decrease of temperature with al-
titude. The upper boundary of the troposphere, called the tropopause, is defined by
the region where the vertical temperature gradient changes sign. This minimum in
temperature is found at altitudes between 17 to 18 km in the tropics and at about 9 to
13km in higher latitudes. In the layer above, the stratosphere, temperature increases
with altitude mainly due to solar short-wave absorption by ozone, the most prominent
trace gas in the stratosphere. The temperature maximum is reached at the stratopause
at approximately 50 km, where the vertical temperature gradient again changes sign.
The mesosphere extends from the stratopause to about 80km altitude and exhibits
a decreasing temperature profile reaching its minimum at the mesopause, where the
lowest temperatures of the atmosphere are found. The so-called “middle atmosphere”
comprises stratosphere and mesosphere, whereas the term “upper atmosphere” desig-
nates the thermosphere and above. The troposphere can be considered as well-mixed
due to convection, whereas the temperature inversion causes a stable stratification in
the stratosphere, where convection and vertical exchange is inhibited. The pressure in
the atmosphere decreases approximately exponentially with a scale height (the altitude
where pressure has dropped by 1/e) of roughly 7 km and is commonly used as a vertical
coordinate. As a rule of thumb, pressure drops approximately by one magnitude every
15 km.

The Brewer-Dobson circulation (in the following abbreviated BDC) is the merid-
ional circulation of air in the stratosphere and mesosphere and is named after its two
discoverers Brewer and Dobson, who analysed water vapour, ozone and temperature

distributions in the stratosphere. The first hypothesis of such a circulation was formu-



lated by Dobson et al. [1929]. The major part of ozone was expected to be produced
in the tropics due to enhanced insolation. However, observations yielded high concen-
trations in the Arctic and low concentrations in the tropics. Thus, Dobson et al. [1929]
proposed a “slow poleward drift in the highest atmosphere” accompanied with a “slow

descent of air near the Pole”.

Brewer [1949] noticed that the dryness of the stratosphere could only be explained
by the extreme low temperatures at the tropical tropopause and postulated that strato-
spheric air has its origin in the troposphere and enters the stratosphere through the
extremely cold tropopause at the equator. Thus, he proposed a slow circulation of air
which transports air into the stratosphere in the tropics, moves air poleward in the
stratosphere which, in turn, descends again into the troposphere at higher latitudes.
Brewer [1949] stated that such a circulation could also transport ozone from the trop-
ics to high latitudes. This way the proposed circulation could additionally explain the
high ozone values observed in these regions corroborating the original hypothesis of
Dobson.

Complementarily Dobson [1956] argued that the slightly steeper gradient of water
vapour found in the stratosphere as compared to the troposphere in midlatitudes could
be explained by a slow sinking of very dry air from altitudes above. The great difference
in the gradients of ozone and water vapour was also a hint of subsidence of ozone-rich
air from above. This descent of air into the troposphere in midlatitudes would have
to be compensated by a flow of air from the troposphere into the stratosphere which,
taking the dryness of stratospheric air into account, could only take place in the tropics.

Combining the findings of Brewer and Dobson, the idea of the circulation in the
stratosphere, with rising air in the tropics, meridional transport to higher latitudes,
and subsequent subsidence in these regions was born.

Until today the picture of the BDC has become more complex and has been ex-
tended. Birner and Bonisch [2011] introduced a second branch of the BDC, also called
“shallow branch” or “secondary circulation” between pressures of 100 and 70 hPa (= 16-
19 km altitude), which transports air from the tropical tropopause into the lowermost
stratosphere of higher latitudes, while the original circulation introduced by Brewer
and Dobson has been termed “deep branch” (between 70 and 1 hPa=a45km). The two
branches were discussed e.g. in Birner and Bonisch [2011]. In addition, the so-called
overturning circulation transports air from the summer pole into the mesosphere and
again downwelling at the winter pole.

The BDC is very important for the budget of ozone and its distribution in the

stratosphere. Ozone is probably the most important trace gas in the stratosphere,



1. INTRODUCTION

protecting us from the harmful solar UV radiation. The BDC transports also ozone-
depleting substances such as CFCs, greenhouse gases like water, carbon dioxide or

methane and also any kind of pollutants into the stratosphere.

While it is widely accepted that climate change with enhanced greenhouse-gas
abundances leads to a warming of the troposphere and a cooling of the stratosphere,
the secondary effects, in particular on the BDC, are still an issue of current research
[Butchart, 2014]. A changing BDC will have large impact on the overall composi-
tion of the stratosphere, on the ozone budget and distribution as well as its recovery
in the stratosphere [Li et al., 2009; Shepherd, 2008] and on the lifetimes of ozone-
depleting substances such as CFCs [Butchart and Scaife, 2001; Douglass et al., 2008]
and greenhouse gases like methane and NyO [Butchart and Scaife, 2001]. A change
in the lifetime of these gases will in turn influence the recovery of ozone in the po-
lar regions and climate change via a modified radiative forcing due to change in the
abundances and distributions of the greenhouse gases, respectively. As air descends
back into the troposphere via the downwelling branch of the BDC it can even impact
air quality at the surface. As these issues are evolving towards major concerns in this

century, monitoring of any changes in the BDC is therefore essential.

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, to a place in the
stratosphere, has become a measure for the strength of the BDC in particular for
observational analysis [Hall and Plumb, 1994; Waugh and Hall, 2002], and can be
derived from the analysis of trace gases like CO; and SFg. The mean age of air
comprises both information on the speed of the advection and the amount of mixing
and stirring exerted on the air parcel. In model studies the strength of the BDC is
often also quantified by the velocity of tropical upwelling at 70hPa. A faster BDC
corresponds to shorter transit times and therefore to younger air. Austin and Li [2006]

found a linear relationship between 1/age and tropical upwelling in the stratosphere.

Modern general circulation models (GCMs) and chemistry—climate models (CCMs)
consistently simulate an acceleration of the BDC in a greenhouse-gas-induced changing
climate [Austin and Li, 2006; Bunzel and Schmidt, 2013; Butchart and Scaife, 2001;
Butchart et al., 2006, 2010; Calvo and Garcia, 2009; Garcia and Randel, 2008; Li
et al., 2008; McLandress and Shepherd, 2009; Oberlander et al., 2013; Okamoto et al.,
2011; Rind et al., 1990] and therefore predict negative mean age trends throughout the
stratosphere [Butchart et al., 2010; Garcia and Randel, 2008]. 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 derived from CO, and SFg balloon-
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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 stratospheric 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 SFg distributed over the whole globe for the
time period September 2002 to January 2010. Monthly zonal means were converted
into mean age of air, from which decadal trends were inferred for latitude and altitude

bins.

The derived age of air trends by Stiller et al. [2012] 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 a multiannual chemistry transport model (CTM) simulation 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
noticed a hemispheric asymmetry, which was also later found by Mahieu et al. [2014]
with SLIMCAT model calculations. Ploeger et al. [2015b] confirmed this hemispheric
asymmetry with calculations of the CLaMS model, which is also a CTM 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 ex-
tended and improved SFg data set is provided on the basis of a newly calibrated version
of MIPAS-ENVISAT level 1b spectra (version 5, ESA data version 5.02/5.06). This
new global SFg data set for the first time covers the total MIPAS period from July 2002
to April 2012 and provides a global satellite-based study of AoA over approximately
the first decade of this century.

This thesis is organised as follows: First the basics of stratospheric transport are
introduced in Chapter 2. The characteristics of the MIPAS instrument are presented in
Chapter 3. Chapter 4 describes the fundamentals of remote sensing in the atmosphere

and retrieving trace gases. The improvements on the retrieval setup are discussed in
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1. INTRODUCTION

Chapter 5. The characteristics and morphology of the new global SFg data set and the
resulting new age of air data set are assessed in Chapter 6. Subsequently in Chapter 7
the new MIPAS SF¢ data were validated with balloon-borne in-situ measurements and
measurements from the Atmospheric Chemistry Experiment (ACE-FTS), which is an-
other renowned satellite instrument, and the new AoA data are compared with earlier
airborne AoA measurements from the 1990s. Then, in Chapter 8, the temporal analy-
sis of AoA is carried out and the calculated decadal MIPAS AoA trends are presented,
which reflect the main part of this thesis, and are compared with previous findings.
Applying the same methods as in the case of MIPAS data, it was tried to infer AoA
trends also from ACE-FTS SFg data and from simulated SFg values by the Karlsruhe
Simulation Model of the Middle Atmosphere (KASIMA). These results as well as AoA
trends calculated with the CLaMS model are presented in Chapter 9 and compared
to MIPAS AoA trends. Finally, in Chapter 10, results of this thesis are summarised
and lessons learned about the variability of AoA are presented. Conclusions towards
possible changes of the BDC are drawn.

Parts of the results of this investigation have been already published in Haenel et al.

[2015]. Several parts of this article are included in different sections of this thesis.






Chapter 2

The Brewer-Dobson Circulation

2.1 Stratospheric winds and quasi-biennial oscilla-

tion

In the stratosphere and mesosphere the dominating mean zonal winds in most parts
above 20 km are eastward winds (westerlies) in winter and westward winds (easterlies)
in summer. They reach maximum wind speeds of 60-75m/s at about 70km altitude
[Brasseur and Solomon, 2005]. The zonal stratospheric winds are described as thermal
winds: In the summer hemisphere the polar stratosphere is relatively warm compared
to the cold tropical tropopause and lower tropical stratosphere. This temperature
gradient leads to a strong westward flow (easterly wind). Contrary to that, in the winter
hemisphere the meridional temperature gradient is reversed (the polar stratosphere is

colder than the tropics) resulting in westerlies [Roedel, 2000].

In the lower stratosphere two jet streams, called subtropical jets, are centered at

30°-40° N/S latitude and are particularly strong in winter and weak in summer.

The polar vortex is a strong westerly wind regime in the winter polar stratosphere
and leads to isolation of the polar stratosphere from lower latitudes during winter,

which is most pronounced in the Southern Hemisphere.

Alternating lower stratospheric equatorial zonal winds (between westerlies and east-
erlies) with a period of varying from 22 to 34 months (28 months on average) are
referred to as the quasi-biennial oscillation (QBO). The QBO induces a secondary
meridional oscillation which modulates the strengths of the BDC and also a shift of
the subtropical mixing barriers [Baldwin et al., 2001].

7



2.2 Atmospheric waves

Atmospheric waves can be classified according to their different restoring forces, which
are necessary for the existence of the waves: Rossby or planetary waves experience
their restoring force via the Coriolis force, which varies with latitude, and therefore
resist horizontal displacements.

Waves which exhibit their restoring mechanism by the buoyancy force in a stable
atmosphere are called gravity waves.

Quasi-stationary Rossby waves that propagate vertically are the predominant eddy
motions (departure from zonal means) in the stratosphere [Holton, 2004]. However, a,
requirement of vertical propagation of these stationary waves in the stratosphere, is
the presence of westerly winds weaker than a critical value depending on the horizontal
scale of the waves [Holton, 2004]. This criterion is also called Charney-Drazin criterion.
Therefore, upward propagation of waves in the stratosphere is mainly confined to the
winter hemisphere.

Wave breaking can occur, when waves reach altitudes where non-linear effects be-

come important. This leads to smaller scale motions and to irreversible mixing.

2.3 General description

A state-of-the-art schematic picture of the BDC in the latitude-altitude plane is shown
in Figure 2.1 taken from Bonisch et al. [2011] and reflects the 3 different branches of
the BDC: Air enters the stratosphere through the tropical tropopause (blue line) and
is transported to higher latitudes by the shallow branch. The other part of the air
rises in the tropics in the so-called “tropical pipe” [Plumb, 1996] and is transported
to higher latitudes by the deep branch. The circulation in the mesosphere transports
air from the summer to the winter pole. The BDC includes both net mass transport,
also referred to as residual circulation (depicted as the thick white arrows), and two-
way mixing (indicated by the wavy orange arrows). Transport and mixing barriers
are marked by the thick green lines and represent the subtropical mixing barrier, the
tropical pipe, and the edge of the polar vortex.

Both residual circulation and mixing are induced by breaking of atmospheric waves.
The mechanism for the driving of the meridional circulation can be qualitatively un-
derstood as follows [Holton et al., 1995]:

Rossby waves always propagate with a smaller velocity than the mean flow, so in

the reference frame of the mean flow they propagate westward. If the wave dissipates
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2. THE BREWER-DOBSON CIRCULATION
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Figure 2.1: Schematic picture of the Brewer-Dobson circulation (BDC) taken from
Bonisch et al. [2011] (CC BY 3.0 License): White thick arrows represent the different
branches of the BDC. Mixing processes are indicated as wavy orange arrows, while
mixing and transport barriers are marked as thick green lines.

due to non-linear processes it exerts a westward zonal force on the mean flow. This
westward zonal force is balanced in geostrophic approximation by an eastward Coriolis
force, resulting in a poleward flow [Roedel, 2000]. Conserving continuity, air rises in
the tropics and descends back at higher latitudes. The up- and downward-branches
of the residual circulation cross isentropes which means that the motion is diabatic
with supply or removal of radiation energy [Roedel, 2000]. This results in departure of
stratospheric temperatures from radiative equilibrium. The dissipating waves deposit
the momentum required to conserve angular momentum of a poleward flow. The
discovery of this mechanism reconciled the original concerns of Brewer and Dobson

that a poleward flow would violate the conservation of angular momentum.

The subtropical jets inhibit wave propagation into the tropical pipe, and therefore

mixing, which is also induced by the wave breaking, is strongly suppressed in this
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region. Contrary to that, stirring by planetary waves occurs mainly in midlatitudes
during wintertime, also called the “surf zone”.

The mesospheric branch of the BDC is driven by the same mechanism, but the
wave drag on the mean flow is primarily caused by buoyancy or gravity waves and can
be eastward and westward. In the summer hemisphere easterlies filter out the upward
propagating gravity waves, such that an eastward drag remains resulting in an equa-
torward flow, while in the winter hemisphere westerlies favor a westward drag leading
to a poleward flow. The resulting overall transport in the mesosphere is therefore from
the summer to the winter pole [Butchart, 2014].

The meridional velocity of the BDC is about 10km/day, the vertical is about
100m/day [Rosenlof, 1995] which is in the order of 1mm/s. The BDC is 3 times
stronger in the Northern Hemisphere according to Rosenlof [1995] and is weak in the
summer hemisphere. Model studies suggest, that the two branches of the BDC trans-

port almost the same mass, but have different seasonalities [e.g. Konopka et al., 2015].

2.4 The Age of Air concept

Stratospheric air originates from the troposphere and enters the stratosphere through
the tropical tropopause [e.g. see Holton, 1990]. One can therefore define the “age” of
a stratospheric air parcel as the time lag since it has left the tropical tropopause. The
“age of stratospheric air” thus is a quantity to characterise the intensity of the Brewer-
Dobson circulation. Because of mixing an air parcel does not conserve its composition
along its way. It is rather composed of an infinitesimal number of irreducible fluid
elements with each having their individual transport paths and transit times [Hall and
Plumb, 1994]. Instead of a single age of an air parcel there exists only a statistical
distribution G over transit times, which is called the “age spectrum” [Hall and Plumb,
1994; Kida, 1983]. So when speaking of the age of an air parcel, only the mean age T,

the first moment of the age spectrum, is a reasonable measurable quantity:

L(r,Q) = /t -G(r,Q,t)dt (2.1)

0
with N
/G(r, Q, t)dt = 1 (2.2)
0
and ) being the region of the tropical tropopause.

10



2. THE BREWER-DOBSON CIRCULATION

The time lag of an air parcel can be unambiguously inferred by measuring tracers
with negligible stratospheric sources and sinks and whose tropospheric mixing ratios
are increasing or decreasing monotonically with time. The time lag between the time
associated with the mixing ratio observed in the stratosphere and the time when the
observed mixing ratio was observed at the tropical tropopause can approximate the
age. It will be shown later that only in the case of trace gases with a linear tropospheric
growth, the measured time lag is precisely equal to the mean age of the observed air
parcel. Such tracers are also called “chronological tracers” or “clock tracers”. CO,
and SFg meet these requirements fairly well and have been used in various studies (see
Waugh and Hall [2002] and references therein). In this work SFg measurements are
used to infer the mean age of stratospheric air. The tropospheric variation of SFg was
approximately linear over the considered time scale (see Section 6.2).

In general the mixing ratio n of a conserved tracer has to satisfy the continuity
equation:

% +L(n) =0 (2.3)
L is the differential operator which governs the transport. The general solution 7(r,t)
at point 7 in the stratosphere is [Hall and Plumb, 1994]:

t

n(r,t) = /n(Q,t—t’)G(r,Q,t’)dt’ (2.4)

where 1(Q2, ¢ — ') is the mixing ratio of the tracer in region 2 (in our case the tropical
tropopause) at time t —t'. The integration is carried out over all transit times ranging
from 0 to t. The function G is the Green’s function, the solution of Equation 2.3
with the boundary condition n(£2,t) = §(t — to), where §(¢) is the Dirac delta func-
tion [Hall and Plumb, 1994]. (For n(£2,t)=4(t — ty), Equation 2.4 simply reduces to
n(r,t)=G(r,Q,t — to)). In other words, the function G represents the stratospheric
response of a delta pulse in mixing ratio of a tracer at the tropical tropopause. It
propagates mixing ratios on ) at time ¢ — ¢’ to the point r at time ¢ [Waugh and Hall,
2002].

By having a closer look at Equation 2.4, one can identify the Green’s function G
of differential operator L with the age spectrum in Equation 2.1: In Equation 2.4 all
former mixing ratios at the tropical tropopause with transit time ¢’ weighted with the
age distribution G add up to the mixing ratio at point r in the stratosphere at time t.
Identifying the age spectrum with the response of the system to an initial delta pulse

in terms of the Green’s function G provides a possibility to assess the age spectrum,
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which is not directly observable, by simulations (see Section 2.4.1). Given the age
spectra and the time history of a conserved tracer on €2, one can compute the tracer
distribution and evolution throughout the stratosphere. Conversely, information of the

age spectrum can be obtained from tracer observations [Waugh and Hall, 2002].

In case of G being the delta function G = §(t — ty) the mean age I' is ¢y and
Equation 2.4 yields n(r,t) = (2, t —tp). So the mean age is equal to the time lag and
we have simple advection without any kind of mixing. To show that this relationship
also holds for linearly growing tracers and any kind of age spectrum one can examine

Equation 2.4 in the long-time limit. Inserting
n(Q,t) = ~t for t > 0 and 0 otherwise (2.5)

into Equation 2.4 gives [Hall and Plumb, 1994]:

t

n(r,t) = /v(t—t’)G(r,Q,t’)dt’ (2.6)
:n(Q,t)/G(r,Q,t’)dt’ (2.7)
—y/t’G(T,Q,t’)dt’ (2.8)

0

As t approaches infinity the two integrals in Equation 2.7 and 2.8 reduce to 2.2 and

2.1 and the mixing ratio of a linear growing tracer at point r and time ¢ simplifies to:
n(r,t) =n(Q,t) —yI'=n(Q,t - T) (2.9)

Such a limit is valid for ¢ greater than the width of the age spectrum or more
precisely greater than the time where the age spectrum asymptotically approaches
zero [Hall and Plumb, 1994].

To illustrate the discussed formalism with a simple model and to provide an explicit
Green’s function, Hall and Plumb [1994] selected a continuity equation with a differ-
ential operator which describes one-dimensional mass-weighted diffusion with uniform

and constant coeflicients:

on(zt) 0 on(zt)

ot 8z(p 0z )

(2.10)
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2. THE BREWER-DOBSON CIRCULATION

where p = ppe */H is the density of air (with scale height /) and K a constant diffusion

coeflicient.

The age spectrum is the Green’s function of this system, which can be solved
analytically [Hall and Plumb, 1994]:

G(z,t) T (2.11)

z
T oVake Y|2H T aH? T UKt
The mean age of this system is given by Equation 2.1, and the integration yields:

= %z (2.12)

This means the mean age increases linearly with distance from the source. Even
though this is just a simple model, studies of Hall and Plumb [1994] have shown, that
simulating the age spectrum using an initial pulse at the source region with a General
Circulation Model (GCM) leads to results which are qualitatively similar to the age
spectra described by Equation 2.11 for the one-dimensional mass-weighted diffusive

system.

In general the shape of the age spectrum depends on the relative rates of advection
and mixing. Waugh and Hall [2002] upgraded this one-dimensional model by adding
additional advective motion with velocity u. The resulting Green’s function is:

G(T,A,t) =

e 17 1)2} (2.13)

1
2A1 /ﬂ-tlS eXp |: 4A2t’

where T' = z/u, A = \/Kz/u3 and ¢’ = t/T. Distribution of such a form are known as
inverse Gaussian distributions or Wald functions. For small width A transport is domi-
nated by advection and the age spectrum is narrow, while for increasing A the spectrum
broadens because of accumulated diffusion [Waugh and Hall, 2002]. By comparing the
Green’s functions 2.11 and 2.13 it can be seen that the time dependence is similar due to
one-dimensional diffusion in both models, but the z dependence varies with additional
terms of the ratio of diffusion to advection. With the substitution u = K/H in Equa-
tion 2.13 Equation 2.11 can be obtained returning to one-dimensional mass-weighted
diffusion without advection. However, as stated in Waugh and Hall [2002], the global
stratosphere is poorly represented by a one-dimensional model. Nevertheless the age
spectra calculated from two-dimensional and three-dimensional models exhibit similar
characteristics as the one-dimensional age spectra represented by Equations 2.11 and

2.13 as shown in Waugh and Hall [2002]. The spectra are asymmetric with a peak of
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varying width and a long tail towards older ages. In the lower tropical stratosphere
the spectra are most narrow and peaked at earliest transit times, while they become
broad and shifted to longer transit times elsewhere in the stratosphere.

A one-dimensional age spectrum described by Equation 2.13 can be fitted to ex-
perimental results as done by Andrews et al. [1999] in the case of COy measurements.
In a later study, Andrews et al. [2001b] used a bimodal age spectrum for better fitting
CO, data in midlatitudes, where the younger, narrow peak was identified with quasi-
horizontal wave mixing and the older, broader peak with “up-and-over” transport via
the mean meridional circulation.

Also periodic and exponentially growing tracers can be used to infer the age of air
[see Hall and Plumb, 1994; Waugh and Hall, 2002]. The described methodology can
be extended to tracers which are not stable, too. Even though SFg is stable within
the stratosphere it is depleted in the mesosphere. This mesospheric loss can cause an
overestimation of the mean age in the polar stratosphere where intrusion of mesospheric

air is observed (see Section 6.3).

2.4.1 Assessment of age spectra

This study focuses on the analysis of the mean age of air to study the variation of
stratospheric transport. However, the full information of stratospheric transport is
contained in the age spectrum, which can only be constrained by observations, assum-
ing an analytical function as the age spectrum, such as the Wald function [see e.g.
Bonisch et al., 2009; Schoeberl et al., 2005].

The “real” shape of the age spectrum cannot be derived directly from measure-
ments, but it can be simulated in models. As stated above the age spectrum can be
identified with the Green’s function and is therefore equal to the stratospheric response
to a delta pulse at the tropical tropopause. The “pulse tracer” method uses this prin-
ciple by releasing a pulse of a conserved tracer at the entry region of the stratosphere
or in the boundary layer in the model and recording the time evolution of the tracer’s
mixing ratio at some point in the stratosphere. This product is called the “boundary
impulse response” (BIR) [Haine et al., 2008] and is only equivalent to the age spectrum
if the atmospheric flow is stationary. However, to study the seasonal and interannual
variation of stratospheric transport this assumption cannot be used. In general G is
not only a function of the transit time 7, but a function of the so-called “field time”
when the tracer mixing ratio is measured in the stratosphere, and the so-called “source

time” ¢ =t — 7 when the tracer had last contact with the source region Q:
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2. THE BREWER-DOBSON CIRCULATION
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Figure 2.2: Example of a boundary propagator map from the CLaMS model at a
potential temperature of 400 K and at 60° N (figure from Ploeger and Birner [2016],
CC BY 3.0 License).

o0

n(r,t) = /77(9, t—7)G(r,t|Q,t —7)dr (2.14)

0

If a tracer is now released in 2 at source time ¢’ = t{, then n(Q,t') = §(t' — ;) and
Equation 2.14 yields (with ¢ = ¢ — 7; [Ploeger and Birner, 2016]):

t

n(r,7+1t') = / 6t —ty)G(r, 7+ ¢'|Q, ¢")dt’ (2.15)
= n(r, 7+ 1) = G(r, 7 + £/, t) (2.16)

G(r, T + 1|2, t}) is now the above mentioned BIR as a function of the transit time
7 and is in general not equal to the age spectrum G(r,t|Q2, ¢ — 7), because even though
both are functions of 7, the BIR varies in the “field time” while the age spectrum
varies in the “source time” at fixed field time ¢. However, if the flow is steady, G,
which is also called “boundary propagator”, becomes time translation invariant and
only a function of the transit time 7 [Haine et al., 2008].

The first study found in literature which analysed the variability and seasonality

of stratospheric transport by means of age spectra not relying on explicit trajectory
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calculations was Li et al. [2012], who applied the method developed by Haine et al.
[2008] using a set of N pulse tracers to construct the age spectra from the corresponding
BIRs in the case of non-stationary flow. Figure 2.2 shows an example of the so-called
“boundary propagator map” (figure taken from Ploeger and Birner [2016]), which
schematically illustrates the relationship between the BIRs and the age spectra: While
the BIRs are vertical slices as function of the field time, the age spectrum at a given
field time is gained by a horizontal cut through the set of different BIRs [Haine et al.,
2008; Li et al., 2012]. This way age spectra can be constructed, however, various pulse
tracers initiated at different source times are necessary.

Ploeger and Birner [2016] further developed the construction of age spectra using
a set of 60 BIRs and studied the seasonal and interannual variations in the spectra. In
Section 8.2 their age spectra are used to correct the derived mean ages for the slight
non-linearity of the SFg reference curve (see Section 6.2). Typical CLaMS age spectra

in comparison to the 1-D Wald functions are shown in Figures 8.13 and 8.14.

2.4.2 Aging by mixing

As stated above, AoA comprises the combined effect of a slow residual circulation and
fast quasi-horizontal mixing. Using models, the effect of both contributions on AoA
can be separated. According to Ploeger et al. [2015a], using the CLaMS model, mixing
locally increases AoA at low latitudes equatorwards of about 40° N/S and decreases
AoA at higher latitudes, as mixing is an exchange of young air from low latitudes with
old air from high latitudes.

The term “aging by mixing” has been introduced by Garny et al. [2014] and means
the integrated effect of local mixing along the hypothetical transport path of the resid-
ual circulation on AoA. This contribution to AoA can be approximated by the dif-
ference between AoA and the residual circulation transit time (RCTT). The RCTT
can be calculated in a model following the method of Birner and Bonisch [2011] and
consists of calculating backward trajectories driven by residual mean meridional and
vertical winds (v*, w*)

Garny et al. [2014] found the additional aging due to mixing to be positive almost
throughout the entire stratosphere, only in the lowermost extratropical stratosphere
close to the poles AoA is reduced by the integrated effect of mixing and is younger
than the RCTT. These findings have been confirmed by Ploeger et al. [2015a] who
carried out an exact calculation of the additional mixing term by using the integrated

tracer continuity equation for AoA,
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2. THE BREWER-DOBSON CIRCULATION

t
F(T, t) = TRCTT(T7 t) + /M(’f’, t,)dt/ (217)
to

where Trorr(r, t) is the residual circulation transit time and M is the local mixing
tendency for AoA, describing the local effects of mixing on AoA [Ploeger et al., 2015a].

In their study, Garny et al. [2014] also found changes in the “aging by mixing” to
be strongly coupled to changes in the residual circulation, which means that AoA used
as a diagnostics for the strength of the circulation exhibits an even amplified effect.

In the Conclusions of this thesis the effect of “aging by mixing” on the observed
AoA trends will be discussed.

2.5 The tracer SF;

Sulphur hexafluoride (SFg) is mainly produced anthropogenically and used as an insu-
lation gas in electrical power production. Due to the larger industrial activity the SFg
abundance is higher in the Northern Hemisphere [Ko et al., 1993; Maiss and Levin,
1994]. SFg is stable in the troposphere and stratosphere and its mixing ratios are
increasing almost linearly in the atmosphere. Thus, this gas meets the requirements
of an ideal age tracer almost perfectly (see Section 2.4). However, SFg has a sink in
the mesosphere. The most important removal processes are electron attachment and
UV-photolysis. The electron attachment can be dissociative forming the SF; anion
fragment or non-dissociative forming the SFy anion, which in turn reacts with H, O,
O3 and HCI [Kovécs et al., 2016].

Ravishankara et al. [1993] reported an atmospheric lifetime of SFg of 3200 years.
Reddmann et al. [2001] found a lifetime of 400 to 10000 years with the Karlsruhe
Simulation Model of the Middle Atmosphere (KASIMA), depending on the assumed
loss reactions and electron density. A recent model study with the Whole Atmospheric
Community Climate Model (WACCM) by Kovécs et al. [2016] reported a mean lifetime
over a ll-year solar cycle of 1278 years, which is considerably shorter than the one
derived by Ravishankara et al. [1993]. According to the formers’ paper the SFg removal

is dominated by electron attachment.
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Chapter 3

MIPAS

3.1 MIPAS on ENVISAT

MIPAS (Michelson Interferometer of Passive Atmospheric Sounding) was a Fourier
Transform infrared (FTIR) spectrometer aboard ENVISAT (Environmental Satellite,
Fischer et al. [2000], Figure 1), which was launched in March 2002 by the European
Space Agency (ESA). ENVISAT was a polar orbiting sun-synchronous satellite in an
orbit of about 800 km with an inclination of the orbit of 98°. ENVISAT’s task was the
permanent survey of the Earth’s climate, the ocean, the land surfaces and the Earth’s
ecosystem in general. The mission of ENVISAT was planned with a lifetime of 5 years,
but ENVISAT kept on sending data until April 2012, when ESA lost contact to the
satellite.

MIPAS was designed for the detection of mid-infrared limb emission spectra in
the middle and upper atmosphere. It observed a wide spectral interval ranging from
4.15 pm to 14.6 ym (685-2410 cm™!) with high spectral resolution [Fischer et al., 2008].
In this part of the atmospheric spectrum a wide variety of trace gases have absorption
lines and atmospheric signals are generally higher than in other parts of the spectrum
because the Planck function maximises at about 10 um for atmospheric temperatures.
The MIPAS instrument made use of the principle, that trace gases have characteristic
emission and absorption lines, represented by their absorption coefficients (see Sec-
tion 4.1.1), which are unambiguous “fingerprints” of the particular trace gases. The
atmospheric spectra were inverted into vertical profiles of atmospheric pressure, tem-
perature and volume mixing ratios (vimrs) of at least 30 trace constituents. This allows
studies of stratospheric chemistry and dynamics, stratosphere-troposphere exchange,
chemistry and physics of the upper troposphere, chemistry and physics of the upper

atmosphere, as well as climatologies and improvement of weather forecasting. A par-
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Figure 3.1: Geometry of MIPAS (source: ESA)

ticular advantage of MIPAS was that, as a limb emission instrument as opposed to a
solar occultation instrument, it could measure globally and during day and night at a

local time of 10 am and 10 pm, due to the sun-synchronous orbit of ENVISAT.

3.2 Viewing geometry of MIPAS

MIPAS was a limb sounder, i.e. it scanned across the horizon. The line of sight pene-
trated the atmosphere tangentially to the Earth surface down to a minimum altitude,
called tangent altitude, and then due to the Earth curvature rises again towards space
[Fischer et al., 2008]. MIPAS could measure trace gas emissions along the line of sight.
Because of the long optical path through the atmospheric layers, MIPAS was able to
detect trace gases with very low mixing ratios. The layer directly above the tangent
altitude is the layer in which the line of sight covers the longest distance. The spectrum
of radiation along the line of sight therefore contains most information of this layer,
but also information of the layers above.

MIPAS was capable of looking in two directions (see Figure 3.1): To the rear,
opposite to the flight direction (the normal case, used in this study), and sideways
orthogonal to the flight direction to observe special events, like volcanic eruptions.

MIPAS scanned the atmosphere at different elevation angles with different tangent
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3. MIPAS

altitudes, with which vertical information is gained. MIPAS could observe the atmo-
sphere in the altitude range from 5 to 160 km with minimum and maximum tangent
altitude increments of 1 and 8km, respectively [Fischer et al., 2008]. The MIPAS in-
strument had a specific angle of aperture, i.e. it did not only collect radiation along
the line of sight, but from a certain solid angle. This led to an instantaneous field of
view (IFOV), which covered 3km in the vertical and 30km in the horizontal at the
tangent altitude. The horizontal sampling was about 510 km along track in the full-
resolution period (see Section 3.3) and about 410 km in the reduced-resolution period
(see Section 3.3). The tangent point projected at the surface of the Earth is called

geolocation.

3.3 Instrument

The incoming atmospheric limb radiation was reflected at an azimuth and an elevation
scan mirror and then conducted via a telescope into a Michelson-type Interferometer
with two input and two output ports (see Figure 3.2). The azimuth scan mirror
allowed to select the line of sight within the two field-of-view regions, to correct for the
inclination of the orbit so that a pole to pole coverage was possible, and also to direct
radiation from an internal blackbody into the interferometer for calibration purposes.
The elevation scan mirror determined the actual limb height, i.e. the tangent height of
the measurement. The interferometer worked as follows: The input signal was divided
by the beamsplitter and directed to two movable cube corner mirrors from where they
were reflected back to the recombiner and directed to the two output ports where
the signal contained the interferogram of both beams. The output signals were fed
into a detector unit which was cooled down to 70 K for maximum sensitivity of the
detectors and to reduce their thermal emission. At each output port the output signal
was separated into four spectral channels by optical filtering and analysed by four
dedicated MCT (Mercury Cadmium Telluride) detectors, each optimised for highest
sensitivity in the respective spectral band [Fischer et al., 2008].

As part of the ground processing, the recorded interferograms as a function of op-
tical path difference of the two beams were converted into spectra by a Fourier Trans-
formation. This process, along with other steps as spectral and radiance calibration,
is usually called level-1 processing.

The MIPAS instrument was able to measure in different modes dedicated to the
respective interest of research, like the nominal mode, polar winter chemistry mode,

upper atmosphere mode, UTLS (Upper Troposphere Lower Stratosphere) mode and

21



Input Port 2:
closed with
cold Black Body

Output Port 1

Interferometer Slide 2

Y Path Difference
2 Folding Mirror

. Fath Difference
-MPD ZPD +MPD

_ -lCampsnsatar Plate
_ Beam Splitter/Combiner

“? Folding Mirror

Interferometer Slide 1
25 mmls

Output Port 2
Path Difference
Input Port 1
Atmospheric Radiance

Radiance

Spectral

' avelungth

Figure 3.2: Michelson Interferometer (source: ESA)

others. For the study of this thesis, measurements of the nominal mode were used,
which cover about 80% of the total measurements. Vertical coverage in this standard
mode was 6 to 68 km.

In 2004 the operation of the MIPAS instrument was interrupted due to a problem
with the interferometer slide. The maximum optical path difference was then reduced,
implying a deterioration 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 second phase (2005-2012) is called the reduced-resolution (RR)
period.

At each tangent altitude one interferogram was recorded as a function of the optical
path difference, which took about 4.5s for one full-resolution spectrum. A limb scan
sequence in the FR-period acquired 17 spectra at tangent altitudes between 6 and
68 km with a vertical spacing of 3km in the lower atmosphere and a larger interval
above. The total time for one limb scan was therefore about 76s. One orbit consisted
of about 72 limb scans, and with ENVISAT orbiting the Earth about 14 times per day,
this resulted in about 1000 limb sequences per day.

In the RR-period the maximum optical path difference in the interferometer was
reduced, which in turn reduced also the time to record one spectrum. This allowed to

measure at more tangent altitudes (27 in total) with refined vertical spacing (1.5km
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up to 22 km) and also improved the along track sampling (=410 km instead of 510 km).

3.3.1 Apodisation

A Fourier Transform spectrometer has a maximum optical path difference (max OPD).
However, to resolve an ideal spectral line a considerably longer maximum OPD would
be needed. Because of the limited maximum OPD of a real spectrometer, the spectral
resolution is also limited to:

1

Av = 2 - (max OPD) (3:1)

In the case of the MIPAS instrument, the maximum OPD amounted to 20 cm in
the full resolution case, therefore the spectral resolution was 0.025cm™!. The finite
maximum OPD of the spectrometer has also another effect: The truncation of the
interferogram at the maximum OPD corresponds to a multiplication of the infinite
interferogram with a rectangular function. In the wavenumber space this corresponds
to a convolution of the spectrum with the sinc-function (%), the Fourier Transform
of a rectangular function. Thus, a spectral line appears to be broadened and exhibits
several additional side maxima. In order to reduce these undesired maxima, the in-
terferogram is multiplied with an apodisation function, which continuously fades out
the interferogram towards the maximum OPD. In the case of MIPAS, the apodisation
of Norton and Beer [1976] has been proved of value. This multiplication is, in turn,
equivalent to a convolution with the Fourier Transform of the apodisation function in
the spectral space. The spectral resolution is therefore further reduced and the spectral
radiances are not independent anymore, which needs to be considered in the level-2

processing [von Clarmann, 2003] (see Section 4.2).

3.4 MIPAS processors

The MIPAS atmospheric calibrated spectra (which are called level-1b data) are pro-
vided by ESA, but need to be converted into altitude profiles of temperature, pressure
and vmrs of trace gases. This procedure is called level-2 processing. ESA has installed
its own level-2 processor for selected key species. However, for a more sophisticated
analysis dedicated to specific research questions and in particular for the analysis of
further trace gases several additional MIPAS level-2 processors have been developed.
For the analysis of MIPAS SFg in this thesis, the MIPAS data processor developed at
IMK was used [von Clarmann et al., 2003].
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The Retrieval Control Program (RCP) constitutes the main part of the IMK MIPAS
processor. It consists of the Radiative Transfer Model KOPRA [Stiller, 2000] and the
inversion algorithm INVERS. The physical and mathematical fundamentals of these

algorithms are presented in the next chapter. The application and the setup of the
IMK MIPAS processor are described in Chapter 5.
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Chapter 4

The retrieval scheme

4.1 Radiative transfer in the atmosphere

The irradiance or flux density is defined as the energy dFE transport per time dt per-

pendicular through area dA in the wavenumber® interval v to v + dv:

dE
b= dvdtdA

One can therefore define the spectral radiance I, as the energy dFE transported per

(4.1)

time dt through area dA in directions confined to a differential solid angle df2 oriented

at an angle © to the normal of dA, so that

F, = /chos@dQ (4.2)
Q

It follows then, that the spectral radiance or intensity I, is defined [Liou, 1980):

7 - dFE
Y cosOdOdrdtdA

The spectral radiance is the essential quantity measured by the MIPAS instrument

nW ]
cm? srem—1

(4.3)

and is usually specified in the units |
As radiation travels through the atmosphere of a distance ds, its intensity is de-

creased by absorption and scattering of matter

dl, = —(kyq + kus)pl,ds (4.4)

!The wavenumber is defined as 1/\ and is usually used instead of the frequency in infrared
spectroscopy.
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where p is the number density of matter and £, , and k, s describe the absorption
and scattering cross sections, respectively [Liou, 1980]. On the other hand, radiation
is strengthened by emission by matter and by scattering of radiation into the direction

of the beam.

dl, = (ju + Ju.s)pds (4.5)

The emission coefficient j, is, by applying Kirchhoff’s law and assuming local ther-

mal thermodynamic equilibrium (LTE),

Jv = ko B,(T) (4.6)
where
2hcv?

B(T) = ————
exp(};g—T) -1

(4.7)

represents the Planck function. The source function coefficient due to scattering j, s is
given by [Petty, 2004]

. 1 A Y /
Jvis = ku,sﬂ /p(@, ¢7 0 ) ¢ ) IV(Q 7¢ )dQ (48)
Q

with p being the phase function.

Thus, combining these equations, the equation of radiative transfer can be formu-
lated:

dl,
ds

1
= (v b0l + o pBUAT) + hap / P Q) L)Y (49)
Q

In the thermal infrared for A > 4um the scattering terms can be neglected for
aerosol /cloud-free situations because the Raleigh scattering cross section is propor-

tional to 1/A* and the equation of radiative transfer reduces to:

dl,
= I, +B,(T 4.1
by = et BT (4.10)

This equation is also called Schwarzschild-Equation. By introducing the optical

thickness 7
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Figure 4.1: Limb geometry of MIPAS (figure adapted from Steck [2000]).

~

kupds' (4.11)

7,(s1,8) =

m\m
oy

and applying a variable transformation, the Schwarzschild-Equation can be inte-

grated from sy to s; [Liou, 1980]:

S1

I,(s1) = I, (so) exp(—T,(81,50)) + /BV(T(S)) exp(—T,(s1, $) )k, pds (4.12)

S0
S1

= 1,(50)7T,(s0,51) + /B,,(T(s))‘J’(s,sl)kVpds (4.13)

S0

with the transmission T between s and s;

T,(s,51) = e ™(19) (4.14)

These basic equations of infrared radiative transfer in the atmosphere are applied to
the MIPAS measurement geometry (Figure 4.1). Doing so, the continuous representa-
tions need to be replaced by discrete ones. MIPAS is a limb sounder, i.e. the observed
radiation beam (line of sight) traverses the atmosphere tangentially to the Earth’s
surface (see Figure 4.1). The atmosphere is divided into N approximately spherical
symmetric layers which are assumed to be homogeneous. The radiation detected by
MIPAS at a specific tangent height z can be described as [Hopfner, 2000]:
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N N

I(v)=> [(1=T;(w)B(T,v) [] Tl (4.15)
i=1 k=i+1
The index i denotes the path segment and T;(v) is the corresponding transmission

of the path segment i:

G

Ti(v) = exp(— > hig(v)u,) (4.16)

g=1
with k;, being the absorption cross section and u;, the column density of gas g in
path segment i.
In the case where the LTE breaks down, the source term B(7;,v) needs to be
replaced by S(7;,v):

2hc2?

rlhcy) -1

S,(T) =
(T) cap(nie

(4.17)

where r; and 79 represent the ratios of the real population to the population as-
suming LTE in the lower (1) and upper (2) states of the transition of the molecule. r,,

can be calculated if the vibrational temperature is known [Zorn et al., 2000]

Evi ,m 1 1
T = fo €xp (— kf’ (T — )) (4.18)

with fg being a correction factor (for more details see Funke and Hépfner [2000]).

Using Equations 4.15 and 4.16 the expected radiation reaching the detector of the
MIPAS instrument can be calculated, if vertical profiles of gases g are known. This
is called a forward model. But in case of remote sensing with the MIPAS satellite
instrument, the radiances of a specific tangent height are measured, while the vertical
profiles of the gases are unknown. The aim of a MIPAS measurement is to retrieve
vertical profiles from measured radiances at different tangent heights and is therefore
an inverse problem. The forward model described here needs to be inverted and the
respective techniques are described in Section 4.2.

The forward model KOPRA [Stiller, 2000] used with the IMK MIPAS processor
is by far more complex then its fundamental principles described here, e.g. it further
includes also refraction and optionally also scattering in the atmosphere. The radiance
recorded by the instrument, which is the integral of radiances over the field of view
(see Section 3.2), is numerically approximated by a weighted sum over a number of

infinitesimally narrow ray paths, so-called “pencil beams” in the forward model.
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4.1.1 Absorption cross sections and pseudolines

The forward calculation requires the knowledge of the absorption cross sections of all
relevant gases, which reflect the specific emission spectra of the analysed trace gases,
the specific “signature” of the gases. The spectra are composed of emission lines of
molecular transitions. In the case of mid-infrared spectroscopy, these transitions are
transitions between different vibrational-rotational states of the molecules. The en-
ergy levels and probabilities of such transitions are governed by Quantum Mechanics.
However, for complex molecules, it is not possible to calculate the exact energy levels
and probabilities and therefore the emission lines. Thus, the positions, relative inten-
sities and widths of these lines are determined by highly resolved laboratory spectra
[von Clarmann, 2003], which were measured at a particular temperature and pres-
sure. These spectra are adapted to the actual atmospheric conditions (temperature
and pressure), i.e. the intensity is adjusted to the atmospheric temperature and the
line shape is calculated for the respective temperature and pressure using models. The
line shape, for instance, is approximated by the Voigt function, which considers both,

pressure and Doppler-broadening of the emission line.

For heavy and complex molecules like SFg it is often not possible to resolve indi-
vidual lines by the spectrometer and only the coarse structure of the bands can be
observed. Therefore a line-by-line consideration in the forward model is not possible.
Instead, the forward model uses absorption cross sections measured in the laboratory
at particular pressures and temperatures, which only reflect the coarse shape of the
superposition of the not resolvable emission lines. These coarse cross sections are inter-
polated to the respective atmospheric condition [von Clarmann, 2003]. For the analysis
of this thesis the cross sections of SFg from the spectroscopic database HITRAN2000
[Rothman et al., 2003] were used (shown in Figure 5.1), which relies on spectroscopic

laboratory measurements of Varanasi et al. [1994].

Another approach to model the emission of heavy molecules is the application of
“pseudolines”. These artificial lines at arbitrary positions do not represent transitions
of molecules. Instead, their line-widths and intensities are fitted to the laboratory
spectra such that the pseudoline list allows to simulate the measured spectra. However,
a trial to use pseudolines instead of cross sections did not lead to a better description

of SFg (Section 5.7).
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4.2 Retrieval theory

If the n-dimensional vector x denotes the atmospheric state, which should be retrieved
from measurements contained in the m-dimensional vector y and using a forward model
(see last section) f, then, in absence of systematic measurement errors, the relation

between these quantities can be described as

y =f(x,b) + € (4.19)

where the vector b denotes additional parameters, which are kept constant during
the inversion and € contains the noise of the measurements y. In the case of the MIPAS
instrument, the measurement vector y consists of a sequence of infrared radiance spec-
tra measured at different tangent heights which in turn consist of measured radiances
at different wavenumber sampling points. The unknown quantity to be determined, is
the atmospheric profile consisting of volume mixing ratios (vmrs) at different altitudes
of the explored trace gas (in this case SFg). The additional parameters condensed in
the vector b are, among others, atmospheric profiles of additional gases contributing
to the measured spectra, which are kept constant during the inversion, but have to be
considered by the forward calculation in order to reproduce fairly well the measured

spectra.

The forward model f is usually non-linear, but can be linearised

y ~ f(x0,b) + K(x —x¢) + € (4.20)
where K represents the Jacobian matrix K = %.

In order to solve Equation 4.20 for the atmospheric state x, K needs to be inverted,
which is, however, only possible if K is quadratic (m=n) and not singular. In general
m is greater than n, and the inverse problem is overdetermined. Therefore the least
squares fit method is applied, which minimises the quadratic norm of the residual

y — f(x) weighted with the inverse covariance matrix S7 L.
(y — £(x))"S; *(y — f(x)) = minimum ~ (4.21)
(y — f(x0) — K(x —x0))"S; ' (y — f(x0) — K(x — X¢)) = minimum (4.22)

This implies that the derivative with respect to x must vanish,
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4. THE RETRIEVAL SCHEME

% ((y —f(x¢) — K(x — XO))TS;I(y —f(xo) — K(x — XO))) =0 (4.23)

which leads to

x =x0 + (K"S,'K) 'K"S_*(y — f(x0)) (4.24)

However, Equation 4.24 was derived under the assumption that the forward model
f is approximately linear. In order to reduce uncertainties, the same derivation can
be done without the linearisation of the forward model, i.e. the derivative of the term

(y — f(x))TS; ' (y — f(x)) must be zero, which can be transformed to the condition:

(52) S5 f0x) =0 = glx) (4.25)

The roots of the non-linear function g(x) can be found via a Newtonian iteration:

Xit1 = X; — (%(@) " e (4.26)
~xi- [g—;@osf(y roa) - () sy (%xi))] R

According to Rodgers [2000] the term %(Xi)S; Yy — f(x3)) is small in the moder-
ately linear case and becomes even smaller as the iteration converges, so it is neglected

here,

Xip1 X + (KFS;'K;) T KFS; H(y — f(xi)) (4.28)

4.2.1 Optimal estimation

Even though for spectroscopic measurements in the atmosphere the inverse problem is
usually overdetermined, the inverse problem can still be ill-posed, when e.g. measure-
ments are not independent from each other. In this case the information contained in
the measurements is not sufficient to unambiguously solve the inverse problem accord-
ing to Equations 4.24 and 4.28. Thus, additional information on the atmospheric state
X is needed, which is called a priori information.

Using the Theorem of Bayes both measurements and a priori information can be
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combined to retrieve the atmospheric state as: If P(x|y) denotes the probability that

the atmospheric state x exists, under the condition that y is measured, than

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

where P(y|x) denotes the probability that y is measured under the condition that

P(xly) = (4.29)

the atmospheric state x is given by the multivariate Gaussian distribution, which is
the same as in the case of the least squares method

P(y[x) = ———— exp(—2(y — £(x))S;(y — £(x))) (4.30)

——
V2 [Sy [ 2
and P(x) describes the distribution of the a priori information which is assumed to

be Gaussian around the “a priori state” x, with uncertainties condensed in the a priori

covariance matrix S,.

D (=L (x — )T (x — x4) (4.31)

/27 |Sy |71 2

Therefore Bayes’ Theorem (Equation 4.29) yields:

P(x) =

P(xly) o exp(— [(y — ()8, (y — £60) + (x — xa) TS, (x — xa)]) (432)

This probability maximises for atmospheric state x where the cost function term

(v — £(x)"S; My — £(x)) + (x — xa)"S; ' (x — xa) = minimum (4.33)

The respective state x can be retrieved by performing the same procedure as de-

scribed for the least squares fit method above:

x =Xa+ (KTS;'K + S, 1) ' KTS  (y — f(x0)) (4.34)

where the a priori x, was chosen as Xg.
In the case of a non-linear forward model, the solution can be found again by

Newtonian iteration:

xip1 = X + (KiTS 'K+ Sa )7 K TS, My — f(x1)) — Sa '(xi —xa)]  (4.35)
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4. THE RETRIEVAL SCHEME

This approach is called “optimal estimation” because it yields the best fit between
measurements and an a priori state x,. In the case of retrieving trace gas profiles
from atmospheric radiance spectra the a priori state x, can be an expected trace gas
profile, like a climatological profile. If there is not sufficient information contained in
the measurements at a specific altitude, than the trace gas profile is forced towards

the a priori profile.

4.2.2 The Tikhonov approach

The disadvantage of the optimal estimation approach is the dependence of the solution
on the prescribed a priori state x,. If a climatological profile is used, then a strong
deviation of the actual profile from such a mean profile might be not discovered by this
technique. In addition, X, and its covariance matrix S, are often not known. However,
in most cases additional information is needed to solve the inverse problem.
Therefore the MIPAS processor uses an approach developed by Tikhonov [1963].
Instead of forcing the profile towards an a priori state x,, the slope of the profile is

constrained. The cost function which is minimised in this case is

(y — £(x))TS,; (y — f(x)) + (x — xa) "LT/L(x — X,) = minimum (4.36)

where L is defined such that

1 -1 0 T T — T2
Lx = =] (4.37)
o o o --- 1 -1 Ty Tpo1 — T

If a priori state x, is chosen to be zero the additional constraint in the cost function
minimises the quadratic norm of differences of adjacent components of the vector x.
This way the slope of the retrieved profile is forced towards zero and the resulting profile
is smoothed. Applying this method the solution of the inverse problem is stabilised
without taken additional a priori information of the absolute values of the profile
into account. The assumption that the atmospheric profile is varying “smoothly”
with altitude can be considered as adequate. This constraint implies that the profile
remains constant if no information from the measurements is available, rather than
being forced towards the absolute values of the a priori profile as with the optimal

estimation method. In special cases the a priori profile x, in Equation 4.36 can be
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also chosen distinctly different from zero, which results in a forcing of the retrieved
profile x towards the shape of the a priori profile x,. With the parameter v the
strength of the constraint can be chosen. Suchlike application of constraints is often
called regularisation, because the additional term makes the involved matrix regular
and therefore invertible.

The Tikhonov approach is equivalent to the optimal estimation approach with
matrix S, ! set to yB, where B = LTL. Therefore the solution can be found according
to Equation 4.35:

xip1 = x; + (KiTS; 'K +9B) 1 [Ki TSy (y — £(x1)) — yB(xi — Xa)] (4.38)

Using the Tikhonov constraint has also the advantage that no information on the
covariance matrix S, is needed, which contains the full set of uncertainties and its
correlations of the a priori state x,, which is usually not accessible.

The strength of the regularisation (factor 7) can also be chosen to be altitude-
dependent. In this case the factor v in Equation 4.36 is replaced by a diagonal (n-
1)x(n-1)-matrix with the specific y-factors at the diagonal.

4.2.3 Error estimation

In general the retrieved state X is the result of a retrieval method R applied to the

measurements y [Rodgers, 2000]:

% = R(y, b, xa,c) = R(f(x,b) + €,b, xa, ) (4.39)

where b is the best estimate of the forward function parameters, and x, are the
a priori state and c additional parameters of the retrieval.

The forward model f introduced in Equation 4.19 is an ideal model which represents
the full physics of the radiative transfer in the atmosphere and the full description
of the instrument. However, in reality, the forward model can always only be an
approximation of such an idealised model. Therefore the ideal model f is replaced by

the real model F which will always exhibit a model error Af:

% = R(F(x,b) + Af(x,b) + €, b, Xa, ) (4.40)
Linearising the forward model about x = x, and b = b yields:
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4. THE RETRIEVAL SCHEME

% = R(F(Xa,b) + K(x — xa) + Kp(b — b) + Af(x,b) + €, b, X, €) (4.41)

Next, the inverse method R is linearised with respect to y

~

% = R(F(Xa,b),b,Xa,¢) + G[K(x — x5) + Kp(b — b) + Af(x,b) + ¢  (4.42)

with G being the derivative %—R.
y

% — Xa = R(F(xXa, b),b, X4, ¢) — xa + A(x — xa) + Ge, (4.43)

Here A denotes the averaging kernel matrix, which is the derivative of the retrieved

state X to the true state x:

%
A=GK=—_—= 4.44
I (4.44)
and
€, = Ki(b —b) + Af(x,b) + € (4.45)

The term R(F(xa,b), b, Xa, ¢) — X5 should be zero for any reasonable retrieval R.

Therefore, Equation 4.43 yields:

X=Xa+AX—Xa) + Gey = (I —A)x, + Ax + Gg, (4.46)

Most interesting for the error consideration is the difference of the retrieved state

X to the true state x:

X—x=(A-I)(x —xa) + Gey (4.47)
—(A-I)(x—x,)+ GKup(b—b) + GAf(x,b) + Ge (4.48)
~ ~ v ~ v \ / v
smoothing error model parameter error  forward model error ~ 1018€ €ITOT

All these errors and the true state x are generally not known, but statistical infor-
mation in terms of the uncertainties may be available. The deviation of the a priori
state X, from the true state x is not known, for instance, however, its uncertainties and
their correlations are represented by the covariance matrix S,. The covariance matrix

of the retrieved state X can be found via generalised Gaussian error propagation:
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Sy = (A —1)S.(A —1I)T + GKpSpK'GT + GS;GT + GS,G™ (4.49)

where Sy, S¢ and Sy are the covariance matrices of forward model parameter errors,

the forward model errors and the noise errors, respectively.

In the case of the Tikhonov approach the matrix G, which is called Gain-Matrix is
given by:

G = (K'S,'K ++B)'K"s ! (4.50)

Because Sy, and S¢ are often hard to estimate, only the noise and the smoothing

errors are considered in a lot of cases:
Sx=(A-DS.(A-D)T+GS,G" = (K"S,'"K+S, )" (4.51)

It has, however, been challenged that the smoothing effect is adequately charac-
terised by the smoothing error term (A —I)S,(A —I)T [von Clarmann, 2014].

4.2.4 Averaging kernels, altitude resolution and degrees of

freedom

The averaging kernel matrix A can be calculated using Equation 4.44 and determines
the amount of a priori information contained in the measurement, which is reflected by
Equation 4.46. In the ideal case the averaging kernel matrix is equal to the unit matrix
and no a priori knowledge is used. The i-th row of A is defined as % and therefore
the dependence of the profile value of the retrieved state at altitude i on all other
altitudes of the true state x. In general the component i of the retrieved state x will
not only depend on x;, but also on adjacent altitudes. Thus, the retrieved profile will
be smoothed and the corresponding error (A — I)(x — x,) is referred to as smoothing
error. The half-width of the i-th row of the averaging kernel matrix is usually used as
a measure for the altitude resolution of the retrieved state at altitude i.
o%

The j-th column of A is defined as 7> and reflects the response of a d-pulse per-
J

turbation in the j-th component of the true state vector on the whole retrieved state.

The degrees of freedom of the retrieved profile, which is defined as the number of

independent components z;, is equal to the trace of the averaging kernel matrix:
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4. THE RETRIEVAL SCHEME

dgf =tr(A) (4.52)

The maximum value of the degrees of freedom is n. Using the Tikhonov approach
this is the case if 7 is set to zero, i.e. if no regularisation is applied. Regularisation

reduces the degrees of freedom.

4.3 The sequence of operations

The IMK MIPAS processor is designed to retrieve atmospheric trace gases either se-
quentially or simultaneously. The retrieval of all atmospheric parameters, like pressure,
temperature, line of sight (LOS) and the total set of analysed trace gases is subdivided
into subsequent retrieval steps. At first atmospheric parameters are determined which
are required for later retrieval steps. In particular, prominent trace gases are retrieved
first, which exhibit well separated and unambiguous spectral “signatures” in dedicated
parts of the analysed spectrum, called analysis-windows or “microwindows” [von Clar-
mann, 2003]. The retrieved abundances of these trace gases, in turn, are used as input
for further retrievals of trace gases, whose spectral signatures are superimposed by
emission spectra of the formers. This means that the results of preceding retrieval
steps are considered in the forward calculation of the subsequent retrievals, but kept
constant. In terms of the mathematical description of the retrieval procedure (see
Section 4.2), the vector x does not include the full state of the atmosphere but only
the variables retrieved in the current step. Results from preceding retrieval steps are
compiled in the forward model parameter vector b (introduced in Section 4.2) in the
current retrieval step. Such-like quantities are also referred to as “prefit parameters”.
Some trace gases analysed with the IMK MIPAS processor interfere with emission lines
of other species for which no prefits were available, because they are not a part of the
operational IMK MIPAS “retrieval chain”. Thus, these trace gases are usually simul-
taneously fitted along with the target gas and are therefore referred to as “joint-fit
gases”. This means the vertical profiles of their mixing ratios are now part of the state
vector x to be retrieved. For other interferents, even though their prefits are provided,
it is occasionally adequate to jointly fit these gases along with the target gas, too, be-
cause spectroscopic inconsistencies in the target analysis-window and the interferents’
dedicated analysis-window can cause artefacts, when the known abundances (in terms
of prefits) are used to model the spectral contributions of these gases in the target

analysis-window. In this case the prefit parameters can be used as a priori (see Section
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4.2) for the current retrieval.

The first step in the MIPAS level-2 processing with the IMK processor is the re-
trieval of spectral shift, pressure, temperature and line of sight (LOS) (details of this
procedure can be found e.g. in von Clarmann et al. [2003]), followed by the retrievals
of water vapour and O3 being the most prominent trace gases. Subsequently, HNOg,
CH4 and N,O are retrieved, followed by minor trace species, and eventually SFg, the
target gas analysed in this thesis, until the complete set of gases detectable with MI-
PAS is processed. The specific configuration of the retrieval of SFg used in this thesis

is presented in the next chapter.
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Chapter 5

Inversion of the radiative transfer

equation

For the inversion of the radiative transfer equation the MIPAS data processor (details
can be found e.g. in von Clarmann et al. [2003, 2009]) developed at IMK/TAA was
used.

The SFg retrieval setup is based on the setup developed by Stiller et al. [2008, 2012]
for SFg. One scope of this work was to improve this setup to obtain a better SFg data
set. For instance, known deficits of the original setup were a local SFg maximum in
the tropical stratosphere at approximately 36 km altitude, which seemed to have no
physical explanation (see Section 5.2 and 5.9.1), as well as low SFg values in higher
altitudes leading to very unrealistically high ages of air there. Numerous sensitivity
studies have been carried out trying to optimise the setup of the retrieval algorithm. In
the beginning, these studies were performed mainly on the basis of data version V40
spectra (ESA version 4.67) in reduced resolution. Later, spectra from version V5R
(ESA version 5.06), which appeared to be of higher quality, became available and were
used. The main aim was to minimise the residual of the measured atmospheric spectra
and the best fitting modelled spectra, which have been calculated by the Karlsruhe
Optimized and Precise Radiative Transfer Algorithm (KOPRA, Funke and Hépfner
[2000]; Stiller [2000]; Stiller et al. [2002]) as part of the IMK retrieval processor. In
the ideal case the residual y — f(x,b) consists only of the measurement noise € (see
Equation 4.19). However, in reality residuals are considerably larger and show more
structure for several reasons: First the ideal forward model f is represented by a real
model F which is always an approximation and can never cover the whole physics of
the ideal model f. The real residuals will therefore contain the additional forward

model error Af (see Section 4.2.3). Secondly, the ideal model parameter vector b is
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unknown and can only be represented by its best estimate b. Thus, the residuals also
contain the term Ky, (b —b) (see Section 4.2.3) which results from the less-than-perfect
estimation of the forward model parameters. The forward model F was available and
had been proven to be of high accuracy. Thus the related forward model error Af was
considered to be sufficiently small. Instead, the focus of this thesis was to minimise
the residuals by finding optimised settings of the forward model parameters and other
retrieval settings. Reduced residuals by means of optimised parameters imply a better
estimate of the retrieved atmospheric state X (see Equation 4.49), in this case a better
estimate of the SFg atmospheric profile.

In order to investigate the residuals, spectra of one selected day (about 1300 spec-
tra) at tangent altitude 12 (=~ 24km) have been coadded to reduce the noise in the
spectra. Otherwise possible systematic structures in the residuals would be masked by
the dominating noise. Then the difference between modelled and measured coadded
spectra was evaluated. In addition, the value of x2, which is a measure of the total
quality of the fit, was analysed.

Besides minimisation of the residuals due to more adequate settings, also the dif-
ferent level-1 data versions caused considerably different residuals. Residuals looked
totally different in version V5R then in V40 and were much smaller. Especially the
CO, lines were fitted better. This is attributed to better calibration by ESA.

5.1 Analysis-window and contributing gases

SF¢ was retrieved in the same analysis-window called “microwindow” that has also
been used by Stiller et al. [2008, 2012] in the wavenumber range 941-952 cm~!. Figure
5.1 shows the expected major spectral contributions of trace gases in this microwindow
based on climatologies [Remedios et al., 2007] as observed by the MIPAS instrument
in reduced resolution in July in the tropics at 20 km altitude. Most of the radiation in
this microwindow is emitted by COs (in blue) via the laser band (large peaks, 00011
— 10001) and the hot band (small peaks, 01111 — 11101).

The expected SFg signal is shown as red line and corresponds to the SFg cross
section with a peak around 947.9 cm™! (Q-branch of the v3 band) and some broad-
band spectral contributions on the left and right hand side. The SF¢ peak is strongly
superimposed by a COj laser line (at 947.74 cm™!) and a hot band line (at 947.94cm™1),
so a very good modelling of the COs lines is needed in order to obtain an accurate value
for the SF¢ volume mixing ratio. This is one reason why it is crucial to use a non-LTE

modelling of the CO, lines. Also other gases are expected to contribute to the total
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5. INVERSION OF THE RADIATIVE TRANSFER EQUATION
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Figure 5.1: Contributing trace gases to a typical spectrum measured in the tropics in
July at 20 km (reduced resolution) with the SFg signature in red.

spectral signal. Mainly water vapour with a line around 948.26 cm ™! but also ozone and
COF5 have spectral features in this microwindow. These gases are therefore included
as joint-fit variables (cf. with Section 4.3) in the retrieval (see Section 5.3). The total
set of gases considered by the retrieval were H,O, CO4, O3, NoO, NH3, COF,, CFC-12
and SFg. Gases which were not jointly fitted contributed to the forward calculation
in KOPRA either as “prefit” (see Section 4.3) from previous retrievals (if available) or
from climatologies. For HyO and O3 MIPAS results from the H,O and Oj retrieval were
used as prefits, as well the spectral shift and TLOS (temperature, pressure and line
of sight (LOS)). In addition, the CO; vibrational temperatures, which are important
for the non-LTE treatment (see Section 5.6), have been incorporated from a preceding

CO retrieval.

Several attempts have been made to extend the microwindow to the low and high
wavenumber side with some additional lines of the CO4 laser band in order to stabilise
the retrieval with providing more information on CO,. The CO, laser lines appeared
to be fitted better while the residual at the water line increased. The effect on the
SF¢ mean profile over 1 day (15 orbits, approx. 1200 geolocations) was negligible. The
microwindow was also divided into several submicrowindows, one for each CO, laser
line. But the residual did not get significantly better. So in the end it was decided to

return to the original microwindow.
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5.2 Continuum and offset

Radiation which is only weakly dependent on wavenumber is called continuum. A
continuum signal is produced in the atmosphere by emissions of aerosols and clouds as
well as the superimposed effect of far wings of spectrally distant transitions. In order
to model the atmospheric spectra well, this continuous radiation (in spectral space) has
to be included in the forward model. In the original SFg retrieval developed by Stiller
et al. [2008, 2012], the continuum was considered up to an altitude of 33 km, because
no considerable amount of aerosols above the Junge layer was expected. In addition, a
height-independent offset was used to account for a possible shift in intensity between

measured and modelled spectra, resulting from a less-than-perfect radiance calibration.

In Stiller et al. [2012], Figure 3 shows an isolated age of air minimum (SFg maxi-
mum) in the tropical stratosphere at about 36 km altitude. This minimum occurs due
to a local maximum in the (daily or monthly) averaged SFg profile (see Figure 5.2 for a
daily averaged profile). It could be shown that this local maximum vanishes if contin-
uum contributions were allowed up to 50 km altitude or a height-dependent offset was
used (see Figure 5.2). This leads to the assumption that this SFg maximum might be
an artefact by the retrieval and that continuum radiation is falsely assigned to a signal
from SFg mixing ratio, resulting in a higher SFg value. Fitting a height-dependent
offset or continuum leads to the same result, as both are accounting for a continuous
(constant in the microwindow) radiation in a transparent atmosphere. Continuum
uses a constant absorption cross section while offset simply adds a constant term in
the radiances. Differences between continuum emission and radiance offset occur only
in saturated emission lines, where offset shifts the total radiances while continuum
does not increase the radiances in the saturated lines over the Planck function. Both,
continuum fitted from the ground to 50 km and height-dependent offset, lead to almost

similar mean SFg profiles (see Figure 5.2).

Attempts to fit height-dependent offset and continuum in the same altitude range
led to smallest residuals, but caused very high offset values on the one side and very
negative values of continuum compensating on the other side or vice versa, because
the Jacobians of continuum and offset are linearly dependent in wavenumber space
(provided that the microwindow is small compared to the Planck function causing the

continuum) and therefore lead to a null space. This made the retrievals very unstable.

Usually the offset is not regularised because it is retrieved on the tangent height grid.
Several attempts were made to constrain the offset at the altitudes where continuum

was fitted while fitting jointly offset and continuum. Doing this, unrealistically high
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Figure 5.2: Mean profiles for one day for different Continuum/Offset-settings

values of continuum and offset oscillating opposite in phase could be avoided, but no
improvement of the residuals were achieved.

In the end it was decided to use continuum up to 50 km with a height-independent
(constant) offset rather than using a height-dependent offset which is physically more
reasonable. The constant offset had to be constrained in order to avoid unrealistic high
values.

The continuum which caused the artefact could be due to stray light. This was
investigated in Section 5.9.1. In Neely III et al. [2011] it is discussed that there could
be aerosol even above the Junge layer causing additional continuum radiation due to

meteoritic dust.

5.3 Jointly fitted gases

In the original retrieval setup developed by Stiller et al. [2008, 2012] only CO5 and HO
were used as joint-fit gases. To account for a not implemented non-LTE treatment
of COg4, the laser band and the hot band were treated like two independent gases
which both were fitted jointly. In addition continuum and a constant offset were fitted
simultaneously with the gases (see section 5.2 continuum and offset). In the new
retrieval setup CO, was treated with non-LTE so only one gas was needed to model

both the CO4 laser line and the hot band.

It turned out that the residual could be further minimised if additional joint-fit gases
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Figure 5.3: Coadded spectra for tangent height 12 (measured and modelled) over one
day

are added in the retrieval. Figure 5.3 shows the setup with the joint-fit configuration
of the old retrieval setup. The residual appears to be tilted. In Figure 5.1 it can be
seen that also other gases are expected to contribute to the measured signal, especially
COF, and ozone. Both signatures of COFy and ozone are also increasing from the
left hand side of the microwindow towards the right hand end of the microwindow
(see Figure 5.1). This could be one reason, why the residual without COF5 and ozone
seems to be tilted.

Figure 5.4 shows the same picture with COF, as additional joint-fit. It can be
seen that the root mean square (RMS) of the residual gets slightly smaller while the
residual still looks tilted.

If also ozone is added as joint-fit gas, the residual finally becomes straight and its
RMS becomes significantly smaller (see Figure 5.5). The regularisation (see Section
5.4) for ozone was chosen to be the standard regularisation vector for the ozone retrieval
processed at IMK/IAA divided by a factor of 100.

5.4 A priori profiles, first guess and regularisation

Whereas the original retrieval setup for SFg developed by Stiller et al. [2008, 2012]
used a variant of the Tikhonov [1963] regularisation scheme developed by Steck [2002],
in the new retrieval setup a regularisation scheme, where the altitude dependence of

the regularisation was implemented in a more adequate manner, was used.
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Figure 5.4: Coadded spectra for tangent height 12 (measured and modelled) over one
day with COF5 as joint-fit
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Figure 5.5: Coadded spectra for tangent height 12 (measured and modelled) over one
day with COF;y and Oj3 as joint-fit
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Figure 5.6: All single SFy4 profiles for one day overplotted to illustrate the variability
with regularisation strength 5x10° (left) and 10° (right)

The target SFg

For the target gas SFg a height-constant regularisation with v = 10% was used as
in the original setup. With this regularisation the SFg profiles have typically about 3-6
degrees of freedom. First, it was tested if better altitude resolution could be obtained
by lowering the regularisation strength to 0.5 x 10%. But the variability of SFg profiles
was found to be too large (see Figure 5.6, left panel); in particular, too many profiles
were getting negative or exceeded the low-altitude values for high altitudes. Figure 5.6
(right panel) shows profiles retrieved with the original regularisation strength, which
seem to be more realistic even though some profiles are still getting negative or in-
creasing with high altitudes which is not physical because there are no sources of SFg
in the stratosphere and mesosphere.

As a priori profile the constant zero profile was applied. Since a Tikhonov-type
regularisation is used, the profile is forced towards a constant profile i.e. the profile is
smoothed. As first guess profile a profile from a climatology [Remedios et al., 2007] is

used.!

Inote that Equation 4.38 does not require that the iteration is started with the a priori profile x,
but can start from any initial guess Xg.
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5. INVERSION OF THE RADIATIVE TRANSFER EQUATION

The consideration of CO, (joint-fit)

For the jointly fitted gas COs a height-constant regularisation vector of 0.05 was used
while the regularisation constant in the original retrieval was approximately 0.01 for the
laser band and approximately 0.46 for the hot band, respectively. With this regulari-
sation factor the resulting CO, profile has about 4-10 degrees of freedom. It was tried
to relax the regularisation by a factor of 10, but the residuals in several chosen tangent
heights did not improve and the mean CO, profile looked not physical exhibiting a
“nose” around 55 km. The constant zero profile was again used as a priori profile. The

first guess profile for the iteration was taken from climatologies [Remedios et al., 2007].
The consideration of H,O (joint-fit)

The water vapour spectral line is located near the SFg spectral maximum, so it is
expected that its mixing ratio covariates with negative correlation with the SFg mix-
ing ratio (see Figure 5.1). But overall there is too little information on water vapour
in this particular microwindow, so using a flat zero a priori profile with a relatively
loose regularisation is not a good choice here. Instead, as a priori and first guess
profile the water vapour profile from the preceding regular water vapour retrieval was
used for every geolocation. The regular water vapour retrieval uses multiple transi-
tions which carry sufficient information for a robust retrieval. The only purpose of the
re-consideration of water vapour as a fit parameter in the SFg retrieval is to allow com-
pensation of possible inconsistencies of the spectroscopic data of the respective water
vapour lines. The regularisation vector is a multiple of the one in the water vapour
retrieval which is constant throughout the atmosphere up to 64 km and then increases.
This vector was scaled by a factor of 5, so the resulting water vapour profiles have
typically 1 to 1.5 degrees of freedom. Basically the profiles have the shape of the a pri-
ori profile, while only a shift in mixing ratio is allowed. The residual near the water
vapour line did not get better when the regularisation for water vapour was relaxed.
Whatever the regularisation for water vapour was or which a priori was used (constant
zero or water vapour prefit), it did not have any effect on the SF¢ profile. Water vapour
is very important in the troposphere but it decreases over many magnitudes towards
the tropopause where it has a minimum (hygropause). In the stratosphere it has a
small maximum due to oxidation of methane. The shape of the water vapour profile
is crucial in the troposphere but since only stratospheric SFg is retrieved, tropospheric

water vapour has only minor impact on the SFg profiles.
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The consideration of COF; (joint-fit)

There is not much information contained on COFj in the microwindow (see Figure
5.1), so a climatology [Remedios et al., 2007] served as a priori and first guess profile
since there was no prefit of COFy available. The regularisation was chosen relatively

strong so the resulting COF5 profiles have about 1.5 to 3.5 degrees of freedom.
The consideration of O3 (joint-fit)

Like COF5, ozone is not contributing much to the signal in the used microwindow
(see Figure 5.1), but prefits from the ozone retrieval existed. So the ozone prefit served
as a priori and first guess profile. In the beginning, the new retrieval setup was devel-
oped with a regularisation of the original ozone retrieval vector divided by a factor of
100, because RMS and x? became small here, but later it was decided to use the orig-
inal ozone regularisation reduced by a factor of 10, because again there was too little

information on ozone in the retrieval and the retrieved profile was oscillating too much.
The consideration of continuum (joint-fit)

The continuum was regularised in the standard way applied at IMK/TAA, but it was
considered up to an altitude of 50 km (see Section 5.2), that means it was regularised
Tikhonov-like up to an altitude of 50 km and constrained to zero at higher altitudes by

setting the respective entries of the diagonal of the regularisation matrix to large values.
The consideration of constant offset (joint-fit)

The joint-fit constant offset had to be regularised in order to avoid high values in-
terfering with the continuum (see Section 5.2). The first guess was zero. With this

regularisation typical offset values were between -10 and 10 nW/(cm? sr em ™).

5.5 Number of used tangent heights

In the original retrieval setup developed by Stiller et al. [2012] the first 19 tangent
heights out of the 27 tangent heights, covering the altitude range of approximately

5 to 40km, in MIPAS reduced resolution mode were used. Incorporation of more
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5. INVERSION OF THE RADIATIVE TRANSFER EQUATION

tangent heights led to artefacts in the mean retrieved SFg profiles exhibiting a strong
“nose” at higher altitudes with mixing ratios even greater than the low-altitude ones.
By employing continuum as a joint-fit parameter up until 50 km, this artefact could
be avoided (see Section 5.2). Therefore it was tried to use more tangent heights and
indeed by using 22 tangent heights (up to 50 km) more information could be gained in
the upper altitudes, i.e. the averaging kernels increased slightly at higher altitudes. In
addition the RMS of the residuals at upper tangent heights decreased. With the new
retrieval setup for the first time it made sense to include 22 tangent heights instead of
19. The mean SFg profile contains more information in the altitude range 40-50 km and
is varying more rather then becoming a straight line as before, when no information

could be extracted out of the measurements.

5.6 Non-LTE treatment

Using both V3O (high resolution) and V40 (low resolution) spectra the attempt of
including non-LTE treatment of CO, lines always led to smaller residuals than the
one with the LTE setup for CO5. However, this was not true for V5R spectra, where
the residuals of the previous LTE setup were slightly smaller than the one with the
new non-LTE setup. But keeping in mind that the old setup had more fit parameters
because two CO, gases (one for the laser band and one for the hot band) were used
(compare with Section 5.3) it is not surprising that smaller residuals are found for the
old setup. Contrary, the reduced y? ' was found to be smaller for the new non-LTE
setup. Non-LTE effects are mostly observed during daytime, due to insolation, so
differences between day and night are expected to be smaller with the non-LTE setup.
And indeed the day/night difference in the residuals was minimised with the non-LTE

setup.

5.7 Spectroscopic parameters

Spectroscopic data were used from a dedicated MIPAS database for gases like H5O,
COs, O3 and COF; (Flaud et al. [2003]). For N,O, NHj3, CFC-12 and SFg the spec-
troscopic database HITRAN2000 [Rothman et al., 2003] was used.

The spectral line and cross section data, respectively, have to be calculated for

the pressures and temperatures of the atmospheric layers by the forward model. The

IThe reduced x?2 is defined as the x2? divided by the degrees of freedom.
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accuracy with which this is done is set by the accuracy parameter. The default value

of this parameter is 107°. In the final setup an accuracy parameter of 107¢ was used.

5.8 Further retrieval settings

Beyond the retrieval settings discussed above a series of further residuals have been
critically assessed, but no improvement could be achieved and the original settings by
Stiller et al. [2008, 2012] were found to be adequate. These settings are listed below

for completeness.

1. The default value of the number of pencil beams (see Section 4.1) used is 7 in the
lowest tangent heights and 5 above the fifth tangent height. A test retrieval was
run with the maximum possible accuracy of 21 pencil beams, but no significant

difference was found in the residuals, RMS of the residuals and 2.

2. Attempts to use a newer spectroscopic database like HITRAN2008 worsened the

residuals in most tangent heights.

3. It was tried to use pseudolines (see Section 4.1.1) as spectroscopic input instead

of cross sections for SFg. However, the residuals increased.

4. Several trials were made with setting the accuracy parameter (see Section 5.7)
to 107% and 107® (the default value is 107°), but the residuals did not change. Tt

also had almost no impact on the computation time.

Thus, for #1 - #3 the original settings were maintained, while for #4 the accuracy

parameter of 107% was used.
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5.9 Summary and critical discussion

5.9.1 SF; “nose”

In this section the artefact of a local SFg maximum at an altitude of approximately
36 km, which occurs when no background radiation contribution in terms of continuum
or offset is fitted in that altitude (see section 5.2), is investigated.

This “nose” occurs mostly in the summer hemisphere and highest interhemispheric
differences are found at the poles and lowest in the tropics. This strengthens the
assumption that this continuous radiation is caused by stray light from the ground or
lower and warmer atmospheric layers. These layers obviously would radiate more in
summer and this would explain the observed behaviour. Also the “nose” is slightly
larger during daytime, as one would expect for the stray light assumption. If the SFg
regularisation strength is lowered to a quarter of the original one, the SF¢ values at the
“nose” are even exceeding the ground values which is definitely not physical because
SFg has no sources in the stratosphere.

If the continuum is cut off lower than usually at 33km, then the “nose” is also
shifted to lower altitudes and increases. This means that if the continuum is cut
off then the background radiation above is falsely assigned to SFg. The lower the
continuum is cut off, the lower and bigger is the “nose”. If the continuum is cut off
above 50 km, then the “nose” vanishes totally. Despite the continuous radiation which
is put into the SF¢ mixing ratio, the “nose” could also be a “cut off”-artefact of the
continuum.

Almost half of the single retrieved profiles of one test day exhibit a “nose” around
36km. The filtered geolocations “with nose” appeared mostly in the Southern Hemi-
sphere (where it was summer on the test day) and very rarely in the northern polar
latitudes (where it was winter on the test day). This would also be compatible with

the stray light hypothesis.

5.9.2 So-called “bad” profiles

A lot of single retrieved SFg profiles exhibit a “bad” behaviour, i.e. they increase with
altitude and their values at highest altitude exceed values at lowest altitudes, which
makes physically no sense since there are no sources of SFg in the stratosphere. There
are also profiles which decrease even to values below zero and become negative at high
altitudes. In order to test if there is anything systematically wrong, the distributions

of SFg values at several altitudes were investigated.
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Figure 5.7: Distribution of SF¢ values at 40 km altitude (left) and 50 km altitude (right)
for one day in intervals of 1 pptv. Intervals of the maximum are marked.

In Figure 5.7 the distribution of SFg values in intervals of 1pptv is shown for
40km and 50km. The intervals of the respective maximum are marked. It can be
seen that the distributions look (apart from the outliers at the lowest end of the
distribution) approximately Gaussian. This means that there is no clear indication for
a systematic problem. High SFy values in high altitudes are just a part of a normal
distribution. “Bad” profiles are statistically compensated in tendency by other profiles
with anomalies of the opposite sign. Mean profiles, which are used in this work will
exhibit a normal behaviour, i.e. they will decrease monotonically with altitude as
expected. It is also visible in Figure 5.7 that the variation of SFg values increases with
altitude due to the decreasing signal-to-noise ratio. The maximum of the distribution
is shifted from the interval [4,5] pptv at 40km to [3,4] pptv at 50km as expected

because air is getting older with altitude.

5.9.3 The final average profile

In Figure 5.8 the mean SFg profile of the final new developed setup compared to the
original setup developed by Stiller et al. [2012] for one test day covering all latitudes
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Figure 5.8: Mean profile of one day over all latitudes of the new retrieval setup com-

pared to the old setup.
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is shown. The main feature of the newly developed setup is the absence of the “nose”
in the mean profile at an altitude of approximately 36 km. Further, the new setup
does not lead to unrealistically low SFg values in the upper stratosphere which was a
problem of the old setup leading to very old ages above 45km. Up to an altitude of
30km both profiles do not differ much. In this region of the atmosphere the retrieval
was very robust, i.e. whatever changes were made during the sensitivity studies, the
mean profile stayed approximately the same. Above an altitude of 50 km the profile of
the new setup approaches a constant value of about 4 pptv, because at these altitudes
there is almost no information on SFg left and the profile is forced towards the slope
of the a priori profile, which is constant (cf. Section 4.2).

It should be mentioned, that no tuning has been performed to force the retrieval
towards the expected profile. Instead, all improvements are achieved by modifications

of the retrieval setup which are physically justified and appropriate.

5.9.4 Summary of all major changes in the new retrieval setup

With the new retrieval setup the unphysical “nose” (see Section 5.9.1) in the SFg
profiles could be avoided by considering the continuum (see Section 5.2) above the
standard upper boundary of 33km up to an altitude of 50 km. The offset was regu-
larised to minimise interference with continuum. The set of 19 tangent heights was

extended to 22 tangent heights by which a bit more information could be gained in the
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Figure 5.9: Coadded spectra for tangent altitude 12 (measured and modelled) over one
day for the final retrieval setup

altitude range of 40-50 km.

The main spectrally contributing gas COs was treated with an explicit non-LTE
approach which replaced the old setup in which the two CO, bands were treated
separately like two individual gases to emulate the non-Boltzmann-like populations of
states. The use of V5R spectra reduced the residuals especially at the CO, lines. To
further reduce the residuals, COF, and ozone were added in the joint-fit retrieval which
also removed a tilt in the residuals.

The regularisation of SFg and all joint-fit gases was changed from a “Steck” reg-
ularisation scheme [Steck, 2002] to a Tikhonov type. The Steck approach forces the
profile towards the a priori (in the case of SFg to zero) if no information is available
while the Tikhonov regularisation forces the profile towards a constant value, which is
more appropriate for SFg.

In Figure 5.9 the residual at tangent height 12 of the final retrieval setup is shown
while Figure 5.10 shows the respective residual of the old setup. It can be seen that the
residual improved substantially. Especially the CO4 lines and the water vapour line
(compare with Figure 5.1) are fitted much better and overall the RMS of the residual
has been reduced from about 1.8 to 1.0.

The improvements achieved in the residuals are dependent on altitude and latitude.
In Table 5.1 previous 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
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Figure 5.10: Coadded spectra for tangent altitude 12 (measured and modelled) over
one day for the old retrieval setup

altitudes are presented. The relative improvements are largest in the tropics, amount-
ing 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.

The newly developed retrieval setup was also applied to the FR-period where the
better calibrated spectra of version V5H (ESA version 5.02) were used. In particular
the spectra of the FR period no longer suffer from a calibration insufficiency which
was reported as “baseline oscillations” in Stiller et al. [2008]. Further technical details
on the MIPAS level 1b data can be found at https://earth.esa.int/web/sppa/
mission-performance/esa-missions/envisat/mipas/products-and-algorithms/
products-information. In the following chapters the whole SFy data set (FR and

RR-period) processed with this new retrieval setup will be used and investigated.
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Table 5.1: 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 8.3%
—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 1.229 38%
—90-—-60  2.432  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 %
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Chapter 6

Observed SFg and age of air

6.1 The new SFg data set

The new SFg data set covers the total MIPAS period from July 2002 to April 2012.
During this time several data gaps occurred, the largest one after the instruments’
failure in March 2004 and resuming operation with a degraded spectral resolution in
January 2005 (see Chapter 3). This new data set has been produced with the MIPAS
processor developed at IMK/IAA [von Clarmann et al., 2003] using a revised retrieval
setup described in Chapter 5. It comprises a set of approximately 2.3 million single
SFg profiles which have been retrieved using the complete set of nominal mode MIPAS
V5H and V5R spectra measured at geolocations that cover the whole globe. The
scattering of single SFg profiles is large, as the noise error is in the order of 20% and
increasing with altitude. Only averaged SFg profiles, where the noise is suppressed, led
to a meaningful SFy database. In this study daily or monthly zonal averages are used.

In Figure 6.1 a time series of SFg over latitude at 25km altitude produced from
monthly zonal means is shown. SFg is increasing with time at all latitudes. Towards
higher latitudes this increase is shifted in time, meaning that at higher latitudes the
respective mixing ratios are reached at later times than in the tropics, as one would
expect from the global circulation scheme. At high latitudes, especially in the southern
polar stratosphere seasonal influences can be identified. Every year in late austral
winter to austral spring tongues with very low SFg mixing ratios appear in the southern
polar stratosphere. This can be explained by subsidence of very old air into the polar
vortex, or even subsidence of SFg depleted air from the mesosphere. This effect is
also indicated in the northern polar stratosphere, but much less pronounced. This
is explained by the fact that the polar vortex is less stable and pronounced in the

northern polar stratosphere and isolated subsidence inside the vortex does not occur
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Figure 6.1: Time series of SFg monthly zonal means at 25 km. The white bars indicate
data gaps where no measurements were available.

so often.

6.2 Conversion of SFg into age of air

For the calculation of AoA from SFg abundances a SF4 reference curve is necessary. The
theoretical concept of age of air as derived by Hall and Plumb [1994] (see Section 2.4)
requires the knowledge of SFg 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 observational data set is not available. Only ground-based
observations can provide the necessary reference data. However, transport times from
the surface to the tropical tropopause are somewhat uncertain and can amount from
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 0 is set by tropopause crossing
of the air parcel.

The SFg reference curve was constructed as described in Stiller et al. [2012] using
NOAA/ESRL SF¢ data. For the period 1995 to November 2013 smoothed ground-
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based global-mean combined flask and in-situ data [Hall et al., 2011] are used, while
for times before 1995 a linear approximation from Hall et al. [2011] (y = 0.125+0.215
(t—1985)) is applied. The reference curve is extended with a linear extrapolation using
the average slope of the last 15 months of the ground based time series until June 2014
to deal with MIPAS SF¢ values slightly higher than the reference values at that certain
time that can occur sporadically due to their random errors. The reference curve is
shown in Figure 6.2.

The AoA is then calculated by mapping the measured SFg value measured at time
tmeas ON the reference curve (see Figure 6.2) and reading of the reference time 4. The
time difference t,,cqs — torq, 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 curve appears to be slightly non-linear (see Figure 6.2),
a correction is applied. Within an iterative procedure the reference curve is convoluted
with a typical age spectrum G according to Equation 6.1, which is Equation 2.4 applied
to SFg. For the age spectrum G, which cannot be measured, assumptions have to be
made. As in the study of Stiller et al. [2012], the Wald function described by Equation
2.13 (see Section 2.4) was used here. The procedure is started with the lag time as
initial guess for the mean age I'. Then [SFg|,0q is calculated using the reference curve

and the Wald function G with the first guess for the mean age I":

1S Fs]mod = / [SEg),es(t) - G(T, A, t)dt (6.1)

t

The width A of the age spectrum is a function of the mean age scaled using an

approximation by Waugh and Hall [2002] so that

A?/T = constant ~ 0.7 (6.2)

[SF§|moa is now the modelled SFg mixing ratio which corresponds to the first guess
of the mean age I'. Then the residual = [SFg|meas-[SFs]mod, the difference between
measured and modelled SFg, is evaluated and a Newtonian iteration is started, where

a new guess for the mean age is derived from

Fnew = tmeas — tnew (63)

with JSE
thew = told + residual/% (6.4)
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Figure 6.2: SF¢ reference curve
d[SFg] - o . )
where =7 is the derivative of the SF¢ reference curve at time t,4. This procedure

is iterated until convergence is achieved, i.e. when the residual is smaller than 0.01 pptv.
The mean age found is the mean age where [SFg|,0q reproduces the measured SFg
mixing ratio, [SFs|meas, and is considered a better estimate of the mean age than
the lag time. If the age spectrum G was the real distribution of transit times of the
sounded air parcel, this mean age would be the exact mean age of air corresponding
to the measured SFg mixing ratio. However, because we have used an assumption
on the shape of the age spectrum, there is still an uncertainty left. The atmosphere
can certainly not be fully described by a one-dimensional model, which also does not
include seasonal variations. In Section 8.2 the whole procedure of calculating the mean
age is repeated using “real age spectra” simulated by the CLaMS model instead of Wald
functions, and the effect on age of air distributions and trends is studied.

SFg is a stable tracer in the stratosphere. However, it has a mesospheric sink where
the main SFg loss reaction is electron attachment (see Section 2.5). Every winter SFg-
depleted air from the mesosphere subsides into the polar vortex leading to “apparent
ages” which are considerably larger than the true ages. This “overaging” is most
pronounced in the polar vortices, where AoA derived from SFg can be greater by 2 or
more years compared to COs-derived AoA [Waugh and Hall, 2002]. However, due to
in-mixing of some of the vortex air into midlatitudes, the entire stratosphere 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.
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[2012] estimated the global effect of overaging to about 0.08 years per year of age for
the Southern Hemisphere and to about 0.04 years per year of age for the Northern
Hemisphere.

Kovécs et al. [2016] studied this effect on AoA by comparing the “reactive SFg
tracer” including mesospheric loss processes with an inert SFg tracer in the Whole
Atmosphere Community Climate Model (WACCM). They found AoA to be about 9%
older in polar latitudes at 20 km compared to AoA derived from a passive SFg tracer,

while at the same altitude in the tropics the effect was of minor importance on the
derived AoA (0.5%).

6.3 Global distribution of age of air

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 RR-period and of 0.08-0.5years for the
FR-period. Most of the monthly means are composed of 500-800 single values when
fully occupied.

The global distribution of the newly derived AoA data set is shown as average over
all years for the four seasons in Figure 6.3. It reflects the general pattern of the BDC
with young air rising in the tropics (isopleths bulging upward) and old air descending
in the polar regions. If the BDC only consisted of the advective transport, oldest air
would be found in the lower polar stratosphere. However, the AoA distribution reflects
the combined effect of residual circulation and mixing, and therefore oldest air is found
in the upper polar stratosphere. In addition the basic seasonality of the deep branch
of the BDC is visible: The circulation is stronger during winter, which is especially
demonstrated in older AoA found in the extratropics in the winter hemispheres due to
stronger BDC-downwelling. The strongest upwelling in the tropics is expected during
northern hemispheric winter [Rosenlof, 1995] and shifted into the respective summer
hemisphere [see e.g. Seviour et al., 2012], which is reflected in the bulging of isolines
of AoA.

Highest AoA values occur in the upper polar stratosphere in hemispheric winter to
spring being particularly high in the Southern Hemisphere. This again can be explained
by intrusion and subsidence of old upper stratospheric and mesospheric air into the
polar vortex. Due to the mesospheric SFg sink, this mesospheric air appears even older
than it actually is. However, these features even appear in model simulations when a
“clock tracer” is used (e.g. Figure 4 in Ploeger and Birner [2016]).

In Figure 6.3 a clear hemispheric asymmetry is discernible in the AoA distributions:
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Figure 6.3: 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

seasoI1l.

In hemispheric winter, where highest AoA is observed, air is up to 5 years older around
25km in the southern polar stratosphere than in the northern polar region. In contrast
in hemispheric summer air is younger in the southern upper polar stratosphere than
the respective region in the Northern Hemisphere, meaning that the seasonal cycle in

AoA is stronger in the Southern Hemisphere than in the Northern Hemisphere.

In Konopka et al. [2015] AoA has been simulated by the CLaMS model, which is
driven by ECMWF ERA-Interim reanalysis, for the period 2002-2012 covered by MI-
PAS. In their Figure 1 they found air to be always younger in the Northern Hemisphere
than in the Southern Hemisphere during the same season in an altitude range from 5
to 20 km. This is confirmed with the MIPAS data between about 13 and 30 km in all
four seasons. In winter and in spring air is always older in the Southern Hemisphere
throughout the whole stratosphere. In addition, the vertical gradient of AoA is much
larger in the Southern Hemisphere than in the Northern Hemisphere in the MIPAS

data.
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Figure 6.4: Differences of zonal seasonal mean distribution of mean age of stratospheric
air to the previous data version averaged for the four seasons.

Ploeger and Birner [2016] further analysed the AoA in the CLaMS model and
pointed out a further hemispheric asymmetry in the northern lower stratosphere during
summer, when young air is mixed in (their Figure 4). There seems to be only a slight
indication for this in the MIPAS data in fall (September to November).

The differences in the zonal monthly means of AoA to the previous data set, aver-
aged over all years for the four seasons, are presented in Figure 6.4. The main difference
to the old data set is that the local minimum of AoA in the tropics around 36 km 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 ra-
diation (see Chapter 5). 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 almost 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 treatment of
interfering COq lines [Stiller et al., 2008]. The full non-LTE treatment used for the new
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data set has removed this systematic uncertainty. In addition, part of the lower AoA

in the upper stratosphere is attributed to the revised regularisation of the retrieval.
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Chapter 7

Validation of SFg and age of air

7.1 Validation with cryosampler data

In this section MIPAS SFg measurements are compared to in-situ cryosampler mea-
surements from 8 balloon flights conducted by the University of Frankfurt [see e.g.
Engel et al., 2006]. At first the comparison is made for the 3 balloon flights performed
during the MIPAS full resolution period (2002-2004). In the second subsection the
relation of MIPAS reduced resolution measurements (2005-2012) to the remaining 5

in-situ SF¢ profiles are analysed.

7.1.1 MIPAS full resolution data

The 3 balloon flights during MIPAS FR-period were B39, B40 and B41. Flight B39
was performed on September 24 in 2002 over Southern France (mean latitude: 43.49°,
mean longitude: 0.85°), while flight B40 and B41 collected air samples over Northern
Scandinavia on March 6 (mean latitude: 67.13°, mean longitude: 25.52°) and June 9
(mean latitude: 67.86°, mean longitude: 20.02°) in 2003, respectively.

First of all MIPAS measurements have been selected, which match with the balloon-
borne measurements in terms of location and time (in the following called collo-
cated profiles). A “collocation criteria” of a distance of 1000 km and a time mis-
match of 24 hours has been chosen (with respect to the tangent point of the MI-
PAS measurements). Secondly the MIPAS closest profile, according to a metric of
\/ distance[km]” + 10000 - time difference[hours]” was identified. As single MIPAS SF

profiles scatter a lot due to the large noise error, in addition the mean of all collocated

profiles as well as the mean in the respective month and latitude bin was determined.

The MIPAS measurements exhibit a finite altitude resolution due to their averaging
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Figure 7.1: Validation of full resolution SF¢ profiles with cryosampler data: Three
cryosampler profiles (red filled circles) and MIPAS profiles - all collocated (grey), closest
collocations (orange), the mean profiles from all collocations (green) and the monthly
mean profile (blue). The dashed lines indicate the standard deviations of the respective
distributions of MIPAS profiles.

kernels (see Section 4.2.4). In order to carry out the comparison with the in-situ
measurements properly, these cryosampler profiles would need to be adapted to the
MIPAS altitude resolution, i.e. these profiles would have to be convoluted with the
MIPAS averaging kernels. However, the convolution at each altitude requires a certain
amount of values in the vicinity of each profile value, so that the uppermost and the
lowermost values of the balloon profile would have to be neglected, which in turn, would
further restrict the usable altitude range of the balloon profile. For these reasons the

MIPAS profiles were compared to the original in-situ profiles.

The results of this validation are shown in Figure 7.1, where the balloon SF¢ profiles
are depicted as red circles. The green profile represents the mean over all collocated

profiles (thin grey lines), whereas the blue profile represents the monthly mean. The
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dashed lines mark the respective standard deviations representing a measure of the
variation of the MIPAS profiles including both noise error and natural variability. The
closest MIPAS profile is shown in orange with error bars.

The cryosampler SFg mixing ratios from flight B39 match fairly well with the
MIPAS mean collocated profile. The closest of all collocated MIPAS profiles only
agrees with the in-situ profile within the error bars above 25km, whereas it exhibits
oscillations below.

The in-situ measurements from flight B40 show an almost linearly decreasing SFg
profile, with two outliers around 25km and increasing vimrs above. At this latitude
during spring SF¢ vmrs can exhibit large variations depending on if the air is sampled
inside or outside the polar vortex. Some of the MIPAS collocated profiles also increase
with altitude above 25km including MIPAS closest profile as well, corroborating this
phenomenon. The MIPAS mean profiles, however, do not reflect this. The mean of
all collocations fits well to the balloon-borne measurements up to an altitude about
22-23km. The monthly mean profile (in blue) shows a weaker decrease with altitude
leading to higher SFg vmrs in higher altitudes (which corresponds to younger age of
air). This can be explained by the fact that the balloon-borne measurements took
place at the beginning of March, the MIPAS monthly mean, which covers the whole
month, could also include measurements of younger air (higher SFg vmrs) mixed in
from lower latitudes, as the winter polar vortex breaks up during this time of the year.
The closest MIPAS profile agrees with the in-situ profile within the error bars.

In contrast, the comparison of MIPAS with the third balloon profile (B41) hints
at a possible low bias of MIPAS SF4. The closest MIPAS profile exhibits significantly
lower SFg values above 23 km and also both mean profiles.

Nevertheless, in all three cases the red in-situ measurements lie within the standard
deviation of the distributions of MIPAS collocated profiles and profiles in the respective
month (with exception of the two outliers around 25 km of flight B40). This means that
the red profile could be understood as a member of the respective ensembles of MIPAS
profiles, which demonstrates that MIPAS measurements and the in-situ measurements

by the cryosampler are compatible.

7.1.2 MIPAS reduced resolution data

Figure 7.2 shows the equivalent comparison of MIPAS SF¢ data with the 5 cryosampler
profiles, which sampled air masses during the MIPAS RR-period (flight B42-B46). B42,
B43 and B44 were launched from Teresina, Brazil, B45 and B46 took place near Kiruna,
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Figure 7.2: Validation of reduced resolution SFg profiles with cryosampler data: Five
cryosampler profiles (red filled circles) and MIPAS profiles - all collocated (grey), closest
collocations (orange), the mean profiles from all collocations (green) and the monthly
mean profile (blue). The dashed lines indicate the standard deviations of the respective
distributions of MIPAS profiles.
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Sweden.

Flight B42 (mean latitude: -5.22°, mean longitude: -44.48°) also shows that MIPAS
SF¢ vmrs are lower than the in-situ measurements above 25 km, since the mean profiles
as well as closest of MIPAS collocated profiles exhibit lower values. Below that altitude
the agreement of the MIPAS mean profiles with the balloon-borne measurements is

fairly good, whereas the closest MIPAS profile has oscillations with a maximum around
20-23 km.

SF¢ mixing ratios of MIPAS closest profile in comparison with the in-situ data of
flight B43 (mean latitude: -5.00°, mean longitude: -42.90°) are larger below 24 km.
However, the MIPAS mean profiles fit well up to an altitude of 25km. Above MIPAS
mean profiles are again biased low. The closest collocated profile is an outlier of the

ensemble of collocated profiles itself below 25 km.

Balloon flight B44 (mean latitude: -5.10°, mean longitude: -43.00°) only yields 4
SF¢ measurements, 2 at the lower and 2 at the upper end of the profile, respectively.
The upper two agree well with the MIPAS mean over all collocated profiles, but are
at the edge of the error bars of MIPAS closest profile. The lowest data point at
approximately 15km is out of range of the collocated profiles, but still coincides with
the MIPAS monthly mean. The fourth in-situ value at approximately 17 km matches
both the mean collocated and the value of MIPAS closest.

The profile B45 shows good agreement with MIPAS closest collocated profiles, as
well as with the mean profiles. There are two very low values between 20 and 25 km
in the balloon profile which were also to be found outliers in other tracers, e.g. the
methane profiles as shown in Laeng et al. [2015]. This hints towards a tongue of air
masses that had subsided before. This fine structure cannot be resolved by MIPAS.

The comparison between in-situ measurements of balloon flight B46 with MIPAS
yields good agreement in general. There is a strong vertical gradient both in MIPAS

and in cryosampler profiles.

In all five cases the red in-situ measurements lie within the standard deviation of
the MIPAS profiles of the month and in most cases also within the standard deviation
of the collocated profiles. This means that the red profile could be understood as
member of the ensemble of MIPAS profiles in the corresponding month and of the
collocated profiles, respectively, which again demonstrates that MIPAS measurements

and the in-situ measurements by the cryosampler are compatible.
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7.2 Validation with tropospheric in-situ measure-

ments

In this section MIPAS SFg measurements are compared to in-situ measurements from
various ground based stations. Figure 7.3 shows the time series of SFg measured in-situ
at Mauna Loa, Hawaii (19.539°N, 155.578° W, elevation: 3397 m, in red) compared with
MIPAS SFg measurements zonally averaged in the latitude interval 17.5°N to 22.5°N
(in black) at different altitudes over the total MIPAS reduced resolution time period.

The lowest altitude where a considerable amount of MIPAS measurements were
found is 11 km. Data gaps are due to contamination by clouds originating from high-
reaching and strong convection in the tropics. Below 11 km no cloud-free observations
are available. In Figure 7.3a MIPAS measurements are shown together with their
linear fit which appears to be slightly positively biased compared to the in-situ mea-
surements in red. But there is a remarkable accordance in the slope of the SFg increase.
Similar results are observed for altitudes 12 and 14 km (Figures 7.3b and c) whereas
Figure 7.3d shows a slight negative bias of the MIPAS data. In 17 and 18 km the
MIPAS negative bias gets even larger (Figures 7.3e and f). At these altitudes MI-
PAS measurements are expected to be already in the stratosphere where the air is
older than the tropospheric air measured at the ground due to slow transport through
the tropopause. This time lack explains the negative bias between MIPAS and the
ground-based measurements. Figures 7.3e and f also exhibit a seasonal cycle in the
MIPAS data which could be a result of the seasonal cycle in the tropopause height.
To investigate this issue the tropopause height was determined from ECMWEF tem-
perature data using the WMO definition for the tropopause as being the lowest point
(above the 500 mb level) for which the temperature lapse rate decreases to 2 K/km or
less, and for which the average lapse rate from this level to any point within the next
2km does not exceed 2 K/km [Craig, 1965]. The tropopause height was determined
for every ECMWF temperature profile and averaged daily and zonally. The result is
shown in Figure 7.4 together with the MIPAS daily deviation from its linear fit in arbi-
trary units. The correlation between both curves can be clearly seen. The tropopause
height oscillates around 17 km so the highest amplitude of the seasonal cycle of the
MIPAS measurements should be expected there which is shown in Figure 7.4 (right).
The tropopause height has a maximum in boreal winter and a minimum in late boreal
summer which is in agreement with findings of Reid and Gage [1981]. MIPAS SFg
at a constant altitude in the tropopause region is typically high for high tropopause

altitudes when tropospheric air is sounded, and low for low tropopause altitudes when
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Figure 7.3: Time

series of MIPAS SFy daily zonal means (17.5°-22.5°N; in black) at

different altitudes compared to ground-based in-situ measurements at Mauna Loa (red)
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Figure 7.4: Tropopause height and MIPAS SFg deviation at 18km (left) and 17km
(right) for the northern tropics.

stratospheric air is sounded.

The situation in the Southern Hemisphere is different. Figures 7.5a to g show the
same study for the comparison of MIPAS measurements at various altitudes with a
ground station in the southern tropics at Cape Matatula in American Samoa (14.3°S,
170.6°W, elevation: 77m). At 10km (Figure 7.5a) the agreement is fairly good, even
though the slope of the fit of MIPAS measurements and the in-situ measurements is
slightly different. At the altitudes 11 to 14 km (Figures 7.5 b to d) MIPAS values appear
to be higher than the surface based measurements. It is a well known fact that SFg
abundances are higher in the Northern Hemisphere than in the Southern Hemisphere
(at the surface), just because there are more sources in the north and a interhemispheric
mixing barrier exists. At higher altitudes (in the free troposphere) air masses could
be already affected by interhemispheric mixing. This could be a reason why MIPAS
measurements show higher values than the ground based station. The same behaviour
was found for HCFC-22 [Chirkov et al., 2016] (their Figure 19). This was explained
there by MIPAS observing the outflow of northern hemispheric tropical air above the
convection. In 16km air masses are already near the tropopause in the Tropopause
Transition Layer (TTL), where upward transport is very slow. Therefore there exists a
time lag between MIPAS measurements and the ground-based measurements and this
compensates the bias so that both measurements fit well again. In Figures 7.5f and g
MIPAS measurements are again low biased at altitudes 17 and 18 km, respectively and

also show a seasonal cycle but much less pronounced than in the Northern Hemisphere.
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Figure 7.5: Time series of MIPAS SFg daily zonal means (12.5°-17.5°S, in black) at
different altitudes compared to ground-based in-situ measurements at Cape Matatula
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Figure 7.6: Tropopause height and MIPAS SFg deviation at 18km (left) and 17km
(right) for the southern tropics.

The tropopause height time series was inferred from EMCWF temperature using the
same procedure as for Mauna Loa and is plotted together with the MIPAS deviation
in Figure 7.6. The phase of the seasonal cycle in tropopause heights remains the
same as for the Northern Hemisphere which was also observed by Reid and Gage
[1981], whereas the MIPAS deviation appears to be off-phase now, with maxima in
southern winter. The seasonal cycle of the MIPAS deviation could also be affected
by a seasonal variation in tropical upwelling, which is stronger in hemispheric winter.
This could explain why the pattern of a seasonal variation in MIPAS deviation is more
pronounced in the Northern Hemisphere where seasonal cycle of tropopause height
and tropical upwelling are in phase whereas in the Southern Hemisphere they seem to

compensate each other.
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7.3 Validation with ACE-FTS

In this section MIPAS SFg results are compared to SFg measurements performed by
the Atmospheric Chemistry Experiment (ACE-FTS). ACE is also a Fourier Transform
Spectrometer (FTS) which is the main instrument on the SCISAT-1 satellite. As
opposed to MIPAS, ACE-FTS is a solar occultation instrument, which looks directly
into the sun and can only take measurements during sunrise and sunset. This implies
that measurements are by far more sparse than the MIPAS measurements. However,
the signal-to-noise ratio is far higher.

Figure 7.7 shows the comparison between ACE-FTS and MIPAS for the whole RR-
period. On the left panel, averaged profiles for MIPAS and ACE-FTS are shown, whose
single profiles matched a collocation criteria of 500 km and 5 hours, which corresponds
to about 8000 MIPAS-ACE-FTS pairs. The error bars indicate the average errors of
the single SFg profiles. MIPAS exhibits lower values between 20 and 30 km than ACE-
FTS, which means that age of air would be older than observed by ACE-FTS. The
plot of the averaged difference between MIPAS and ACE-FTS (middle panel) reveals
that the difference is significant at all altitudes, as the denoted error is the standard
error of the mean difference (standard deviation divided by 1/8000). The standard
deviation of the difference can be seen on the right panel representing the variation
of the difference. The standard deviation of the difference is always smaller than the
combined error of ACE-FTS and MIPAS which implies that the errors for ACE-FTS
or MIPAS are overestimated. Probably the stated errors for ACE-FTS are too large.

The comparison is now further investigated for six 30°-latitude bins and for the four
seasons. Figure 7.8 to Figure 7.13 show averaged MIPAS and ACE-FTS profiles for
the tropics, the midlatitudes and the polar regions, first for the Northern Hemisphere
and second the respective regions for the Southern Hemisphere.

Most of the ACE-FTS measurements are located in the polar regions (see Fig-
ure 7.10 and Figure 7.13), so most of the MIPAS-ACE-FTS pairs are found in these
two latitude bands. The picture is quite similar to the total comparison in Figure 7.7:
MIPAS is biased low in the middle stratosphere with biggest differences in hemispheric

summer and smallest differences in hemispheric autumn.

For the northern and southern midlatitudes (Figures 7.9 and 7.12) most accordance
between MIPAS and ACE-FTS is found in hemispheric winter, still MIPAS exhibits
a low bias compared to ACE-FTS in the middle stratosphere in all four seasons. The

statistics for the tropics is poor, as ACE-FTS measurements are very sparse.

The distributions of SFg values measured by MIPAS and ACE-FTS as a histogram
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Figure 7.7: Comparison between ACE-FTS and MIPAS SFg profiles: Left panel: Aver-
age profiles of MIPAS (green) and ACE-FTS on its own grid (orange) and interpolated
on the MIPAS grid (red) together with the respective average errors of a single profile.
Middle panel: Averaged difference between MIPAS and ACE-FTS with the standard
error of the mean difference. Right panel: Standard deviation of the difference and
combined error.

are shown in Figure 7.14 for two selected altitudes (18 and 25km). At 25km the
largest difference between MIPAS and ACE-FTS is found (compare with Figure 7.7),
whereas 18 km is just above the best agreement of the two satellite instruments. For
both data sets, the distribution is shifted towards lower SFg values when comparing
the left with the right panel, as air is getting older with increasing altitude. This
effect is more pronounced in the MIPAS data due to the steeper gradient in the SFg
average profile. Also the width of the distributions is greater at 25 km than at 18 km for
both instruments, meaning that the scatter of SFg values is larger. This was already
observed in the MIPAS data in Section 5.9.2. At 18 km the MIPAS and the ACE-
FTS distribution almost peak at the same SFg value, as their mean difference is very
small, but the ACE-FTS distribution is narrower than the MIPAS one. As the denoted
average error is larger for ACE-FTS than for MIPAS, this is a further indication that
ACE-FTS errors are overestimated. Comparing the MIPAS distribution at 25 km with
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Figure 7.8: Average profiles of MIPAS (green) and ACE-FTS (red) together with the
respective average errors of a single profile for the northern tropics in the four seasons.

the one from ACE-FTS, the ACE-FTS distribution is shifted towards higher values,
as expected from looking at the averaged profiles (see Figure 7.7).

Figure 7.15 shows the correlation scatter plot between MIPAS and ACE-FTS. It
reflects in principle the findings already discussed with Figure 7.7 (middle panel): The
vertical gradient is stronger in the MIPAS data compared to the ACE-FTS data.

Now the ACE-FTS monthly averaged profile is compared to cryosampler in-situ
measurements from balloon flight B45 in the relevant altitude band 65°-75°N in Fig-
ure 7.16. For all other balloon flights no ACE-FTS measurements were available. For
illustration the MIPAS averaged profile is also displayed. Because ACE-FTS data are
far more sparse than MIPAS data the ACE-FTS profile appears not as smooth as the
MIPAS profile. It can be seen that ACE-FTS, MIPAS and the in-situ data agree well:
The balloon data points are found to be within the standard deviation of ACE-FTS
and MIPAS (with exception of the two very low values, refer to Section 7.1), meaning
that they could be part of the ACE-FTS and MIPAS ensemble, respectively.
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Figure 7.10: Same as Figure 7.8 but for the northern polar region
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Figure 7.12: Same as Figure 7.8 but for the southern midlatitudes
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Figure 7.14: Distributions of SFg values measured by MIPAS and ACE-FTS at 18 and
25km
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Figure 7.15: Correlation scatter plot between MIPAS and ACE-FTS for the total
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7.4 Comparison of MIPAS age of air with airborne

measurements

Among studies of AoA (e.g. Diallo et al., 2012; Konopka et al., 2015; SPARC CCMVal,
2010; Stiller et al., 2012) it became a standard for validation of measured or modelled
AoA to compare with earlier airborne measurements from the 1990s as published by
Waugh and Hall [2002] and Hall et al. [1999]. In Figure 7.17 the new MIPAS monthly
zonal means of AoA are compared with these airborne measurements. Figure 7.17
shows the latitudinal cross section of the new MIPAS AoA at 20 km for selected months
together with the total AoA range covered by all monthly mean data from MIPAS as
derived from the minimum and maximum value for each latitude bin (shaded in grey),
and the AoA derived from airborne measurements of SFg and CO,. The AoA from
CO;, refers to CO, observations at the tropical tropopause, so it might exhibit a slight
low bias compared to the SFg-derived AoA measurements. Overaging (see Section 6.2)
of the SFg-derived AoA values could also be a reason.

As with the previous version of MIPAS AoA discussed in Stiller et al. [2012] (their
Figure 4), the agreement of MIPAS AoA with the earlier airborne measurements is
excellent in the northern and southern midlatitudes. Overall the comparison turns out
to be quite similar to the one in Figure 4 in Stiller et al. [2012]: MIPAS AoA is higher
in the tropics with an AoA of about 2years at 20 km, maybe slightly lower than in
the previous comparison. The negative peak of low MIPAS AoA at about 30° N is no
longer present in the new version of the figure. This peak was due to retrieval artefacts
in previous temperature data. The spread of MIPAS AoA in the tropics is also lower.
At high latitudes MIPAS AoA is higher than the airborne observations, however, the
error bars of the airborne measurements still overlap with the range of the MIPAS
observations. The spread of MIPAS data at high latitudes is very large, especially
in the southern polar stratosphere, and is in agreement with high amplitudes found
in the seasonal cycle (see Section 8.3). The hemispheric asymmetry in AoA, already
noted in Section 6.3, is clearly visible also at 20km. By comparing the latitudinal
cross sections of MIPAS AoA with the aircraft data one has to keep in mind that these
data were observed in the 1990s, whereas MIPAS AoA represent the decade from 2002
to 2012. We cannot expect that AoA estimates from different decades fit perfectly
together, especially in the tropics where temperature changes have been reported e.g.
by Randel et al. [2006]. The AoA gradients at the subtropical mixing barriers are
also smaller in the MIPAS data, which could be a hint to a weakening of the mixing
barriers, as proposed by Stiller et al. [2012], which would also explain the higher ages in
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Figure 7.17: Comparison of MIPAS AoA latitude cross sections at 20km altitude
(coloured curves and shaded area) with AoA derived from earlier airborne SF¢ (black
triangles) and COs measurements (grey diamonds with error bars) as published in
Waugh and Hall [2002] and Hall et al. [1999]. The shaded area represents the range
of all MIPAS monthly mean AoA observations, while the coloured curves show AoA
latitudinal dependence for every third month. The colour code provides the time of
measurement.

the tropics compared to the airborne data due to increased in-mixing of older air from
higher latitudes. In addition it should be noted that the airborne measurements do not
represent a latitudinal cross section at a given time, but a compilation of measurements

from different years and seasons.

In Figure 7.18 MIPAS AoA profiles are compared to airborne AoA profiles (in-
situ CO, measurements by Andrews et al. [2001a]; Boering et al. [1996]; in-situ SFg
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 SFg measurements
at all altitudes. In the northern midlatitudes the MIPAS profile fits excellently to
the SFg in-situ data up to an altitude of 27km and is older higher up. As expected,
in-situ CO, measurements provide lower ages, and the AoA from SFg air samples by
Harnisch et al. [1996] is younger, too. At northern high latitudes, MIPAS age profiles
only fit well to the SFg air samples taken from polar vortex air. To illustrate the high

seasonality, monthly averaged MIPAS profiles are additionally shown with oldest ages
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Figure 7.18: Comparison of MIPAS AoA profiles with airborne profiles of the 1990s for
the tropics (5°S), the northern midlatitudes (40° N) and the northern high latitudes
(65°N).

found for January.
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Chapter 8

Observed temporal variability of
age of air 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]. However, in contrast to their study and to
the publication preceding to this thesis [see Haenel et al., 2015] a revised multilinear
regression analysis was used, where sinusoidal terms with periods higher than 1 year
and those which are no overtones of the seasonal cycle have been omitted, i.e. the

following regression function was now fitted to the data:
age(t) = a + bt + c1qboy (t) + d1qboy(t)

5
27t 27t
S (cnsmlimcos li) (8.1)
n=>2 n n

where t is time, gbo; and gbo, are the quasi-biennial oscillation (QBO) indices and the
sum represents four sine and four cosine functions of the period length [,,. The period
of the first two sine and cosine functions is 12 and 6 months respectively, representing
the seasonal and the semiannual cycle. The other two terms have period lengths of 3
and 4 months and describe deviations of the temporal variation from a pure sine or
cosine wave (overtones). Fitting sine and cosine of the same period length accounts for
a possible phase shift of the oscillation. The terms gbo; and gbo, are the normalised
Singapore winds at 30 and 50 hPa as provided by the Free University of Berlin via
http://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/index.html. These

QBO proxies are approximately orthogonal such that their combination can emulate
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any QBO phase shift [Kyrola et al., 2010]. For the fit of the coefficients a, b, ¢4, ..., ¢,
dy, ..., ds 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].
Sensitivity studies have shown that the derived AoA trends are robust with respect to
the inclusion of further sinusoidal terms in the regression model as applied in Stiller
et al. [2012] and Haenel et al. [2015]. Since sinusoidal oscillations with periods 8,9,18
and 24 months have no known physical causes, they have been omitted in the following
analysis. In addition, it was tried to fit also a proxy for the 11-years solar cycle to the
AoA time series, but the MIPAS period of approximately one decade turned out to be
too short for the search for a solar impact. The ENSO signal is another candidate to
look for in AoA time series, but since this signal is not periodic no orthogonal term
can be used to fit a possible phase shift. The ENSO signal could possibly impact
the tropical upwelling, the whole BDC and therefore AoA, but it is also possible that
the stratosphere influences processes in the troposphere as the ENSO phenomenon, so

both positive and negative phase shifts would need to be considered.

8.1 Age of air trends

First the time series analysis is discussed within the framework of descriptive statistics,
i.e. without consideration of the autocorrelations in the residuals of the trend analysis.
As a second step, the analysis is repeated within the framework of inductive statistics,
where autocorrelated model errors have to be considered (Section 8.1.1).

Figure 8.1 shows an example of the fit of the regression model (in orange) to MIPAS
monthly zonal mean data (in blue). The derived linear trend is illustrated as a straight
line (orange). The fit considers a potential bias of the two MIPAS measurement periods
(dashed orange line) as described in von Clarmann et al. [2010]. Coloured squares
indicate the measurements of Engel et al. [2009] and the green dashed line represents
the estimated trend of Engel et al. [2009]. The diagram underneath shows the residual
of the fit. Such a fit is done for every 10°/1-2km latitude-altitude bin.

The linear increase of AoA over the whole MIPAS period derived from the regression
analysis varies with altitude and latitude. The global view can be seen in Figure 8.2.
Red areas indicate increasing AoA, while blue regions indicate decreasing AoA. 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 increase and decrease, respec-
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Figure 8.1: Example of the fit (orange curve) of the regression model to MIPAS AoA
monthly means (in blue) at 25 km for 30° to 40° N with consideration of autocorrelation
and model errors. The error bars represent the standard error of the mean (SEM).
The straight orange line is the derived trend, squares represent the measurements by
Engel et al. [2009] and the green dashed line is their estimated trend. Underneath the
residual of the fit is shown.

tively, are more contiguous. There are basically two regions of linear decrease: A large
one consisting of the tropics between about 19 to 33km and extending to the lower
and middle midlatitudinal southern stratosphere, and a smaller one consisting of the
upper tropical troposphere extending to the lowermost stratosphere of midlatitudes.
These regions are surrounded by regions of AoA linear increase. Largest positive lin-
ear trends were observed in the polar regions. Compared to findings of Stiller et al.
[2012] a positive linear increase of mean age is confirmed for the northern midlatitudes
and southern upper polar stratosphere, as well as for the northern polar lowermost
stratosphere. Negative age of air trends of Stiller et al. [2012] in the lowermost trop-
ical stratosphere and lower southern midlatitudinal stratosphere are also confirmed.
Differences are found in the northern polar stratosphere, where the mean age is now
increasing as well. In the tropical stratosphere 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 attributed to the more adequate

87



40 3.00

é 2.70

] 2.40

/ > - 2.10

| < 1 1.80

" /// d i 1.50

-« // 1 1.20

] 0.90

. 0.60

Z ] 0.30

' . 0

] -0.30

i -0.60

5 % 7 -0.90

- e /// ‘ i ~1.20

P b -1.50

L % é - ] -1.80
/ e

151 -2.10

2 ~ 1 o
I Wz, // N < % i -2.70
10L // Z ) . b -3.00

I v 1 i 1 1 i

-90 -60 -30 0 30 60 90 years/dec
Latitude / deg

35

NN
\\

Altitude / km
N
o

\\
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and model errors. Hatched areas indicate where the trend is not significant.
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treatment of the background continuum emission in the retrieval and the associated
removal of the spurious SFg maximum and subsequent errors.

The uncertainties are rather small, even smaller than the ones derived by Stiller
et al. [2012] (see Figure 8.3). This could be a result of the longer time series, covering
the full MIPAS period, and the fact that the new AoA data set is less noisy than the
previous one. The results are significant on the 20 level for most of the altitude/latitude
bins (see Figure 8.2). Hatched areas indicate where the trend is not significant (i.e.

less than its 20 uncertainty in absolute terms).

8.1.1 Impact of empirical errors and autocorrelation on the
AoA trends

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 results in fit residuals
which are considerably larger than the data errors represented by the covariance matrix
S, 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]. Therefore the x2,,..q Of the fit with

(agenipas — @GCmodelied) S (ageMIPAS — A€ modelled)
m—n

(8.2)

2 _
Xreduced —

exceeds the value of unity in most cases, where ageypag and age,  qeneq 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 these model errors of the regression model,
the autocorrelation of the residual time series was estimated in a first step. In a second
step the fit was rerun with the autocorrelation and a constant error term added to the
covariance matrices. These additional terms in the covariance matrices were scaled
within an iterative procedure, such that the resulting x2 ,,..q of the trend fit was close
to unity. This iterative procedure is necessary because the additional autocorrelated
error term changes the weight between the data points in the fit.

The result of the linear increase/decrease, which is referred to as “model-error
corrected linear increase” in Stiller et al. [2012] is shown in Figure 8.4. Compared with
the respective figure in Stiller et al. [2012] (Fig. 12) linear increase is again confirmed

for the northern midlatitudes and the southern polar middle stratosphere, whereas
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Figure 8.4: 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 between 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.

linear decrease is confirmed for the lowermost tropical stratosphere and lower and
lowermost southern midlatitudinal stratosphere. Differences compared to Figure 12 in
Stiller et al. [2012] occur again in the tropics and in the northern polar stratosphere,
as well as in the upper southern polar stratosphere.

The overall pattern of linear increase/decrease resembles a lot the pattern in the
trend fit without consideration of autocorrelation and empirical errors (Figure 8.2).
The significance of most data bins is lower, as expected, due to the additional error
(see Figure 8.5). Significant features which appear in both approaches, with and with-
out consideration of autocorrelation and empirical errors, are considered to be most
reliable. By comparing Figure 8.4 with Figure 8.2 these features are the linear increase
in the southern and northern upper polar stratosphere and in the northern midlatitudes
as well as the linear decrease in the tropics and southern subtropics and the southern
lower midlatitudinal stratosphere. A clear asymmetry between both hemispheres is
confirmed.

The vertical profiles of AoA linear trends for every other latitude bin are shown in
Figure 8.6, top panel. Engel et al. [2009] derived a trend of AoA for 30° to 50° N of
+0.24 4+ 0.22 year per decade (1o uncertainty level) for the 24 to 35km altitude range
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Figure 8.5: 1o uncertainty of the model-error corrected trend in terms of years/decade.

for 1975-2005. This trend together with its valid altitude range and its 20 uncertainty
is marked as big black cross in Figure 8.6. For better illustration the same picture
with the MIPAS linear trend profiles for the two relevant latitude bins is shown in
Figure 8.7. The MIPAS AoA trends of 30° to 40° N and 40° to 50° N are slightly lower
than in the previous version and match now impressively well (within their error bars)
with the trend 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 Engel et al. [2009] represents the time
period 1975-2005, while MIPAS measured from 2002 to 2012. So there is only a small
overlap between the two periods. Still the agreement of both trends is remarkable. The
MIPAS AoA trends for the latitude bins 30° to 40° N and 40° to 50° N are significantly

distinct from 0 for all altitudes above 21 km even on the 20 uncertainty level.
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Figure 8.6: Vertical profiles of the age of air linear increase/decrease over the years
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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.
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Figure 8.7: Same as Figure 8.6 but for the latitude bins 30° to 40° N and 40° to 50° N
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8.1.2 The importance of the considered bias on age of air

trends

The trend calculations of the previous sections consider a potential bias in AoA between
the two MIPAS measurement periods. The procedure allows a different bias for each
altitude/latitude bin. The bias can result from the different vertical sampling in FR-
and RR-period, which is finer in the latter. The investigation in this section will
demonstrate that the consideration of such a bias is crucial for the estimation of the
correct decadal trend over the whole MIPAS period.

Figure 8.9 shows the distributions of MIPAS AoA trends, if a potential bias in each
altitude and latitude was neglected. This pattern of negative AoA trends in the upper
troposphere and lower stratosphere and positive AoA trends above is totally different
than the patterns of the previous sections. The dipole structure in the distributions of
trends in the middle stratosphere is completely lost.

An example of how the bias between the two measurement periods strongly influ-
ences the AoA decadal trend, if not accounted for, can be seen in Figure 8.8. The upper
panel shows the estimated trend, if the bias was not considered, while the lower panel
demonstrates that a completely different trend is obtained, if the fitting procedure
allows a possible bias. Both MIPAS periods exhibit a decreasing trend if examined
separately (as in the lower panel of Figure 8.8). However, the jump between 2004 and
2005 produces an artificial total trend (slightly positive in this case), which is not a
real trend in the atmosphere.

The specific decadal AoA trends from 2002 to 2012 in the atmosphere as shown in
Sections 8.1 and 8.1.1 should also be present in the second MIPAS period from 2005
to 2012, which covers approximately 80% of the MIPAS measurements. And indeed,
as shown in Figure 8.10, the consideration of only the RR-period of MIPAS, roughly
confirms the trend patterns of those found in Sections 8.1 and 8.1.1. The distinctive
dipole structure of negative trends in the Southern Hemisphere and positive trends in
the Northern Hemisphere can also be found if only the RR-period is considered. This
is a strong indication that the trend patterns in the previous sections (see Figure 8.2
and Figure 8.4) reflect real trends in the atmosphere, while the trends in Figure 8.9
are strongly biased by the jumps in AoA between the two MIPAS periods.
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Figure 8.8: Example of the fit (orange curve) of the regression model to MIPAS AoA
monthly means (in blue) at 24 km for 10° to 20° S with consideration of autocorrelation
and model errors. The error bars represent the standard error of the mean (SEM). The
straight orange line is the derived trend without consideration of a bias (upper panels)
and with consideration of a bias between MIPAS FR- and RR-period (lower panels).
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Figure 8.9: MIPAS age of air trends (model-error corrected) without consideration of
a potential bias between FR- and RR-period. Hatched areas indicate where the trend
is not significant.
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Figure 8.10: MIPAS age of air trends (model-error corrected) only for the reduced
resolution time period (2005-2012). Hatched areas indicate where the trend is not
significant.



8.2 Impact of age spectra on age of air and trends

The Brewer-Dobson circulation (BDC) transports air parcels through the stratosphere.
During its way the air parcels undergo also mixing processes. Therefore an air parcel
does not have a single transit time. In order to describe its transport the distribution of
all transit times, called the age spectrum (see Section 2.4), needs to be considered. The
age spectrum is not a measurable quantity. However, to calculate the mean age from
tracer distributions in the stratosphere, which are not growing strictly linear in the
troposphere, the age spectrum is needed, because only for a strictly linearly growing
tracer the mean of the age spectrum and the lag time are identical. In Section 6.2
the age of air was inferred from MIPAS SFg distributions under consideration of the
non-linearity of the SFg reference curve. For this approach an assumption on the shape
of the age spectrum represented by an inverse Gaussian function (Wald function, see
Section 2.4) has been used. Sensitivity studies have shown that the age of air trends
are strongly influenced by the slight non-linearity of the SFg reference curve and by
its correction applying an age spectrum. If the SF¢ reference curve was exactly linear,
then the mean AoA would be equal to the time lag a certain SFg mixing ratio is
observed in the stratosphere compared to when it was observed in the troposphere. In
this case the AoA trend can be calculated directly from the SFg trends observed in the

atmosphere:

[SEs)(r,t) = [SFo]rer(t — age(r,t)) (8.3)
Then the derivative with respect to time is taken:

OlSks)(r,t) _ d[SFglrey  d[SFslrey Oage(r,t)

= 8.4
ot dt dt ot (84)
This equation can now be solved for the age trend:
d[SF) e O[S Fs](rt B[S Fs)(r,t
dngelrr) _ Ao dongen | o .
at - d[SFG]Tef - d[SFG]Tef :
dt dt

The AoA trends inferred from MIPAS SFg trends assuming an exact linear tropo-
spheric increase in SFg _, are shown in Figure 8.11. The pattern differs significantly
from the trend patterns calculated in Sections 8.1 and 8.1.1. However, the distribution
of trends appears to be slightly asymmetric which means that the asymmetry observed

in the MIPAS AoA trends can already be found in the SFy trends.

The next step in this sensitivity study was deriving AoA trends from AoA calcu-
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Figure 8.11: AoA trends calculated from measured stratospheric SFg trends assuming
strictly linear increase of the reference SFg abundance.

lated using the real slightly non-linear reference curve (see Figure 6.2), but without
applying the non-linearity correction, i.e. a delta function was used as age spectrum
in the convolution procedure (see Section 6.2). The resulting trend pattern is depicted
in Figure 8.12 and brings out the asymmetry of negative trends in the Southern Hemi-
sphere and positive trends in the Northern Hemisphere. In contrast to Figure 8.4 there
appear also some negative trends in the northern mid- and polar latitudes, but they
are not significant. The trends of AoA calculated from slightly non-linearly increas-
ing reference SFg and idealised age spectra are shown in Figure 8.2 and Figure 8.4,

respectively.

Age spectra varying according to the location in the stratosphere and time can
be assessed by models using the pulse tracer method (see Section 2.4.1) for example.
The aim of this section is to apply model spectra from the CLaMS model [Ploeger
and Birner, 2016] to the non-linearity correction of MIPAS age of air and to study the
effect on MIPAS age of air trends.

CLaMS age spectra are provided as monthly zonal means on a potential temper-
ature grid used as the altitude coordinate ranging from 320K to 2500 K and on 91
latitude levels. For every MIPAS latitude/altitude bin, the potential temperature ©

was calculated using MIPAS monthly zonal means for pressure and temperature ac-
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Figure 8.12: Trends for AoA calculated with a realistically increasing SFg reference
abundance, but a delta-shaped age spectrum. Hatched areas indicate where the trend
is not significant.

cording to the formula

O="T- (%)5 (8.6)

where p,=1000 hPa and 520.286 for dry air have been used.

Then, for each monthly zonal mean, the closest CLaMS age spectra in potential
temperature and latitude space to the MIPAS measurements was determined. As
most models, CLaMS age of air has a low bias compared to the MIPAS measurements.
Therefore the CLaMS age spectra cannot be used in the convolution procedure (see
Section 6.2) directly. It was assumed that the CLaMS model provides a better estima-
tion on the shape of the age spectra than the simple Wald function, but it needed to
be shifted in time towards the higher MIPAS age of air values. As stated by Ploeger
and Birner [2016] the Wald function assuming idealised stationary flow provides a good
approximation of the annual mean age spectrum.

Figure 8.13 shows typical CLaMS age spectra for different latitudes and potential
temperatures in the Northern Hemisphere as monthly zonal means for January 2008
compared to the Wald function of the same mean age, which was used to infer MI-

PAS age of air and trends. The Wald functions reflect roughly the shape of the age
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spectra, as already stated by Waugh and Hall [2002], but they cannot describe the
seasonal variability included in the CLaMS age spectra. The CLaMS age spectrum
in Figure 8.13a exhibits a large peak at an age of about 0.2 years, is very narrow
and can be described by the Wald function fairly well. It describes the transport and
mixing just above the tropopause at 10° N in the tropics, where the AoA is still very
young and hardly any mixing has occurred. In Figure 8.13b the situation is shown
at 50°N and 800K (approx. 30km). The CLaMS spectrum has a double peak at
younger ages than the Wald function and shows strong seasonal variation. The lower
panels of Figure 8.13 represent the northern polar regions at 800 K (approx. 29km)
and 2000K (approx. 46km), respectively. In general it seems that the Wald func-
tions underestimate the CLaMS spectra in the vicinity of the peaks which describe the
advection, but overestimate the tail of the distribution, which is primarily caused by
mixing and recirculation processes!. Figure 8.14 shows the same picture, but now for
January 2003 and demonstrates that the CLaMS spectra vary considerably over the

MIPAS measurement period even in the same month.

In order to apply the correct shift in time to the CLaMS age spectra accounting
for the bias between CLaMS and MIPAS age of air, a precise estimate of the CLaMS
mean age is needed, which is the first moment of the age spectrum (see Section 2.4).
The typical age spectra are asymmetric and the mean age is strongly dependent on
the long “tail” of the age spectrum. However, CLaMS age spectra are cut off at a
transit time of 10 years. Therefore the CLaMS mean age is calculated by fitting an
exponential decay to represent the tail of the age spectrum and the integral calculating
the mean age is then extended to infinity. This assumption implies that the age
spectrum is approximated by the former approach for very high ages, as the Wald
function approximately also decays exponentially with the transit time going to infinity.
This exponential decay of the age spectrum for ages larger than about 4-5 years is also
corroborated by other studies [e.g. Diallo et al., 2012; Li et al., 2012].

The MIPAS age of air measurements at a given latitude, altitude and time are then
corrected by convolution of the SFy reference curve with the respective CLaMS age
spectra, shifted by the difference of MIPAS and CLaMS mean age during the iterative
procedure as described in Section 6.2. This was necessary, because CLaMS mean ages
are considerably younger than MIPAS ones. As the integral of the convolution also

covers the full set of transit times from zero to infinity, the tail of the age spectrum

lrecirculation occurs e.g. when an air parcel travels along the residual circulation to the extra-

tropics, is mixed back to the tropics and circulates again along the residual circulation [Garny et al.,
2014].
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Figure 8.13: Age spectra simulated by the CLaM§S model for January 2008 for different
potential temperatures and latitudes (in red) compared to the Wald function (black
lines) of the respective mean age.

was again approximated by the tail of the Wald function for ages greater than the
“cut-off’-age of the CLaMS spectrum. The age of air distributions calculated with
this method are shown in Figure 8.15. Compared to the respective figure of the former
approach (Figure 6.3) using ideal Wald functions to approximate age spectra, one can
see that effects of a more realistic age spectrum are small, which demonstrates that
our age of air calculation is robust. Little differences occur in the upper stratosphere
where the age of air is now slightly lower. But it should be noted that CLaMS age
spectra are only shifted on the time axis accounting for the bias between MIPAS and
CLaMS AoA, whereas the shape and especially the width of the CLaMS spectrum
remained the same. The CLaMS age spectra are dependent on potential temperature
and latitude and also their variation in time is considered, but they are not a function

of the mean age itself. However, there seems to be no way to remove this uncertainty
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Figure 8.14: Age spectra simulated by the CLaM§S model for January 2003 for different
potential temperatures and latitudes (in red) compared to the Wald function (black
lines) of the respective mean age.

which is caused by the bias between MIPAS and CLaMS mean age.

Now the impact of using CLaMS age spectra for the non-linearity correction of
the SFg reference curve on the decadal MIPAS AoA trend is studied. The procedure
described in Section 8.1 was now repeated for this refined AoA data set. The re-
sult is shown in Figure 8.16 directly for the “model-error corrected linear increase”
as its significance is more realistic (see Section 8.1.1) and corroborates the previous
findings (Figure 8.4), as the patterns of AoA linear increase and decrease are nicely
reproduced. Especially the pronounced dipole structure of negative AoA trends in the
Southern Hemisphere and positive AoA trends in the Northern Hemisphere is con-
firmed. However, trends in the middle stratosphere at low- to midlatitudes are smaller

than before (in absolute terms).

101



Altitude /km

C o Il Il Il Il Il Il Il Il Il il 1
—90 —80 70 —60 ~50 —40 30 —20 -10 0 10 20 30 4D 50 60 70 8O 90
Lotitude/deg

Age of Air Seasonal mean JJA

500
40f

30

Altitude /km

201

C s R T R TR R M R B ./ B
~90 ~80 70 —60 ~50 —40 -30 ~20 -10 0 10 20 30 40 50 60 70 80 90
Lotitude/deg

Age of Air Seasonal mean DJF years

years

Altitude /km

Altitude /km

b/

30F

20

507
40
30

201

Age of Air Seasonal mean MAM

Z

T TR RO N N |

0 s Il Il I Il
—90 ~80 ~70 —60 ~50 —40 =30 -20 =10 0 10 20 30 40 50 60 70 80 90
Lotitude/deg

~90 -80 70 ~60 ~50 —40 30 -20 10 O 10 20 30 40 50 60 70 80 90
Lotitude,/deg

years

years

Figure 8.15: Zonal mean distribution of mean age of stratospheric air averaged for the
four seasons, where the AoA has been corrected using simulated age spectra from the
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Figure 8.16: MIPAS AoA trends (model-error corrected) using CLaMS age spectra for
the non-linearity correction. Hatched areas indicate where the trend is not significant.
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Figure 8.17: Altitude-latitude cross section of amplitudes of the seasonal variation of
mean age of air

8.3 Annual cycle and influence of the quasi-biennial

oscillation

In this section the annual cycle of AoA in different regions of the stratosphere is
studied and compared to previous findings in literature including both model and
empirical studies. The seasonal variations of AoA basically reflect the seasonality of
stratospheric transport, mixing and the mixing barriers, in particular the polar vortex
and the tropical pipe boundary as well as the subtropical jets. Figure 8.17 shows the
amplitudes and Figures 8.18 and 8.19 the phases of the seasonal cycle of MIPAS AoA
in terms of the month where the minimum and maximum, respectively, occurs. These
are the amplitudes and phases of terms with period length 1 year determined with the
regression model described above. Compared to Figure 9 in Stiller et al. [2012] there are
no substantial differences in the new data set. As observed by Stiller et al. [2012], the
amplitudes of the seasonal variation are strongest in the southern polar stratosphere,
which can be explained by regular intrusion of SFg-depleted mesospheric air into the
polar winter vortex, which leads to very old apparent ages, and its removal during
summer by the overturning circulation. Over the year, the oldest AoA occurs there at

the end of southern hemispheric winter to spring, as expected, while the youngest air
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Figure 8.18: Altitude-latitude cross sections of month of the minimum of the seasonal
variation of the mean age of air.
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Figure 8.19: Altitude-latitude cross sections of month of the maximum of the seasonal
variation of the mean age of air.
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is observed at the end of southern summer to autumn. This process is also observed

in the Northern Hemisphere, but with smaller amplitude [see also Funke et al., 2005].

The phase shift of half a year between below and above 25km in the polar strato-
sphere reported by Stiller et al. [2012] is only partially visible between the upper
stratosphere and the lowermost altitude bins in both hemispheres in the new MIPAS
data. Diallo et al. [2012] found polar stratospheric AoA above 25km, with youngest air
at the end of local winter to spring, to be in the opposite phase than in the lowermost
extratropical 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 restricted
to the lower stratosphere, whereas the upper polar stratosphere exhibits younger air
(lower age). In contrast, the oldest air in northern polar regions is found in MIPAS
data in spring in the lower stratosphere and in midwinter in the higher stratosphere.
This difference to MIPAS AoA can be explained by the different derivations of AoA
in the respective studies: while in Diallo et al. [2012] AoA is explicitly calculated by
backward trajectories of the air parcel, and in Li et al. [2012] the AoA is determined by
the pulse tracer method, the MIPAS AoA is derived by SFg observations which exhibit
an overaging when SFg-depleted mesospheric air subsides into the polar stratosphere
during winter. This overaging in the polar stratosphere during winter shifts the phase
in the MIPAS data towards oldest air in polar midwinter, when subsidence of meso-
spheric air is strongest. However, the distinct annual cycle in the lower southern polar
stratosphere seems to be “real” and not an artefact of the SFg sink in the mesosphere,
as it was also simulated with the CLaMS model in Ploeger et al. [2015b] using a “clock
tracer” with oldest air at the end of winter at 500 K (approx. 20km).

In the tropics and most parts of the northern midlatitudes the amplitude of the
seasonal cycle is rather small (except for the midlatitudes above 25km). The overall

distribution of amplitudes is consistent to the one in Stiller et al. [2012].

Some discernible difference to the previous data set is that the band of high seasonal
amplitudes in the northern midlatitudes is not visible anymore in the new distribution
of amplitudes (Figure 8.17). Instead there is a region in northern midlatitudes above
25km, which also exhibits high amplitudes like the equivalent region in the Southern
Hemisphere. A higher amplitude of the seasonal cycle is now also found in the extra-
tropical southern lowermost stratosphere (LMS). Hence, now both hemispheres (much
less pronounced in the Northern Hemisphere) show enhanced seasonal amplitudes in
the extratropical LMS, which are tentatively attributed to the seasonality of the per-
meability of the subtropical jet [Stiller et al., 2012] (most permeable in summer) and

flooding of this region with old vortex air after the vortex breakdown at the end of
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winter and spring.

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 extratropical LMS reach their maximum in AoA at the end of local winter
to spring in the MIPAS data set as well as in the 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 “flushing” of the LMS [Hegglin and Shepherd, 2007]. This flushing
was noticed by Ploeger and Birner [2016] and Ploeger et al. [2015b], who analysed the
seasonality of AoA in the CLaMS model, to be especially pronounced in the Northern
Hemisphere. 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
subtropical jet. Equatorwards the air is oldest in summer, when the subtropical mixing
barrier and the upwelling of the BDC are weakest and older air from the extratropics
is mixed in. This process is also indicated in the Southern Hemisphere and these
opposite phases between the subtropics and the extratropics are also observed in the
model results of Li et al. [2012].

In the northern tropical to midlatitudinal middle and upper stratosphere [0°-60° N,
25-40 km] the air is youngest in local winter, when, according to the known seasonality
of the deep branch of the Brewer-Dobson circulation, younger air is brought to higher
altitudes and latitudes more efficiently. This is also observed in the southern midlati-
tudinal middle and upper stratosphere [20°-50° S, 28-40 km]. The mixing barriers 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 northern lower stratosphere
at 30° N and is indicated in the upper stratosphere only in the plot of maximum age
(Figure 8.19). In the Southern Hemisphere the abrupt phase shifts seem to occur at
50°-60° S and at 10°-20° S.
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Figure 8.20: Altitude-latitude cross sections of amplitudes of the QBO variation of
mean age of air.

In the tropics below approximately 28 km air is youngest in boreal winter, even
in the Southern Hemisphere (except for altitude-latitude bins below 20 km) and con-
firms, that tropical upwelling is strongest in northern hemispheric winter [e.g. Rosenlof,
1995]. The hemispheric difference is small, which was also noticed by Stiller et al.
[2012]. However, this minimum in AoA in the southern tropics occurs approximately
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 Southern Hemi-
sphere. 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 Figure 8.20 for all latitudes and
altitudes under assessment. In the publication Haenel et al. [2015] prior to this thesis
highest amplitudes of the QBO variation were found in the upper polar stratosphere,
as well as in the northern lowermost extratropical stratosphere. In that study also
the 2-year cycle was included in the multilinear regression model (see beginning of
this Chapter). Because the period of the QBO is also approximately 2years, the
QBO- and the sinusoidal terms representing the 2-year cycle became linearly dependent
and compensated each other. This effect artificially caused high amplitudes in the

QBO- and 2-year oscillation signal. As mentioned above, in the analysis of this thesis,
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Figure 8.21: MIPAS climatology of the seasonality of AoA for the northern high lati-
tudes. Non-equidistant potential temperature was used as the vertical axis.

sinusoidal terms with periods higher than 1 year have been omitted, so that interference
of the QBO- and the 2-year oscillation is inhibited. The revised distribution of QBO
amplitudes is now considered to be more realistic. High amplitudes can still be found in
the northern upper polar stratosphere [80°-90° N, 30-38 km] and in the southern middle
polar stratosphere [70°-90° S, 28-31km]|, but they are much lower now than in Haenel
et al. [2015]. In general the southern midlatitudinal and polar stratosphere [30°-90° S,
18-40 km| exhibits a contiguous region of elevated QBO amplitudes. However, highest
QBO amplitudes remain now in the northern lowermost extratropical stratosphere. An

explanation of this phenomenon is still pending.

Figures 8.21 to 8.25 have been created to compare the AoA seasonality observed
by MIPAS with AoA simulations with the CLaMS model as published in Konopka
et al. [2015] (Figures 8.23 and 8.26). In a first step MIPAS AoA needed to be calcu-
lated on a potential temperature grid using MIPAS temperature and pressure data.
Then a climatology was built for the whole MIPAS period. Figures 8.21 and 8.22
show the vertical structure for the northern and southern polar latitudes. In order
to be comparable with the respective figures in Konopka et al. [2015], the same non-
equidistant potential temperature was used as a vertical axis, i.e. the entropy density
s = ¢pp In(0/6y) from a standard atmosphere was used here as a scaling factor to

magnify the UTLS-region. The youngest air in the northern high latitudes just above
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Figure 8.22: MIPAS climatology of the seasonality of AoA for the southern high lati-
tudes. Non-equidistant potential temperature was used as the vertical axis.

the tropopause with © ~ 380K is observed during August and September like in the
simulations with the CLaMS model. However, this peak in MIPAS is shifted towards
September to October in higher altitudes and the isolines develop more towards a dou-
ble peak structure around 600 K, with a second peak of young air appearing in spring
hinting at a semiannual oscillation in AoA.

The CLaMS AoA seasonality does not reflect these double peaks of young air,
however its peak is shifted from late summer in the UTLS towards spring at around
600 to 700 K. The oldest air at around 800 to 1000 K (~ 29-33km) is observed in
December/January, whereas it appears from September to December in the CLaMS
model. The maximum in AoA in the MIPAS climatology is found during February
and March in the UTLS-region, which was already diagnosed in Figure 8.19. This is
also reproduced in the CLaMS model.

The seasonal cycle in the Southern Hemisphere south of 60°S (Figure 8.22) is much
stronger, as already diagnosed in Figure 8.17, and is shifted by approximately 6 months
compared to the Northern Hemisphere. The oldest air occurs around August and
September at almost all potential temperature levels, while the minimum of AoA
is observed during early April (fall on SH). This basic pattern of the seasonality in
the Southern Hemisphere is reproduced in the CLaMS model (Figure 8.23, bottom

panel). However, the shift of the AoA maxima and minima between the UTLS and
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Figure 8.23: Seasonality of AoA simulated with the CLaMS model for the north-
ern high latitudes (upper panel) and for the southern high latitudes (lower panel).
Non-equidistant potential temperature was used as the vertical axis. The black lines
represent isolines of the zonal wind and the cyan lines are isobars (figure from Konopka

et al. [2015] by courtesy of AGU).

the stratosphere above is more pronounced in the CLaMS data. The minimal AoA
just above the tropopause with © ~ 380 K is about the same in the Northern and the
Southern Hemisphere for MIPAS, while CLaMS simulates a hemispheric asymmetry
of about 0.5-1years here. However, at the AoA maximum in hemispheric late winter,
air is about 1.5 years older at © ~ 380K in the southern than in the northern high
latitudes in the MIPAS data compared to the respective difference of about 1year in
the CLaMS data (Figure 8.23). At 600K in the MIPAS data air is again about the
same age in the northern and southern polar stratosphere during its minimum, but
about 2years older in the south at the maximum of AoA. In the AoA maxima around
1000 K, the Southern Hemisphere is more than 2years older than during the same
season in the Northern Hemisphere, but it is even about one year younger in austral

autumn. The amplitude of the seasonal cycle is more than 2.5years in the Southern
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polar latitudes for MIPAS AoA, which was already found in Figure 8.17.

In summary the general patterns of the seasonality in AoA in high latitudes sim-
ulated by the CLaMS model are confirmed with the MIPAS data. The modelled
asymmetry between the Northern and Southern Hemisphere in the absolute values of
AoA is also observed in the MIPAS data, but in addition, MIPAS detected a much
larger amplitude of the seasonal cycle in the Southern polar region. Overall, the ab-
solute values in both hemispheres are biased low in CLaMS compared to the MIPAS
data.

The latitudinal distributions of AoA on two isentropes are shown in Figures 8.24
and 8.25 and compared in the following with Figure 8.26 (Figure 3 in Konopka et al.
[2015]). At 400 K, which represents an altitude directly above the tropopause, oldest
air is observed in the southern polar region from midwinter to the beginning of spring
consistent with the discussion of Figure 8.22. This maximum in the AoA climatology
is nicely reproduced in the CLaMS model. It is transported downward to 350 K in the
MIPAS as well as in the CLaMS data. (For technical reasons the MIPAS climatology
was built on a potential temperature of 350 K, whereas the CLaMS climatology is
presented on 340 K.) On this level the AoA maximum in the southern high latitudes
appears to be shifted slightly towards spring in the ClaMS data. The seasonal cycle
in the northern high latitudes at 400 K is shifted by approximately 6 months and is
much less pronounced than in the Southern Hemisphere, which is in accordance to
the discussions above. This hemispheric asymmetry is also found in the CLaMS data,

however it is more evident in the MIPAS data.

In the tropics seasonal differences in MIPAS and CLaMS AoA at 400 K are much
smaller, but still discernible with oldest air during late summer to fall and youngest
during winter to the beginning of spring in the Northern Hemisphere. As stated in
Konopka et al. [2015] and in the previous discussion of this section this can be at-
tributed to the seasonality of the subtropical jet as a mixing barrier between the trop-
ics and extratropics, which almost vanishes during summer and allows old air from
higher latitudes to penetrate into the tropics. In addition, these observations are in
accordance with the seasonality of the BDC, being strongest in northern hemispheric
winter. In the southern tropics the MIPAS seasonal cycle is again shifted by about half
a year with oldest air during December to February and younger air during austral
winter, which is consistent with Figures 8.18 and 8.19 (400 K corresponds to an altitude
of approximately 18 km in the tropics). This maybe an indication that in the southern
tropics enhanced mixing in austral summer (boreal winter) outweighs the decrease of

AoA due to the maximum of tropical upwelling in northern hemispheric winter. A
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Figure 8.24: MIPAS climatology of the seasonality of AoA over latitude at a potential
temperature of 400 K
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Figure 8.25: MIPAS climatology of the seasonality of AoA over latitude at a potential
temperature of 350 K
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Figure 8.26: Seasonality of AoA simulated with the CLaMS model at a potential tem-
perature of 400 K (upper panel) and 340 K (lower panel). The black lines represent
isolines of the zonal wind (15, 20, 25, and 30 m/s) whereas the cyan lines represent tem-
peratures (198, 194, and 190 K) from thin to thick, respectively (figure from Konopka
et al. [2015] by courtesy of AGU).

characteristic feature of the MIPAS data set seems to be that youngest air above the
tropopause (400 K) is observed between 20°-30° N/S rather than in the inner tropics,
which would mean that strongest upwelling of tropospheric air is observed in the sub-
tropics. However, this feature is not confirmed by the CLaMS model data, even though
it has been observed in ERA-Interim data and corroborated by simulations e.g. with
the Hadley Centre Global Environmental Model (version 2) [Osprey et al., 2013] (their
Figure 6) or with a multi model mean as in [Hardiman et al., 2014] (their Figure 5). At
30°N youngest air at 400 K is observed in the end of winter to spring, slightly shifted
compared to the inner tropics, where the maximum of upwelling is expected during
winter. Around 30°S the minimum of AoA is also observed during spring, in addition
a second AoA minimum occurs in February to April. This again could be caused by

the intricate interplay between the seasonality of tropical upwelling and in-mixing of
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older extratropical air. At 350K these areas of minimum age decrease even below
zero, which means that MIPAS detected higher SFg vmrs than the reference value. In
accordance to the definition of AoA, the CLaMS model yields an age of zero at 340 K
in the tropics.

In general, the main features and patterns of the MIPAS AoA climatologies (Figures
8.24 and 8.25) are reflected well by the CLaMS simulations.

8.4 The seasonality of the trend

In this section the seasonality of the MIPAS AoA trend is analysed, i.e. the trend
analysis described in Sections 8.1 and 8.1.1 is carried out separately for every month.
In a first step, AoA time series have been constructed comprising only data points of
a certain month, for instance all Januaries covered by the MIPAS period. Such AoA
time series were built for each month. In a second step, the linear regression model
described above was fitted to the time series to infer a decadal trend for every lati-
tude/altitude bin and every month. Because the only data points of the selected month
were considered in the analysed time series, the distance of two adjacent data points is
always exactly one year. Therefore it does not make sense to include oscillations with
periods of one year or even overtones of the seasonal cycle in the regression model.
However, the QBO was considered in the fit and the interannual variability seemed to
be largely induced by the QBO, which was also reported by Ploeger and Birner [2016];
Ploeger et al. [2015b] in their study with the CLaMS model. The resulting 12 trend
patterns are shown in Figures 8.27 and 8.28.

The largest all-year positive AoA trend, observed in the southern polar stratosphere
(Figure 8.4), seems to be mainly caused by strong AoA increase between May and
December, while during January, February and March (i.e. southern polar summer)
weaker linear increase is observed. During April no significant trend could be detected,
which means that the linear growth of AoA in the southern polar stratosphere has
almost come to rest during that month.

Contrary to that, the upper northern polar stratosphere exhibits a positive trend
during January to April, while during the rest of the year (from May to December)
small positive, insignificant or even negative trends have been observed, which results
in an overall weak positive trend, being not significant in most parts of the upper
northern polar stratosphere.

This suggests that the positive AoA trend in the upper polar stratosphere is mainly

driven by processes during hemispheric winter to spring, being especially enhanced and
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enduring in the Southern Hemisphere and increasing over time. A possible candidate
could be the downward transport of SFg-depleted air from the mesosphere into the
polar stratosphere during winter, which seems to be particularly pronounced in the
Southern Hemisphere [e.g. Funke et al., 2005]. As the abundance of SFg has continu-
ously increased in the troposphere due to anthropogenic activity it has also increased
in the stratosphere and mesosphere. The major SFg loss reaction (see Section 2.5) is
electron capture and its rate constant is therefore dependent on the concentration of
SFg and free electrons. This implies that a higher abundance of SFg leads to a higher
depletion of SFg in the mesosphere. Being transported downward during winter, this
could explain the large AoA trend in the polar region during this time of the year,
which is, however, not real, but an artefact caused by the SFg sink. To answer the
question, whether the SFg depletion in the mesosphere is indeed responsible for the
large AoA trends observed in the MIPAS data in these regions of the stratosphere, a
model study comparing the AoA trends calculated with a “reactive SFg tracer” and a
reference calculation with a “clock tracer” would be necessary.

The negative trend pattern in the Southern Hemisphere observed in Figure 8.4 is
present in every month in Figures 8.27 and 8.28, which means that AoA has continu-
ously decreased in this region over the period 2002-2012, however, it is most pronounced
in April and May, as well as in November. In April and May also large parts of the
southern and northern lower and lowermost stratosphere exhibit a linear decrease in
AoA. The AoA in these regions is strongly determined by two-way mixing [Ploeger
et al., 2015a] and the shallow branch of the BDC.

The northern midlatitudes, i.e. the region where Engel et al. [2009] observed a
slight, but non-significant positive AoA trend, appear also with a slight positive or
insignificant trend during most times of the year.

Another interesting region is the northern extratropical lowermost stratosphere
(<20km, 30°-60°) which exhibits extremely strong positive trends during August, i.
e. a time when this regions is usually “flushed” with young air from the tropics (see
Section 8.3). This may hint at a weakening of the mixing processes during that time
of the year.

Other striking results are the strong negative AoA trends in the upper northern
polar stratosphere during May and September/October which accompanied with strong
positive trends in winter hint towards an enhancing seasonal cycle over time.

Also noticeable is the decrease of AoA in the middle and lower northern polar
stratosphere during January and February which could be attributed to either less

strong subsidence or frequent stratospheric warmings.

115



January

40 / ; 3.00 40 3.00
Z 2.70 2.70
4// 2.40 2.40
35 | 210 35 2.10
? / 1.80 1.80
s / 1.50 1.50
1.20 1.20
30 % / 0.90 30 0.90
€ ‘ €
< “ 0.60 < 0.60
~ % » 0.30 ~ 0.30
o 25 0 o 25 Q
2 . % 3 ~0.30 3 -0.30
Z < - ~0.60 z -0.60
<_ T > 1 —0.90 < ~0.90
20 - ] ) 201"
A > é -1.20 -1.20
/A -1.50 -1.50
L —1.80 -1.80
151 —2.10 15 -2.10
p —2.40 -2.40
-2.70 -2.70
10 ; —3.00 10 L4 f g 4 -3.00
—90 —60 —30 Q 30 60 90 yeors/dec -90 —-60 —30 Q 30 60 90 yeors/dec
Latitude / deg Latitude / deg
March
3.00 3.00
/ 2.70 2.70
/ 2.40 2.40
4 2.10 2.10
7 / 1.80 1.80
1.50 1.50
- /% 1.20 1.20
/ / 0.90 0.90
E % / 0.60 E 0.60
~ % 0.30 ~ 0.30
- 0 0
g % -0.30 g -0.30
= // // ~0.60 =] -0.60
< / / ~0.90 < -0.90
-1.20 —1.20
] %// -1.50 -1.50
g -1.80 -1.80
p -2.10 -2.10
~2.40 -2.40
-2.70 -2.70
~3.00 -3.00
years/dec years/de
3.00 3.00
2.70 2.70
2.40 2.40
2.10 2.10
1.80 1.80
1.50 1.50
1.20 1.20
0.90 0.90
£ 0.60 0.60
~ 0.30 0.30
v 0 0
3 ~0.30 -0.30
= —0.60 -0.60
< -0.90 -0.90
-1.20 ~1.20
-1.50 -1.50
-1.80 -1.80
-2.10 -2.10
—2.40 -2.40
-2.70 -2.70
~3.00 -3.00
Q years/d Q years/dec
Latitude / deg Latitude / deg

Figure 8.27: MIPAS AoA trends considering every month separately, from January to
June. Hatched areas indicate where the trend is not significant.
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Figure 8.28: MIPAS AoA trends considering every month separately, from July to
December. Hatched areas indicate where the trend is not significant.
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Chapter 9

Comparison with independent data

9.1 Age of air trends from ACE-FTS

Inferring AoA trends from ACE-FTS SFg is very challenging, since measurements are
very sparse. For this comparison ACE-FTS SFg measurements of version 3.5 with
quality flag lower than 4 have been used (for more details concerning the quality flag
see e.g. Sheese et al. [2015]). At first ACE-FTS SFg measurements were condensed
into monthly zonal means as done with the MIPAS measurements. In a second step
these mean SFg profiles were interpolated on the MIPAS altitude grid. Then these
profiles were converted into AoA following the same procedure as with the MIPAS
data described in Section 6.2. In the final step the AoA trends over the MIPAS
measurement period were calculated in the same manner as for the MIPAS data (see
Section 8.1 and 8.1.1).

Since the number of ACE-FTS measurements is very limited and much less than
the MIPAS measurements available, especially in the tropics, it was decided to use a
coarser latitude binning: The tropics have been condensed into two 30°-latitude bins,
ranging from the equator to 30°N and S, respectively, while the other regions have
been compiled into 20°-latitude bins. This way each monthly zonal mean contains
more measurements, which in turn decreases the standard error of each mean and
therefore decreases the propagated error on the estimated trend, which increases the
significance of the trend. In addition, another problem occurred while calculating the
ACE-FTS AoA trends in each latitude-altitude bin: Due to the sparseness of the ACE-
FTS measurements oscillations with periods less than half a year in the multilinear
regression model (see Section 8.1) could not successfully be fitted to the ACE-FTS
data points and led to unrealistically high amplitudes. Therefore the overtones with

periods of 3 and 4 months have been omitted in the analysis, and only the annual,
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Figure 9.1: Age of air trends (model-error corrected) from ACE-FTS. Hatched areas
indicate where the trend is not significant.

semiannual and QBO cycle was considered. The result is shown in Figure 9.1.

Most inferred trends are not significant (on the 20 level), however, the North-
ern Hemisphere exhibits significant positive trends at an altitude of 20 to 25km and
confirms the findings with the MIPAS instrument as well as the balloon-borne mea-

surements of Engel et al. [2009].

9.2 Comparison with model simulations

9.2.1 CLaMS

Figure 9.2 shows the comparison between MIPAS AoA trends and trends simulated
with the CLaMS model driven by ERA-Interim data for the same period (2002-2012)
as published in Ploeger et al. [2015b]. CLaMS AoA trends have been calculated using a
“clock tracer” (see Section 2.4). The trend patterns (in terms of percentage changes per
decade) are only compared up to an altitude of approximately 28 km and on latitudes
ranging from 60°S to 60°N and are plotted on potential temperature as the vertical
axis. In addition, this plot shows MIPAS AoA trends as derived in Haenel et al. [2015],
which used a different multilinear regression model including more sinusoidal terms (see
Chapter 8). For these reasons the MIPAS AoA trends appear slightly different from
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Figure 9.2: Age of air trends from CLaMS compared to MIPAS (figure from Ploeger
et al. [2015Db])

those shown in Figures 8.2 and 8.4. In addition, the trends for CLaM§S have been
derived with a different method as done for the MIPAS trends in this thesis.

The dipole-like structure of negative trends in the Southern Hemisphere and pos-
itive trends in the Northern Hemisphere in the MIPAS data is nicely confirmed with
the CLaMS model. As stated in Ploeger et al. [2015b], however, the northern hemi-
spheric increase in AoA is stronger in the model, whereas the AoA decrease in the
Southern Hemisphere appears stronger in the MIPAS data. In addition, the zone of
linear decrease extends into the northern tropics in the observations, while the trend
pattern changes sign approximately at the equator in the model. The positive trend
south of 50°S in the MIPAS data is likely due to the mesospheric SF¢ sink, as supposed
by Ploeger et al. [2015b] and further discussed in Section 8.4. Another difference be-
tween modelled and observed trends is found in the lower stratosphere, where CLaMS
consistently exhibits negative trends below 450 K, which appears in the MIPAS data
further down (below 400K). As pointed out by Ploeger et al. [2015b], even though
there are some differences in the decadal trends between the model and the MIPAS

observations, the similarities in the trend pattern are an encouraging result and indi-
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Figure 9.3: Calculated AoA trends for 2002-2012 from the KASIMA model with con-
sideration of empirical errors and autocorrelation. Hatched areas indicate where the
trend is not significant.

cate that stratospheric transport is well described by ERA-Interim data used to drive
the model.

9.2.2 KASIMA

The MIPAS SFg-based AoA trends for 2002-2012 are compared with trends derived
from SFg distributions calculated with the Karlsruhe Simulation Model of the Mid-
dle Atmosphere (KASIMA) (see Kouker et al. [1999]; Reddmann et al. [2001, 2010];
Ruhnke et al. [1999] for a description of the model and some applications). Here 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 between 7 and 120 km was used. In addition, the model was nudged to ERA-
Interim analysis below 1 hPa. SFg mixing ratio values were set at the lower boundary
of the model in the troposphere using NOAA/ESRL data. Note that the model in-
cludes the mesospheric loss of SFg, 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 simulations when including mesospheric loss.
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Figure 9.4: Calculated AoA trends for 2002-2012 from the KASIMA model without
consideration of empirical errors and autocorrelation. Hatched areas indicate where
the trend is not significant.

Figure 9.3 shows the distribution of AoA trends calculated with simulated SFg
values from the KASIMA model as latitude-altitude cross section with consideration
of empirical errors and autocorrelations.

The model results agree remarkably well with the observed AoA trends: positive
decadal trends are found in the upper polar stratosphere in both hemispheres and
at northern midlatitudes around 20 to 25km while negative trends are found in the
southern tropics and southern subtropics as well as in both hemispheres in the lower
and lowermost stratosphere at midlatitudes, and in the southern polar region. The
most pronounced negative trend is detected in the southern subtropics around 25 to
30km, whereas it is found around 25km in the MIPAS measurements. At northern
midlatitudes at about 25 to 30km altitude a tongue of negative trends is modelled,
while MIPAS detected still weak positive trends there. At first glance there seems to
be no disagreement between MIPAS and KASIMA in this region, because negative
trends in KASIMA are not significant there. However, one has to be careful with the
significances when comparing MIPAS and KASIMA: KASIMA is a nudged model, i.e.
in wide parts of the atmosphere it represents the real atmosphere. 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 therefore cannot be

123



assumed as fully uncorrelated. Thus, this error characterises the expected difference
between the regression function and truth; however, it cannot necessarily account
for the differences between MIPAS and KASIMA. For this comparison the trends
without consideration of the model errors may be more adequate. Figure 9.4 shows
the AoA trends from the KASIMA model without consideration of the model errors
and demonstrates that the region of the “negative tongue” is significant in KASIMA,
whereas it is significantly positive in MIPAS (compare with Figure 8.2).

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 significant when comparing the respective figures of trends without consideration
of the model error (Figures 9.4 and 8.2). So there is indeed a discrepancy in this region,
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 Figure 9.3 is the hemispheric asymmetry between significant
negative trends in the Southern Hemisphere and significant positive trends in the
Northern Hemisphere, which was also found in the MIPAS data. This hemispheric
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. [2015b] with the CLaMS model (Figure 9.2). All these models are driven
by ERA-Interim data. However, CLaMS driven by JRA-55 data does not reproduce
this pattern [Konopka et al., 2016].
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Chapter 10
Discussion and Conclusion

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 converted in AoA using a tropospheric reference
curve. The new AoA data set roughly resembles that of Stiller et al. [2012] but shows
differences with respect to important details. Some spurious features of the old data
set do 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 is identified as 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 40 km has
been removed by a more sensible application of profile regularisation in the retrieval
and by applying a full non-LTE treatment of the interfering COs lines.

The global data set of age of air covering a period of 10years is robust and con-
solidated enough to allow, for the first time, a detailed study of the stratospheric
circulation. The latitudinal and altitudinal dependence of AoA, the seasonal varia-
tion (amplitudes and phases), and the impact of the QBO on the circulation could be
studied for the first time for a whole decade. The data set is an invaluable tool for
validation of the circulation modelling in reanalysis, chemistry transport and chemistry
climate models.

The latitudinal cross section of AoA at 20km was compared to airborne obser-
vations from the 1990s and no substantial differences to the previous comparison of
Stiller et al. [2012] were found. The comparison of AoA profiles with airborne measure-
ments shows that in the tropics MIPAS AoA is now older at all altitudes. At northern
midlatitudes MIPAS agrees with most of SFg in-situ data whereas at high northern
latitudes MIPAS AoA is again older, and only the SFg air samples inside the polar
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vortex agree with the MIPAS data. It cannot be decided from the available data if
these discrepancies are due to a changed circulation (e.g. increased mixing over the

subtropical transport barriers) or due to different measuring systems.

The temporal variability of AoA over the 10 years of MIPAS measurements (2002—
2012) was analysed by fitting a regression model to the AoA time series. The annual
cycle in AoA of particular regions in the stratosphere was investigated and found to
be in good agreement with specific model studies.

The derived AoA decadal trends show a pronounced hemispheric 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 overall picture of lin-
ear 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 con-
firmed 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 positive, and in the middle tropical stratosphere,
where trends are now negative. The latter might be explained by the removal of the re-
trieval 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 significant positive trend in the
northern midlatitudes is in agreement with the findings of Engel et al. [2009] and the
inferred trends agree impressively well with the estimated trend by Engel et al. [2009].

The hemispheric asymmetry in AoA found in the MIPAS data for the period 2002-
2012 is nicely confirmed by simulations with the CLaMS model, driven by ERA-Interim
data, for the same time period.

The 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 demonstrates that the ERA-Interim data, used to
nudge KASIMA, apparently are able to reproduce the observed transport trend, which
shows that they are suitable for studies of the BDC and its trends. It also demonstrates
that models which are driven by ERA-Interim meteorological reanalysis (like CLaMS)
or are nudged to them (like KASIMA) can reproduce the general morphology of AoA
trends observed with MIPAS.

The refined MIPAS observations on AoA in this study disagree with the results

of various studies with free-running models, which consistently predict a decreasing

126



10. DISCUSSION AND CONCLUSION
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Figure 10.1: Trends for 2002-2012 simulated with the CLaMS model: (a) mean age of
air, (b) mean AoA reconstructed as sum of residual circulation and mixing, (c¢) trend
of aging by mixing, and (d) trend of RCTT. Gray shading indicates where trends are
not significant at the 20 level. Dashed lines mark altitude levels in km (figure from
Ploeger et al. [2015a] by courtesy of AGU).

AoA for the whole stratosphere. However, the analysed time period in this thesis of
approximately one decade is too short to be comparable with results from long-term
model studies, since decadal variability is high [see e.g. Ploeger et al., 2015a).

Nevertheless this study finds a negative AoA trend in the tropics and in the
lower and lowermost midlatitudinal southern 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 Bénisch et al. [2011] and supported by Diallo et al.
[2012], at least in the Southern Hemisphere.

Ploeger et al. [2015a] show that the hemispheric asymmetry found in the CLaMS
AoA trends during 2002 to 2012 is mainly caused by the trend in the integrated effect of
mixing, also referred to as “aging by mixing” (see Section 2.4.2), rather than in trends

of the residual circulation. Only below about 20 km the negative trends in mean age
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are reflected in the trends of the residual circulation, meaning that in these regions the
observed mean age trends can be attributed to the trends of the residual circulation
transit time (see Figure 10.1). This corroborates the hypothesis of an accelerated
shallow branch of the BDC, which is also supported by the MIPAS data (for the
Southern Hemisphere). In turn, trends in the integrated effect of mixing (along the
path of the residual circulation) can result from changes in the local mixing intensity
or from changes of the residual circulation.

Ploeger et al. [2015a] also showed that AoA trends in CLaMS from 1990 to 2013
differ significantly from the decadal trends (2002-2012) presented here and are mainly
negative throughout the stratosphere in accordance with climate model simulations,
but also confirm the balloon-borne derived trends from Engel et al. [2009] as the AoA
trends show insignificant to slight positive trends in northern midlatitudes above 24 km.
(see their Figure 2). This hints towards a strong decadal variability in AoA trends and
limits the possibility to extrapolate the MIPAS results towards other periods.

Even though, as mentioned above, the analysed time period in this study is rela-
tively short, and inferred AoA trends might be influenced by decadal variability, the
MIPAS observations presented in this thesis monitored decadal changes in stratospheric
transport and has been proven suitable to validate model results, which in turn, could
be further improved and eventually lead to a better understanding of the atmosphere
and the climate system and improved prediction of future climate states. Still large
uncertainties of the stratospheric response to a rapidly changing climate exist. It is
therefore necessary to further monitor global changes in stratospheric dynamics and
chemistry with satellite instruments like MIPAS.
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