Stratospheric aerosol extinction profile retrievals
from SCIAMACHY limb-scatter observations

Florian Ernst

Universitat Bremen






Stratospheric aerosol extinction profile retrievals
from SCIAMACHY limb-scatter observations

Vom Fachbereich fiir Physik und Elektrotechnik
der Universitdt Bremen

zur Erlangung des akademischen Grades eines
Doktor der Naturwissenschaften (Dr. rer. nat.)

genehmigte Dissertation

von
Dipl. Met. Florian Ernst

aus Herne






1. Gutachter: Prof. Dr. John P Burrows

2. Gutachter: Prof. Dr. Otto Schrems

Eingereicht am: 07.10.2013
Tag des Promotionskolloquiums: 26.11.2013






ABSTRACT 7

Abstract

This dissertation presents a method for retrieving stratospheric aerosol extinction
profiles from a global satellite data set. Ten years of limb radiance measurements
with the instrument SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY (SCIAMACHY) onboard the European environmental research satel-
lite Envisat provides the unique opportunity to derive a stratospheric aerosol extinc-
tion data set over a long time period (2002-2012) with a good global coverage on a
daily basis.

Stratospheric aerosols have a significant impact on climate but the determination
is still subject to large uncertainties. Consisting mainly of sulfuric acid droplets they
directly influence the radiative balance of the earth, play an important role in cloud
formation and interact with atmospheric chemistry, in particular with ozone. To
improve our understanding of climate relevant processes an accurate determination
of stratospheric aerosol properties is crucial. Solar occultation measurements tradi-
tionally used for the determination of stratospheric aerosol extinction profiles are
very accurate, but limited in global coverage. The limb-scatter technique used in
this work measures sunlight scattered by the Earth’s atmosphere and combines a
high vertical resolution with a near-global coverage on a daily basis.

Deriving stratospheric aerosol extinction from limb radiance spectra requires
complicated radiative transfer calculations. In this work the sophisticated radiative
transfer model and retrieval code SCIATRAN 3.1 is used to implement an algorithm
based on a color-index approach combining normalized limb radiance spectra at 470
and 750 nm to retrieve aerosol extinction profiles between 12 and 35 km altitude.

Detailed sensitivity studies are performed for the first version V1.0 of the retrieval
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containing a Henyey-Greenstein approximation of the phase function. These sen-
sitivity studies revealed that this simplification is not suitable for the retrieval of
stratospheric aerosol extinction profiles from SCIAMACHY limb spectra. As a con-
sequence, a Mie phase function for typical background aerosols is implemented in
retrieval version V1.1. The sensitivity studies for this version showed that under
typical atmospheric conditions the largest source for errors are uncertainties in the
knowledge of neutral density and tropospheric clouds with errors of up to 15 % and
9 %, respectively, in the southern hemisphere. Other tested parameters are ground
albedo (8 % error at most), a priori profile (7 %), tangent height registration (6 %),
and ozone (<1 %).

Comparisons of the results of the retrieval versions V1.0 and V1.1 with co-located
measurements of the solar occultation instrument SAGE II confirmed the findings of
the sensitivity studies. While version V1.0 shows large interhemispheric differences
and a bad agreement with both SAGE II data set versions used (V6.2 and V7.0),
particularly in the southern hemisphere, the results of version V1.1 using the Mie
phase function show very good globally averaged agreement with SAGE II V7.0
measurements within 10 % above 15 km. First results on the global morphology
of stratospheric aerosols retrieved from SCIAMACHY with retrieval version V1.1
at three pressure levels are consistent with the current knowledge of stratospheric
dynamics. The global aerosol extinction morphology at 70 hPa shows clear evidence
for a stratospheric impact of multiple volcanic eruptions and a pyroconvective event
between 2005 and 2011.

The SCIAMACHY stratospheric aerosol data set derived in this work is capable
of reducing the uncertainties in the determination of climate relevant parameters
and has the potential to be highly valuable as input data for global circulation
models. It spans a period of time without volcanic disturbances form 2002-2005
as well as a volcanically highly active phase from 2005-2012 and can serve as
a foundation for climatological interpretation with respect to both stratospheric

background conditions and the volcanic impact.



PUBLICATIONS 9

Publications

Conference proceedings

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V,, Bovensmann, H., and Burrows, J.
P: Retrieval of stratospheric aerosol distributions from SCIAMACHY limb measure-
ments: first steps and methodology, Proceedings Atmospheric Science Conference,

Barcelona, Spain, 7-11 September 2009, ESA Special Publication SP-676, 2009.

Conference contributions

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V, Eichmann, K.-U., Brinkhoff, L. A.,
Bovensmann, H., Burrows, J. P: Global stratospheric aerosol extinction profile re-
trievals from SCIAMACHY limb radiance: algorithm description and validation, 7th
International Atmospheric Limb Conference, 17-19 June 2013, Bremen, Germany,

2013.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V,, Eichmann, K.-U., Brinkhoff,
L. A., Bovensmann, H., Burrows, J. P: Stratospheric aerosol extinction profile re-
trievals from SCIAMACHY limb-scatter observations, 39th Scientific Assembly of the

Committee on Space Research, 14-22 July 2012, Mysore, India, 2012.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V,, Bovensmann, H., Burrows,
J. P: Stratospheric aerosol extinction profile retrievals from SCIAMACHY limb-

scatter observations, European Geoscience Union General Assembly, 22-27 April



10 PUBLICATIONS

2012, Vienna, Austria, 2012.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V,, Bovensmann, H., Burrows,
J. P: Retrieval of stratospheric aerosol distributions from SCIAMACHY limb mea-
surements: methodology, sensitivity studies and results, European Geoscience Union

General Assembly, 03-08 April 2011, Vienna, Austria, 2011.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V, Bovensmann, H., Burrows,
J. P: Retrieval of stratospheric aerosol distributions from SCIAMACHY limb measure-
ments: first steps, methodology and first results, 38th Assembly of the Committee
on Space Research, 18-25 July 2010, Bremen, Germany, 2010.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V, Bovensmann, H., Burrows,
J. P: Retrieval of stratospheric aerosol distributions from SCIAMACHY limb mea-
surements: methodology, sensitivity studies and first results, European Geoscience

Union General Assembly, 02-07 May 2010, Vienna, Austria, 2010.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V,, Bovensmann, H., Burrows,
J. P: Retrieval of stratospheric aerosol distributions from SCIAMACHY limb mea-
surements: methodology and first results, DPG Spring Meeting of the Section AMOP
and the Divisions Environmental Physics and Physics Education, 08-12 March 2010,

Hanover, Germany, 2010.

Ernst, E, von Savigny, C., Rozanov, A., Rozanov, V,, Bovensmann, H., Burrows,
J. P: Retrieval of stratospheric aerosol distributions from SCIAMACHY limb mea-
surements: first steps and methodology, 5th Atmospheric Limb Conference, 16-19

November 2009, Helsinki, Finland, 2009.



CONTENTS

11

Contents

Abstract

Publications

Motivation and objectives

I

outline . . . . . . . e e

Fundamentals

1 Stratospheric aerosols

2

1.1
1.2

1.3
1.4

From first detection to satellite measurements . .............
Lifecycle . . . . . . . o e
1.2.1 Background stratospheric aerosols . . ... ............
1.2.2 Volcanic perturbations . . ......................
Influence on global climate and stratospheric chemistry . ... .. ..

Aerosol microphysics . . . . ... ...

Mie theory

SCIAMACHY on Envisat

3.1
3.2

The satellite Envisat . . . . . . . o o v i i i e e e e e e e
The SCIAMACHY InStrument . . . . v v v v v v v e e e e e e e e e e e
3.2.1 Instrumentdesign . ... ... .. .. ..ttt

3.2.2 Scan geometries . . . . . . ..ttt e e e e

15
17

19

21
21
29
29
34
39
41

47



4 Limb geometry

II Methodology

5 Retrieval algorithm
5.1 Algorithm description . . ... ... .. ... . ...,
5.2 Retrieval scheme ... ... ... ... . . ... ... .. ...
5.2.1 Formulation of the inverse problem . ...............
5.2.2 Solutionin SCIATRAN. . . . ... ... ... ...

5.2.3 Averaging kernel matrix .. ........... ... .......

6 SCIATRAN model and retrieval parameters
6.1 Aerosol parameterization in SCIATRAN . . . . ... ..... ... ....
6.1.1 Henyey-Greenstein approximation . ... .............
6.1.2 Mie phase function . .............. .. ... ......
6.2 Retrieval using SCIATRAN . . . . . . . .. .. ittt
6.3 Retrievalsetup . . .. ... ... .
6.3.1 A priori aerosol extinction profiles . . .. ... ..........

6.4 Averagingkernels . .. ... .. ... ... ...

7 Sensitivity studies
7.1 Henyey-Greenstein approximation. . . . . .. .. .. .. ... ......
7.1.1 Impactofaprioriprofile . ... .. ... ... ... .......
7.1.2 Effectof surfacealbedo . . ... ... ... ... ... ... ..
7.1.3 Effectof neutraldensity .......................
7.1.4 Effectofozone . ... ... ... .. ... ...
7.1.5 Effect of troposphericclouds . . . .. ................
7.1.6 Effect of tangent heighterrors. . . . .. ..............
7.1.7 Summary of the sources of potential systematic errors . . . . .

7.2 Miephase function . .......... ... ... ... . ... ...



7.2.1 Impactofaprioriprofile . ... ... ...... ... ....... 115

7.2.2 Effectof surfacealbedo . . . ... ... ... ... ... ... 117

7.2.3 Effectof neutraldensity ....................... 119

7.2.4 Effectofozone ... ..... ... .. .. .. ... 119

7.2.5 Effect of troposphericclouds . . . ... ............... 119

7.2.6 Effect of tangent heighterrors. . . . ... ... ... ....... 121

7.2.7 Summary of the sources of potential systematic errors . . . . . 124

III Retrieval results 127
8 Comparison with SAGE II data 129
8.1 Henyey-Greenstein approximation. . . . ... ... ............ 130
8.2 Mie phase function . . ... .. ... ... ... ... 135
8.3 Comparison with previousresults . . ... ... .. ... ..... ... 142

9 Global stratospheric aerosol extinction data set 143
10 Summary and conclusion 149
Outlook . . . . e 152
List of Abbreviations 155
Appendix 155
List of Figures 157
List of Tables 163

Bibliography 165
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Motivation and objectives

Stratospheric aerosols play an important role in the global climate system as they
significantly influence the radiative balance of the Earth and interact in stratospheric
chemistry. The thin haze consisting mainly of sulfate droplets scatters solar radiation
and increases the planetary albedo indirectly by influencing the cloud formation in
the upper troposphere. These effects combined lead to a cooling effect of different
magnitude under undisturbed background conditions and periods of volcanically
enhanced aerosol load, the two generally distinguishable stratospheric states with
respect to aerosols.

The eruption of Mount Pinatubo in 1991 demonstrated impressively the cooling
potential of stratospheric sulfate aerosols. The mean global temperature decreased
by multiple tenths of a degree for several months after the eruption. But even if the
cooling effect is smaller under non-volcanic conditions, it is not negligible.

The anthropogenic influence on stratospheric aerosols — which are an Essential
Climate Variable according to the Global Climate Observing System (GCOS) - is
very sparsely investigated and yet not well understood. It is expected that a future
increase in anthropogenic emission of aerosol source gases like SO, will significantly
reduce the man-made global warming effect caused by the emission of greenhouse
gases, but the valuation of this dampening effect underlies large uncertainties (IPCC,
2007)

In this context, even intentional active human intervention in the Earth’s climate

system is considered: geoengineering by injection of sulfur compounds into the
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stratosphere is a standard approach in solar radiation management (e.g., Crutzen,

2006).

Furthermore, stratospheric aerosols play an important role in stratospheric chem-
istry, especially ozone depletion, leading to an effect in an atmospheric parameter

which is essential for human health and life on earth in general.

Continuous global observations of stratospheric aerosols are essential for monitor-
ing the spatial distribution of volcanic aerosols with time as well as the long-term
variation of stratospheric aerosols in general. These observations can only be

provided by satellite measurements.

The observation technique traditionally used to measure stratospheric aerosol
extinction profiles is solar occultation. Solar occultation observations provide ac-
curate aerosol extinction profiles typically with high vertical resolution at multiple
wavelengths, and the spectral dependence of the extinction coefficients allows infer-
ring information on the aerosol particle size. The disadvantage of solar occultation
measurements is that the number of occultations is limited to one sunrise and one
sunset observation per orbit at most. Moreover, the latitudes of these observations

change only slowly with time.

A new generation of instruments employ limb observations of the scattered
solar radiation to retrieve vertical profiles of trace gas constituents and stratospheric
aerosols. This technique combines high vertical resolution with near-global coverage,
which makes it well suited for global atmospheric model assimilation, but requires
sophisticated radiative transfer modelling to perform the retrieval. The results can

be validated with more accurate, but sparser occultation data sets.

SCIAMACHY, the Scanning Imaging Absorption SpectroMeter for Atmospheric
CHartography on ESA’s Envisat spacecraft is one such instrument employing the limb-
scatter observation geometry. It provided broadband limb radiance measurements

from 2002-2012 covering a period of undisturbed background stratospheric aerosol
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conditions in the first years of its lifetime and several volcanic eruptions with
stratospheric impact from 2005 onwards. Thus, its comprehensive data set offers
the rare possibility to investigate stratospheric aerosols under changing aerosol
loads.

Goal of the work presented in this dissertation is to employ limb-scatter measure-
ments with the SCTAMACHY instrument to retrieve stratospheric aerosol extinction
profiles that form a valuable data set with global coverage on a daily basis. This data
set shall have the potential to serve as input data for global circulation models and
as a foundation for climatological interpretation with respect to natural variability
under background conditions and in volcanically influenced periods as well as to

potential anthropogenic impact in the context of climate change.

Outline

The thesis is divided into three parts.

Part I provides fundamental background information on the physical properties
of stratospheric aerosols and their role in the climate system as well as a short
history of their investigation and an overview of common reseach methods. The Mie
theory that physically describes the scattering of light by sulfate aerosol particles is
presented. Furthermore, it gives a description of the SCIAMACHY instrument and
provides an insight into the limb-scatter measurement technique.

In Part II, the non-linear inverse method and the two versions V1.0 and V1.1 of
the retrieval algorithm applied in this work to gain stratospheric aerosol extinction
profiles from SCIAMACHY limb radiances are explained in detail. The forward
model and retrieval code SCIATRAN is introduced as the tool which puts the retrieval
method into practice. This part concludes with sensitivity studies with respect to
various parameters.

In Part III the results of the two retrieval versions are presented and validated
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with a highly accurate stratospheric aerosol extinction data set. Time-latitude
morphologies of the complete SCIAMACHY aerosol extinction data set V1.1 are
presented and discussed. The thesis closes with the summary and suggestions for

future investigations.



Part 1

Fundamentals
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1 Stratospheric aerosols

1.1 From first detection to satellite measurements

The history of stratospheric aerosol observations began in August 1883 with the
explosion of the small Indonesian island Krakatoa in a massive volcanic eruption.
Nine days later, Sereno E. Bishop discovered in Honolulu/Hawaii what he described
as a “faint halo” around the sun, the first documented evidence of stratospheric
aerosols, subsequently named ”Bishop’s ring” after him (Bishop, 1884). In the
years following the eruption, exceptionally red and glowing twilights were observed
all over the world, lasting long after sunset. These observations were correctly
associated with particles in the upper atmosphere transported on a global scale
following the eruption (e.g., Aitken, 1884, Symons et al., 1888).

In 1902, Léon Teisserenc de Bort and Richard Amann simultaneously used the
newly developed technique of unmanned instrumented ballons to discover a region
in the atmosphere with zero lapse rate, known today as the tropopause. Teisserenc
de Bort suggested that the atmosphere was divided into two layers and named them
“troposphere” and ”stratosphere”.

The experience made with Krakatoa and following major volcanic eruptions made
obvious that volcanoes have a large impact on the stratospheric aerosol loading
with the potential to influence number concentration and composition for years
after the eruption (Deshler et al., 2006). The period from 1883 to present was

dominated by eight major volcanic eruptions (see Table 1.2), overall roughly 50
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had a documented stratospheric impact with partly long time periods between the

eruptions (Sato et al., 1993, Stothers, 1996, Deshler et al., 2006, Yang et al., 2010).

In one of these gaps, in 1959 — almost 30 years after the last significant volcanic
eruption, the Quizapo in 1932 (Stothers, 1996) — Junge et al. (1961) performed the
first direct proof of the existence of stratospheric aerosols by performing balloon-
borne in-situ measurements of vertical concentration profiles in three aerosol size
categories up to an altitude of 30 km. They found that smaller particles of radii
between 0.01 and 0.1 um decreased in concentration from the tropopause to nearly
zero at 20 km, whereas larger particles (0.1 — 1.0 um) formed a maximum at about
20 km. The chemical analysis of the larger particles suggested hygroscopic behaviour
with sulfur as the main constituent, a finding that was confirmed by Rosen (1971) by
determining the boiling point of stratospheric aerosols, inferring on a composition
of 75% H,SO, and 25% H,0. Junge et al. (1961) concluded "tentatively” and
basically correctly that the small particles were of tropospheric origin, while the
larger particles were formed in the stratosphere by oxidation of sulfuric source gases.
A third mode of less hygroscopic particles larger than 1.0 um, which was found to
have a very short lifetime, low frequency of occurrence, and high fluctuation in time,
was assigned to meteoric dust particles. Subsequent balloon- and aircraft-borne
measurements confirmed the presence of a stable and world-wide stratospheric
sulfuric aerosol layer (Chagnon and Junge, 1961, Junge and Manson, 1961). These
sulfate aerosols of obvious non-volcanic origin — already hypothized by Gruner
and Kleinert (1927) as a "disturbance layer” between 20 and and 30 km altitude
responsible for purple light in the western sky after sunset — form the background

aerosol level with the so-called Junge Layer at about 20 km.

In the early 1970s, the first long-term measurements to investigate the strato-
spheric background aerosol layer and the role of volcanic eruptions were established.

Balloon borne Optical Particle Counters (OPC) delivered important information
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about microphysical properties of stratospheric aerosols above Laramie, Wyoming,
USA, with growing accuracy and versatility from 1971 to present (e.g., Hofmann
et al., 1975, Deshler, 2003). The results of these localized long-term in-situ measure-

ments are used in this work as the major source for aerosol micropysical parameters.

The first operational ground-based lidar (LIght Detection And Ranging) routine
measurements for long-term stratospheric aerosol monitoring started also in the
early 70s in Séo José dos Campos, Brazil, and were subsequently extended to the
Network for the Detection of Stratospheric Change (NDSC) consisting of eight lidar
stations between 79°N and 78°S which provide a long-term data set of vertical
profiles of aerosol extinction and aerosol backscatter with a high operation rate

(Ferrare et al., 1998, Hamill et al., 2006).

The beginning of the satellite era in the late 1970s opened up new possibilities
for measuring stratospheric aerosols. Although in general with lower accuracy and
lower spatial resolution than in-situ or lidar measurements, satellite measurements
provide the possibility to observe stratospheric aerosols continuously on a global
scale, which is essential for monitoring the spatial distribution of volcanic aerosols

with time as well as the long-term variation of stratospheric aerosols in general.

The first space-borne instrument focusing on stratospheric aerosols was the Strato-
spheric Aerosol Measurement (SAM) II, which was in orbit from 1978-1993 onboard
the Nimbus-7 spacecraft (Pepin et al., 1977, McCormick et al., 1979). Together
with three following missions, the Stratospheric Aerosol and Gas Experiment (SAGE,
1979-1981), SAGE II (1984-2005), and SAGE III (2002-2006), it formed the SAGE
series of NASA instruments that have produced comparable global measurements of
stratospheric aerosol extinction in the visible and near infrared continously since
1978 (McCormick et al., 1979, Russell and McCormick, 1989, Thomason and Taha,
2003, Hamill et al., 2006). This set of instruments used the solar occultation tech-

nique to measure aerosol extinction at one (1000 nm, SAM II) to nine (386-1545 nm,
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SAGE III) wavelengths with an uninterrupted combined aerosol extinction data
set near 1000 nm from October 1978 to March 2006. Until the termination of
the SAGE III mission in 2006, the solar occultation technique was the common
measurement geometry for satellite-based instruments focused on stratospheric
aerosols. It measures solar radiation at the above-mentioned discrete wavelengths
transmitted through the atmosphere looking directly into the rising or the setting
sun, each once per orbit. At each observation, measurements are performed at
successive tangent height steps at altitudes from at least 10-30 kilometers (SAM II),
giving a height profile of the transmission and subsequently the aerosol extinction
(e.g., Chu et al., 1989). Because of the advantages of this technique — accurate
aerosol extinction profiles typically with high vertical resolution at multiple wave-
lengths, and the spectral dependence of the extinction coefficients allows inferring
information on the aerosol particle size (Lenoble et al., 1984, Brogniez et al., 1992,
Brogniez and Lenoble, 1988) — and the outstanding duration and quality of the
combined aerosol extinction data set, the aerosol extinction derived from the SAGE
series and particularly SAGE II is generally considered to be one of the stratospheric
aerosol data sets with the highest accuracy. For this reason, the SAGE II data set is

used for comparisons with the SCTAMACHY results in this work.

Currently, the MAESTRO (Measurements of Aerosol Extinction in the Stratosphere
and Troposphere Retrieved by Occultation) instrument measures the vertical dis-
tribution of aerosols. It was launched aboard the satellite SCISAT-1 in 2003 and
consists of a UV-VIS-NIR spectrophotometer that measures transmitted sunlight in

the 285-1030 nm spectral region (McElroy et al., 2007).

Other instruments using the sun occultation technique were the HALOE (HALo-
gen Occultation Experiment) instrument and the POAM (Polar Ozone and Aerosol
Measurement) instrument series. HALOE operated from 1991-2005 onboard the

Upper Atmosphere Research Satellite (UARS), measuring aerosol extinction at four
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wavelengths in the infrared (Russell et al., 1993). POAM II and III were operating
from 1993-1996 and 1998-2005 onboard the SPOT-3 and SPOT-4 satellites, repec-
tively, obtaining aerosol extinction in the latitude bands 54-71°N and 63-88°S at
five wavelengths in the visible/near infrared (e.g., Glaccum et al., 1996, Lumpe,

2002, Lucke et al., 1999).

The disadvantage of solar occultation measurements is that the number of oc-
cultations is limited to one sunrise and one sunset observation per orbit at most.
Moreover, the latitudes of these observations change only slowly with time. With
the demise of SAGE III in 2006, the era of sun occultation instruments came to
a preliminary end. With the installation of a nearly exact replica of SAGE III on
the International Space Station (ISS) in 2014 only one further mission is planned.
Newer techniques have to continue the space-based observations of stratospheric

aerosol.

Stellar occultation, e.g., by GOMOS (Global Ozone Monitoring by Occultation of
Stars) onboard the European satellite Envisat (Bertaux et al., 1991, Vanhellemont
et al., 2005) can also be used to measure multi-spectral aerosol extinction profiles
providing significantly enhanced geographical coverage, but with a much lower
signal-to-noise ratio due to using transmitted starlight instead of sunlight for the

determination of the stratospheric aerosol extinction.

The american-french satellite CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) measures the stratosheric aerosol layer since April 2006 with
a combination of the lidar instrument CALIOP (Cloud-Aerosol Lidar with Orthogonal
Polarization), the Imaging Infrared Radiometer (IIR), and the Wide Field Camera
(WFQC) (e.g., Winker et al., 2007, Vernier et al., 2009).

A new generation of instruments employ limb-scatter observations (see Chapter
4) to retrieve vertical profiles of trace constituents and stratospheric aerosols. Using

scattered solar radiation, this technique is not dependent on a direct view into the
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sun and thus is able to combine a high vertical resolution with near-global coverage,

but requires sophisticated radiative transfer modelling to perform the retrieval.

Until 2001 only very few studies employed limb radiance measurements to infer
stratospheric aerosol extinction coefficients or size parameters, none of them with
the above-mentioned advantages of space-based observations. Cunnold et al. (1973)
used photometer measurements of limb-scattered sunlight made from the X-15
aircraft at six spectral intervals to infer aerosol extinction profiles with an optimal
estimation scheme. Ackerman et al. (1981) used balloon-borne photographic obser-
vations of the azimuthal variation of limb radiances to establish the aerosol phase
function. McLinden et al. (1999) employed profiles of limb radiance and the degree
of linear polarization measured with the CPFM (Composition and Photodissociative
Flux Measurement) instrument flown aboard NASA's ER-2 plane to retrieve vertical

profiles of stratospheric aerosol number density and size parameters.

In 2001, the first satellite-based limb-scatter instrument was launched, the Optical
Spectrograph and Infrared Imaging System (OSIRIS) (Llewellyn et al., 2004) on the
Swedish/Canadian/Finnish/French Odin satellite (Murtagh et al., 2002). It was
operative in a sun-synchronous orbit at an altitude near 600 km from February 2001
to date, measuring scattered sunlight in the wavelength region 280-810 nm at lati-
tudes from 82°N to 82°S. Bourassa et al. (2007, 2008, 2012) retrieved stratospheric

aerosol properties from OSIRIS radiance profiles.

SCIAMACHY, the Scanning Imaging Absorption SpectroMeter for Atmospheric
CHartography (Burrows et al. (1995), Bovensmann et al. (1999), and references
therein) on ESA's Envisat spacecraft orbited the earth from in roughly 800 km
altitude from March 2002 to the sudden communication loss in April 2012. SCIA-
MACHY was one of only a few instruments performing limb measurements in the
UV-VIS-NIR spectral region (Noél et al., 2002). Two wavelengths of its broadband

limb radiance spectra are used for the aerosol extinction retrieval in this work.



1.1 FROM FIRST DETECTION TO SATELLITE MEASUREMENTS 27

Onboard the same satellite, GOMOS - primarily a stellar occultation instrument
— is also capable of performing limb-scatter measurements on the dayside of each
orbit (Kyrola et al., 2004, Taha et al., 2008).

The limb sensor of the recently launched Ozone Mapping/Profiler Suite (OMPS)
aboard NPP (Suomi National Polar-orbiting Partnership) (Lee et al., 2010) measures
the along-track limb-scattered solar radiance in the spectral range of 290 to 1000 nm.

Table 1.1 gives an overview of the instruments used for stratospheric aerosol
measurements. The Chapters 3 and 4 provide detailed information about the

instrument SCTAMACHY and the limb-scatter technique.
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1.2 Lifecycle

1.2.1 Background stratospheric aerosols

Following Hamill et al. (1997), the lifecycle of stratospheric background aerosols
covers three main stages: particle formation from source gases, development of a

size distribution trough transport and mixing, and removal from the stratosphere.

Formation:

From the first direct measurements of stratospheric aerosols, Junge et al. (1961)
concluded that sulfur was the main constituent of the collected liquid droplets,
a finding that Rosen (1971) confirmed and extended by means of boiling point
determinations which suggested a composition of 75 % sulfuric acid and 25 % water.
Since no sources of sulfur exist in the stratosphere, stratospheric sulfate aerosols
must have their origin in the troposphere.

The tropical upper troposphere/lower stratosphere region plays a key role in the
formation of stratospheric sulfate aerosols because convection in the intertropical
convergence zone (Goodman et al., 1982, Yue and Deepak, 1984) and slow diabatic
ascent into the tropical stratosphere determined dynamically by extratropical wave-
driven pumping (Holton et al., 1995) turned out to be the main transport processes
of source gases and particles into the lower stratosphere. Studies by Brock et al.
(1995) showed that new particle formation takes place in this region.

Crutzen (1976) suggested tropospheric carbonyl sulfide (OCS) to be the source
gas for stratospheric sulfate particles, an assumption that turned out to be correct
but not sufficient. Model calculations by, for example, Weisenstein and Bekki (2006)
and Notholt and Bingemer (2006) showed that the contributions of SO, and OCS to
the stratospheric sulfur content are of the same order of magnitude. The total sulfur

emission at the earth’s surface — source for stratospheric sulfate aerosols — is on the
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order of 100 Tg/year (Carslaw and Karcher, 2006), dominated by anthropogenic
sulfur dioxide (SO,) emissions in the industrial period (Carslaw and Karcher, 2006).
Due to the short atmospheric lifetime of SO, (10-20 days), its role in stratospheric
aerosol formation is relatively small compared to the amount generated at the
earth’s surface. In contrast, OCS — generated mainly by non-anthropogenic marine
processes (Kettle et al., 2002) — contributes only a small part of the total sulfur
emission, but its long tropospheric lifetime of two years (Khalil and Rasmussen,
1984) makes it a significant source for the formation of sulfate aerosols in the upper
troposphere/lower stratosphere region. Molecules of these two major source gases
are — along with other, minor sulfuric precursor gases as dimethyl sulfide (CH;SCH,),
carbon disulfide (CS,), or hydrogen sulfide (H,S) — transported into the tropical
tropopause region in deep convective clouds (Chatfield and Crutzen, 1984) and by

lifting of air masses in warm conveyor belts (Eckhardt et al., 2004).

There the source gases are photolysed and/or oxidized to H,SO,, the direct
gaseous precursor of liquid sulfate aerosol droplets. Since the tropospheric lifetime
of H,SO, is on the order of minutes, the ultraviolet photolysis of OCS described by
Crutzen (1976) and the in-situ oxidation of SO, and OCS are the main processes
generating H,SO, in the stratosphere (Notholt and Bingemer, 2006). Below 25 km,
SO, is the dominant source gas, above 25 km OCS (Deshler, 2008).

For the formation of liquid sulfuric acid droplets from gas phase H,SO,, conden-
sation nuclei must be available. Brock et al. (1995) showed by atmospheric mea-
surements and numerical calculations that homogeneous nucleation from gas phase
H,SO, and H,0 molecules in the tropical tropopause region can provide these nuclei.
Hunten et al. (1980) and Cziczo et al. (2001) found particles of meteoric, Turco
et al. (1979) of tropospheric origin in the upper and lower stratoshere, respectively.
In-situ measurements of the chemical composition of individual lower stratospheric

aerosol particles by Murphy (1998) indicated particles of pure H,SO,/H,0 and oth-
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ers containing small amounts of meteoric material or organic material, implicating
a mixture of the three sources for condensation nuclei.

There is evidence that H,SO, particle formation in the upper troposphere followed
by transport across the tropical tropopause by overshooting convection provides
a source equivalent to the sum of the precursor gases entering the stratosphere
in gas phase (Deshler, 2008, Weisenstein and Bekki, 2006). Sensitivity analysis
for SO, and sulfate inputs by Notholt and Bingemer (2006) and in-situ aircraft
measurements of sulfate particles in the tropical tropopause by Jonsson et al. (1995)
fortify this finding.

The suspicion that the increasing aircraft exhaust could have a significant impact
on stratospheric aerosol formation could not be confirmed at this point in time.
Several publications of in-situ measurements and model calculations (e.g., Arnold
et al., 1998, Kjellstrom et al., 1999) were reviewed by Kircher (1999), drawing
the conclusion that even in the North Atlantic flight corridor north of 40°N the
flight traffic induced contribution to the stratospheric sulfate mass is only about
1% (Deshler, 2008). Long-time trend analysis of stratospheric background aerosols
by Deshler et al. (2006) showed no positive trend in the last 40 years despite the

increase of air traffic in this time period.

Transport and development of a size distribution:

Following model calculations of Hamill et al. (1997), the process of nucleation is
able to produce only very small particles with radii around several nanometers. To
grow to particle sizes found by in-situ measurements, other processes are necessary.
Subsequent to the initial formation, condensation of stratospheric H,SO, and water
molecules around the condensation nuclei occurs, followed by coagulation with
surrounding newly formed or larger aged particles. These processes lead to a

sulfuric acid solution with a relatively constant proportion of 75 % H,SO, and 25 %
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water. Since due to the low vapor pressure of H,SO, each free molecule is quickly
caught by an existing particle which then condenses water and rising/shrinking
temperature leads to release/uptake of water. The exact composition of the two
constituents depends on the temperature and the availability of gas phase H,SO,
(Deshler, 2008). Yue et al. (1994) gave an overview of the latitudinal, seasonal, and
height dependence of the stratospheric aerosol acidity and the resulting refraction

index derived from SAGE II satellite measurements.

While the the zonal transport of aerosols generated in the tropical tropopause
region happens rapidly with the mean stratospheric winds (depending on the phase
of the quasi-biennial oscillation (QBO), see for example Trepte and Hitchman
(1992)), meridional transport is limited to large-scale stirring and mixing (Carslaw
and Kéarcher (2006) citing Trepte and Hitchman (1992)). Following Trepte and
Hitchman (1992), who interpreted SAGE I/II observations of stratospheric aerosols
from 1979-1981 and 1984-1991 by means of a model of the QBO meridional
circulation and equatorial wind observations, meridional aerosol transport from the
tropics is behaving differently in different layers of the lower stratosphere. Within
a few kilometers above the tropopause, poleward transport to the mid-latitudes
happens relatively unhindered primarily to the winter hemisphere and preferably
during QBO westerly shear ("westerly shear” — not to be confused with "westerly
phase” — means a strong gradient in the zonal stratospheric wind with a shift of the
wind direction form easterly to westerly with rising altitude). Above approximately
20 km the meridional transport is blocked by the dynamics driving the QBO, leading
to a pronounced maximum in the tropics and a strong boundary between 15° and
30° of each hemisphere (see also Plumb (1996)). Upper layer outflow from this
reservoir is steered by the Brewer-Dobson circulation, occuring more readily during
QBO easterly shear. Additionally, Trepte and Hitchman (1992) found that the

altitude of the particle number density maximum - the Junge layer — is shifted by



1.2 LIFECYCLE 33

the QBO, to a maximum altitude of 28-30 km, during an easterly QBO shear.

During the poleward transport, condensation of gaseous H,SO, and H,O and coag-
ulation with fresh and aged aerosol droplets continue. Simultaneously, gravitational
settling moves the larger particles closer to the tropopause (Deshler, 2008).

The combination of these mechanisms finally leads to a quasi-steady background
aerosol distribution with a pronounced reservoir in the tropical lower stratosphere
with relatively slow meridional transport and a particle size distribution (PSD)
confirmed by measurements by Deshler (2003) and others (see below). The bottom
of the layer is the troposphere, the top at approximately 35km where sulfate
particles evaporate completely due to high temperatures and low partial pressure of

H,S0O, and H,0O (Carslaw and Karcher, 2006).

Removal:

Following Holton et al. (1995), the removal of aerosols from the stratosphere is
dominated by large-scale dynamics, not by local events near the tropopause. Very
tightly summarized, the propagation of small- and large-scale tropospheric waves
into the stratosphere followed by their dissipation generates a predominantly and
persistently wave-induced westward force which in the extra-tropics leads to a
poleward mass flow induced by the Coriolis force. This poleward-pushed air is
forced downward by mass continuity and the general behaviour of the extratropical
response to the zonal force, the lower layers entering the troposphere. As men-
tioned above, depending on the QBO phase the peak activity occurs in the winter
hemisphere (Trepte and Hitchman, 1992). The mean stratospheric residence time
with respect to this removal mechanism is approximately two years.

Furthermore, stratospheric air masses enter the troposphere diabatically through
tropopause folds and through subsidence in the polar vortex during winter and

spring (Carslaw and Karcher, 2006), but these are much slower with corresponding
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residence times of approximately eight years for both processes (Hamill et al., 1997).

Additionally, stratospheric aerosols serve as condensation nuclei for polar strato-
spheric clouds (PSCs) during polar winter and are transported into the troposphere
with the sedimentation of the relatively large PSC particles (Carslaw and Karcher,
2006).

Beside the role in PSC sedimentation, gravitational settling contributes only
incirectly to the removal of stratospheric aerosols by moving particles closer to the
tropopause where they can be removed by the above-mentioned processes which
are rapid compared with gravitational settling (Deshler, 2008).

Once in the troposphere, sulfate aerosols are depleted rapidly as condensation
nuclei for cirrus clouds and — being highly reactive — by tropospheric chemistry.

In summary, the vast majority of stratospheric background aerosols are liquid
droplets of sulfuric acid droplets which are mainly formed in the tropical tropopause
region by nucleation of H,SO, molecules oxidized from the dominant source gases
OCS and SO,, followed by coagulation with existing or newly formed particles and
condensation of gas phase H,SO, and water. Meridional transport is slow, leading
to a tropical reservoir and a stratospheric lifetime of approximately two years
before being removed to the troposphere predominantly by large-scale dynamical

processes.

1.2.2 Volcanic perturbations

In contrast to the days of the early measurements by Junge and others, the era of
space-based aerosol measurements have been dominated by several major volcanic
eruptions. Volcanic eruptions can have a large impact on stratospheric aerosols by
injecting large amounts of gas and ash into the stratosphere.

Since large particles as soot and ash are removed from the stratosphere by gravity

within days, the gaseous constituents of the eruption column - first of all SO, — have
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by far the strongest influence on the stratospheric aerosol constitution by providing
source material for the formation and growth process described above. After the
volcanic eruption of El Chichén in 1982, Hofmann and Rosen (1984) found that
volcano-induced stratospheric aerosols consist of droplets of 75 % sulfuric acid and
25 % water as well. Deshler et al. (1992) and Sheridan et al. (1992) comfirmed that
finding after the eruption of Mount Pinatubo in 1991, the eruption with the strongest
stratospheric impact since the beginning of stratospheric aerosol measurements in
the early 1960s. In general, the formation, transformation, and removal mechanisms
from gaseous precursors to sulfate droplets are similar to those for background

aerosol discussed above, but the resulting PSD differs significantly (see Section 1.4).

Two factors are crucial in determining the potential of a volcanic eruption to
affect the stratospheric aerosol composition significantly and for a longer period:
the eruption must release a large amount of sulfur and must be powerful enough
for the eruption column to reach the stratosphere. The Volcanic Explosivity Index
(VEI) developed by Newhall and Self (1982) is a measure for the strength of a
volcanic eruption and - particularly important with respect to this work — the
maximum altitude of the column. A VEI of 3, 4, or 5+ means the column reaches
a maximum altitude of 3-15 km, 10-25 km, or >25 km, respectively. Despite the
fact that extratropical volcanos with VEI 3 are potentially able to reach the lower

stratosphere, the focus here lies on volcanos with VEI 4+-.

Table 1.2 lists the eight major eruptions mentioned in Section 1.1 that strongly
impacted the stratosphere since 1883. Four are falling in the period after the long
gap in which Junge performed the first in-situ measurements (Sato et al., 1993,
Stothers, 1996). Three of these are assigned a VEI of 5+, i.e. the eruptions of Agung
(1963, 8°S), El Chichén (1982, 17°N), and Mt. Pinatubo (1991, 15°N). The eruption
of Fuego (1974, 15°N), even though with a VEI of only 4, strongly influenced the

stratosphere by injecting 3—-6 Tg of aerosols, but was limited primarily to altitudes
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Name Year | Latitude | Longitude | VEI | SO, [Tg] | Aerosol [Tg]
Krakatau 1883 6°S 105°E 6 44
Unidentified 1890 ? ? ? 6-24

Santa Maria 1902 15°N 92°W 6 30
Katmai/Novarupta | 1912 58°N 155°W 6 5 11-30
Agung 1963 8°S 116°E 5 10 16-30

Fuego 1974 15°N 91°W 4 3-6

El Chichén 1982 17°N 93°W 5 8 12

Mt. Pinatubo 1991 15°N 120°E 6 17-20 30

Table 1.2: Names, dates, locations, Volcanic Explosivity Index (VEI), SO, and aerosol
loading (if available) of volcanic eruptions with strong stratospheric impact since the first
detection of stratospheric aerosols.

below 20 km (Deshler, 2008). An additional two eruptions in this period had a VEI
of 5 without significantly affecting the stratospheric aerosol layer. The Mount St.
Helens (1980, 46°N) ejected a large amount of silicates and other large particles,
but only a small amount of sulfur gases (<1Tg), thus the impact was small and
short-lasting (Robock, 1981). The Cerro Hudson (1992, 46°S) released more than
3Tg SO,, but got lost in the Mt. Pinatubo eruption with ~30Tg a few months
earlier.

Figure 1.1 shows the 1970-2007 history of stratospheric aerosols from five lidar
and in-situ measurement sites at tropical or mid-latitudes (Deshler, 2008). The
eruptions of Fuego, El Chich6n, and Mt. Pinatubo and their long lasting stratospheric
impact with an e-folding time of 0.8-1.5 years are clearly visible at all measurement
sites, the Fuego due to its VEI of 4 predominantly between 15-20 km (bottom
panel). The 1980 Mount St. Helens eruption is displayed only by a sharp peak at
Laramie, Wyoming, USA in the vicinity of the eruption (bottom two panels). The

Cerro Hudson (1992) vanishes in the dominating Mt. Pinatubo (1991) signal.
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Figure 1.1: History of stratospheric aerosols from 1970-2007 as integrated backscatter
above the tropopause from two tropical (first panel) and two mid-latitude (second panel)
lidar sites and the integral columns of number between 20-25km (third panel) and
15-20 km (fourth panel) from in-situ balloon measurements at Laramie, Wyoming, USA.
The green and blue triangles represent volcanic eruptions with VEI 4 (open triangle)
and 5+ (closed triangle) at latitudes <30° and >30°, respectively (figure from Deshler
(2008)).

Since the source gas output of volcanic eruptions in the tropics contributes directly
to the tropical reservoir as the source region of the stratospheric aerosol cycle, it
is assumed that these volcanos have a stronger impact on the global stratospheric
aerosol distribution than comparable volcanic eruptions at high latitudes. Satellite
observations by Bourassa et al. (2010) and model calculations by Kravitz et al.

(2010) concerning the stratospheric impact of the high latitude volcanos Kasatochi
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and Okmok in 2008 fortify this assumption. Note that all four eruptions with
significant stratospheric impact mentioned above happened in the tropics.

Next to the relatively sporadic strong volcanic eruptions ejecting source gases
directly into the stratosphere (depending on the tropopause height and thus the
latitude), the larger number of weaker eruptions not reaching the stratosphere have
a significant combined impact on the stratospheric aerosol formation by increasing
the source gas concentration in the upper troposphere (Thornton et al., 1999). In
particular, such volcanic entry of source gases in the tropical upper troposphere
can add noticeably to the stratospheric aerosol formation. Vernier et al. (2011)
investigated the influence of such minor eruptions in the tropics from 2000-2009.

However, the — from a stratospheric point of view — volcanically quiescent period
from the decay of the Mt. Pinatubo influence in the mid 1990s to the eruption
of Manam in January 2005 offers the unique chance to investigate stratospheric
aerosol properties without a direct volcanic insertion into the stratosphere within
almost three years of the SCTAMACHY data set. In the last seven years of its lifetime,
SCIAMACHY witnessed a set of volcanic eruptions with direct stratospheric impact.

Recent studies by, for example, Fromm et al. (2000) and Siddaway and Petelina
(2011) demonstrated that a combination of extreme heat energy release and con-
vection named "pyroconvection” or "pyrocumulonimbus” can have a similar effect
as large volcanos influencing the stratospheric aerosol loading by explosively ac-
celerating smoke material from biomass burning to enable the penetration of the

tropopause.
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1.3 Influence on global climate and stratospheric

chemistry

Stratospheric aerosols are of great importance to both the atmosphere’s radiative
balance and stratospheric chemistry. Depending on the effective radius of the sulfate
droplets, they can have a direct positive or negative radiative forcing effect (Lacis
et al., 1992). Sulfate aerosols are efficient scatterers and weak absorbers at solar
wavelengths, but absorb the thermal infrared radiation coming from the surface.
Microphysical properties — mainly the droplet size defined by the effective radius
I (see Section 1.4) — decide which effect dominates. Particles with r.; <2 pum
predominantly scatter the incoming solar radiation and therefore cool the planet
by increasing the planetary albedo. For particles with r.4 > 2 um, absorption and
re-emission of thermal IR radiation from below the tropopause dominates, thus
large aerosol droplets contribute to the greenhouse effect warming the atmosphere.
While the direct effect of background aerosols is rather small it has a significant
impact on the Earth’s radiation balance after strong volcanic eruptions (McCormick
et al., 1995, Self et al., 1997). Even in times of a strong volcanic aerosol loading
with large particle radii, the cooling effect dominates since the effective radius stays
well below the critical value (Lacis et al., 1992, Valero and Pilewskie, 1992). For
example, after the eruption of the Mt. Pinatubo on June 15th, 1991, Stowe et al.
(1992) calculated from measured aerosol optical depths a decrease of the globally
averaged net radiation at the top of the atmosphere by about 2.5W/m? in late 1991,
translating into a global cooling of 0.5 to 0.7°C. Values on this order were confirmed
by northern hemisphere temperature records by Dutton and Christy (1992) and
model calculations by Hansen et al. (1992). In the stratosphere, increased absorption
led to significantly higher temperatures of up to 4 Kelvin at altitudes and locations

where the Mt. Pinatubo eruption produced the highest stratospheric concentrations
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of aerosols (Labitzke and McCormick, 1992).

Furthermore, stratospheric aerosols can indirectly affect the Earth’s radiation
budget. Aerosol particles descended through the tropopause in tropopause folds or
by sedimentation can act as condensation nuclei of upper level clouds, leading with
the same liquid or ice water content to more hydrometeors in the cloud with smaller
effective radii. This leads to a higher albedo and thus a negative contribution to
the radiative balance. Based on the work of Charlson et al. (1992), Minnis et al.
(1993) investigated this effect after the Mt. Pinatubo eruption, Le Treut et al. (1998)

confirmed their findings by means of model calculations.

Even though above described climate impacts are assumed to be small under
background conditions, Solomon et al. (2011) concluded from several indepen-
dent aerosol data sets and satellite data a negative radiative forcing of —0.1 W/m?
between 1960-1990 and 2000-2010, respectively, due to an increase in the strato-

spheric background aerosol level during these periods.

Stratospheric aerosols also play an important role in the chemical balance of the
stratosphere, particularly regarding ozone. Inside the polar vortex, sulfuric acid
aerosols act as condensation nuclei in the formation of polar stratospheric clouds and
participate in the halogen activation facilitating the heterogeneous chemistry that
leads to the formation of the ozone hole in Antarctic spring, and to partly significant
chemical ozone losses in the northern hemisphere lower polar stratosphere during
Arctic spring (Solomon (1999), and references therein). Outside the polar vortices
stratospheric sulfate aerosols can also lead to chlorine activation as a precondition
for ozone destruction (Erle et al., 1998, Hanson and Ravishankara, 1995, Solomon
et al., 1993). Catalytic heterogeneous processes on the particle surface convert
stable chlorine reservoirs such as hydrogen chloride (HCI) and chlorine nitrate
(CIONO,) into photochemically active chlorine species as Cl,, CINO,, and HOCI

(Self et al., 1997). The mechanisms described above - inside and outside the polar
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vortex — are more effective during periods of high volcanic aerosol load. Another
mechanism particularly effective under background conditions was found during the
period of high stratospheric aerosol loading after the major eruptions of El Chich6n
and Mt. Pinatubo (e.g., Johnston et al., 1992), i.e., the depletion of stratospheric
NO, by the hydrolysis of N,Os (e.g., Mozurkewich and Calvert, 1988). Fahey et al.
(1993) showed the anticorrelation of the aerosol surface area and the NO,/ NO,
ratio, a measure for the ozone destruction potential of the reactive nitrogen reservoir
(NO,). Conversely, the low aerosol load of the background level causes high NO,
concentrations, leading to ozone loss from the nitrogen catalytic cycle (Crutzen,
1970). Since the hydrolysis of N,O5 saturates as aerosol surface area increases
above 5-10 um?/cm?, this mechanism gains in importance when the stratospheric
aerosol loading is low (Carslaw and Kércher, 2006, Prather, 1992). Additionally,
two other chemical compounds interacting with ozone, ClO, and HO,, are affected

by changes in NO, (Solomon et al., 1996).

1.4 Aerosol microphysics

The combination of the processes described in Sections 1.2.1 and 1.2.2 — nucleation,
coagulation, condensation, transport, mixing, gravitational settling, and removal
to the tropopause — result in a lognormal particle size distribution of liquid sulfate
aerosol droplets in the stratosphere (Davies, 1974). A lognormal distribution is a
distribution of a variable whose logarithm is normally distributed. Two parameters,
r, and oy, describe a lognormal size distribution of aerosol particles with a total

number density N (Hansen and Travis, 1974):

n(r)=

(lnr—lnrg)2:| a1

N
V2no,r P |: 20§



42 1 STRATOSPHERIC AEROSOLS

where the median radius r, = e" is the geometric mean of the lognormal distribution
and o, is the standard deviation of the logarithm of the particle radii (normally dis-
tributed). p denotes the arithmetic mean of the logarithm of the radii. The median
radius can be understood as the radius which divides the distribution into a higher
and a lower half with respect to the total particle number. The standard deviation o
of the lognormal distribution, often called spread or distribution width (for example
in Deshler (2003)), often replaces Oy, with 0, = In(o). Another parameter often
found in literature is the mode radius 1, = "%, the radius corresponding to the
global maximum of the PSD. Multimodal PSDs are typically defined either by the
mode radii or the median radii of the different modes. Figure 1.2 shows the median
and mode radii of two PSDs together with the arithmetic mean radii r = e to?/2 of

the lognormal distributions.

After analysing in-situ measured stratospheric aerosols of different sizes for 30
years (1971-2001) at altitudes up to 30km above Laramie, Wyoming (41°N),
Deshler (2003) suggested a bimodal lognormal size distribution for the aerosol
particle sizes with one mode characteristic for the smaller background aerosols and
the second mode for large volcanically induced aerosols with a changing influence
depending on spatial and temporal distance to the last volcanic eruption with
stratospheric impact. Typical values for the median radius of background aerosols
are around 0.1 um with o0& 1.5 and a number density N of 5-10 cm™> (Carslaw
and Kércher, 2006, Deshler, 2003). The larger particle mode is very narrow under
background conditions, around r, ~# 0.4 um with 0~ 1.1 and N~ 0.1 cm ™ at 20 km.
While the number density of the small mode is relatively constant in altitudes up to
30-35 km, the one of the larger mode drops sharply with rising altitude, to N~ 0.01
cm 2 above 25 km (Carslaw and Kircher, 2006).

Strong volcanic eruptions can increase the mean particle size and the concentra-
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Figure 1.2: Two particle size distributions (PSDs) for N = 1 with the same median
radius r, = 1 (red) (both in arbitrary units) and distribution widths of 0.25 (solid curve)
and 0.75 (dashed curve). Blue and green lines show the corresponding mode radii and
mean radii, respectively.

tion dramatically. Figure 1.3 shows the altitude profiles of the median radii and the
number densities for the two size modes above Laramie, Wyoming, USA (41°N),
averaged over the three years following the Mt. Pinatubo eruption, 1992-1995, and
the years 1995-2003 representing background conditions (Deshler, 2003, 2008).
During volcanic conditions, the number density of particles in the large mode
is with N~ 1 cm™2 at altitudes around 20 km a factor 10 greater than during non-
volcanic conditions while the median radius remains approximately constant. The
median radius of the small mode increases be about a factor of 2, particularly below
25 km, while the number density remains more or less constant. With respect to the
background conditions, volcanic eruptions seem to enlarge the particles of the small
mode and increase the particle numbers of the large mode. Note that these values

are 3-year/8-year means starting in 1992 and 1995, respectively, for a place at 41°N
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Figure 1.3: Altitude profiles of the median radii and the number densities for the two
size modes of a bimodal lognormal particle size distribution fit to balloon measurements
above Laramie, Wyoming, USA (41°N) averaged from 1992-1995 (left panel) and from
1995-2003 (right panel) (Deshler, 2003). The white (black) data points with standard
deviations show the median radius r; (ry) of the small (large) size mode, the corresponding
number density is shown in blue with standard deviations, labelled N; (N,). The fraction
of measurements which were bimodal is displayed by the red lines with the scale at the
top (figure from Deshler (2008)).

in North America, while the Mt. Pinatubo eruption took place in June 1991 at 14°N
on the Philippines, more than 12,000 km away. Thus, these values represent a global
impact of volcanic sulfur entry into the stratosphere. In single measurements closer
in space and/or time to the eruption, the difference with respect to the background

level can be much larger.

Figure 1.4 displays the bimodal lognormal PSDs for r,, 1,, 07, 05, Ny, and N, fitted

to two single measurements one year and 15 years after the Mt. Pinatubo eruption
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above Laramie (after Deshler (2008)). One year after Mt. Pinatubo (left panel),
r, is relatively large and the large particle mode is clearly visible. 15 years after
the eruption (right panel), the median radius of the now dominating small particle
mode decreased by a factor of 2 while the large mode is very weak. Since the
picture in the right panel is representative for background distributions as of about
six years after Mt. Pinatubo (Deshler, 2008), a monomodal PSD with r,=0.11 um
and 0 =1.37 neglecting the large particle mode is used to calculate the scattering
phase function of stratospheric background aerosols used for the retrieval later in
this work. In the following section we will explain how to derive the phase function,
the extinction coefficient and other important properties of sulfate particles whose

size is distributed lognormally.
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Figure 1.4: Particle size distributions derived from in-situ measurements from 24 June
1992 (left panel) and 06 May 2006 (right panel) above Laramie, Wyoming, USA (Deshler,
2003). rl and r2 [um] are the median radii of the small and the large size mode of
the bimodal lognormal distribution, o1 and 02 (N1 and N2 [cm™3]) the corresponding
distribution widths (number densitities).
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2 Mie theory

Since sulfuric acid droplets can be treated as homogeneous spherical particles and

the radii — represented in size distributions by the effective radius

5
Feff = T'g €XP (E In® ag) (2.1)

— are on the same order as the wavelengths of the radiation measured by SCIA-
MACHY, it is suitable to use the Mie theory to describe the scattering by stratospheric
sulfate aerosols (Mie, 1908). The Mie theory provides the exact solution of Maxwell’s
equations for the scattering of a plane electromagnetic (EM) wave of arbitrary wave-
length by a spherical particle of arbitrary size. The particle has to be isotropic
(optical properties are independent of the direction of the incoming light), homoge-
neous (characterized by a single complex refractive index at a given wavelength),
and dielectric (non-conductive, and electrically polarizable). Stratospheric sulfate
aerosols fulfill all these requirements. Although the Mie theory delivers the EM
field at all points in and outside the particle, we focus on the far-field zone (i.e, the
distance to the particle is much larger than the wavelength) as a suitable application
for most atmospheric problems including measuring limb-scattered solar radiation.
From this far-field solution, the desired parameters — scattering matrix (and the
resulting phase function), cross-sections, extinction/scattering coefficients, and
asymmetry parameter — are derived. We will restrict ourselves to a brief outline of
the essential aspects since a complete formal solution would go beyond the scope of

this thesis. The detailed theory can be found in standard works dealing with light
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scattering, the following description is based mainly on Bohren and Huffman (1983).

Under the above-mentioned conditions, Maxwell’s equations can be converted to

JE
VXHZGE
JH
VXE:—ME
V-E=0
V-H=0

(2.2)

(2.3)

(2.4)
(2.5)

with E being the electric field vector, H the magnetic field vector, € the dielectric

constant, and u the magnetic permeability. From these one can derive the vector

wave equation for E and H

82
VE=eu——
“51?2

- 0%H
= €U —
“31?2

(2.6)

2.7)

Due to the spherical particle shape, a transformation in spherical coordinates enables

an analytical solution of the wave equations by applying the boundary condition

that the tangential components of E and H must be continuous across the spherical

surface of the particle. In the far-field zone, the Mie theory gives the solution of the

vector wave equation for the scattered light E° (propagating in direction z) in terms

of the incident light E°:
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Eﬁ _ exp (—ikR + ikz) Sy S3 Eﬁ) 2.8)
B ikR . '
E} S, S E°

where || and L denote the component polarized parallel and perpendicular to
the scattering plane, respectively. k =27t/ is the circular wavenumber and R the
distance to the center of the scattering particle.

Sy Ss
S= is the amplitude scattering matrix consisting of four angle-dependent

S, S,
scattering functions with S;(©)=S,(©) =0 for spherical particles. The two non-zero

scattering functions are expressed by infinite series

= 2n+1

S, = ; m(annn cos® + b, 7,,cos©) (2.9)
= 2n+1

S, :;m(bnnn cos® +a,T,cosO) (2.10)

where the Mie coefficients a,, and b, are

_ Y Pn(x) —myp, () P (x)
Y1 (y) En(x) —map,(y) & (x)

a,(x,y) (2.11D)

_ m () P00 = () P ()
M () En() — () (%)

The prime denotes differentiation with respect to x, with x = 27tr /A being the size

b,(x,y) (2.12)

parameter, a measure for the relation between the particle size and the wavelength
of the incoming light. y = x-m with m as the complex refractive index of the particle.

vy, and &, are related to a spherical Bessel and Hankel function, respectively. 7,
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and 7, in Equations (2.9) and (2.10) are the Mie angular functions

1
n,(cos®) = ——P, (cos®) (2.13)
sin®
d
=——P 2.1
7,(cos®) 76 ' (cos©) 2.19)

with P, as the associated Legendre polynomials of the first kind.

From the Mie coefficients a and b one can derive the extinction, scattering, and

absorption cross-sections

2T &
o, = 5l Z(Zn + 1)Re(a, + b,,) (2.15)
n=1
2T
0= D 2n+ 1), +b,") (2.16)
n=1
o,=0,—0, (2.17)

Additionally, from the scattering functions S;(©) and S,(©) the Mie scattering matrix
and - particularly important in the context of the thesis — the Mie phase function can
be calculated. The Stokes vector is a set of four values — the Stokes parameters I, Q,
U, and V - introduced by George Gabriel Stokes in 1852 to describe the polarization
state of electromagnetic radiation. I describes the total intensity, Q and U the two
components of linear polarization, and V the circular polarization. Expressed by the
time averages (identified by ( )) of the parallel and perpendicular components of

the electric field vector E, the Stokes parameters can be written as
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I=(EE;+E E}) (2.18)
Q=(EE —E E}) (2.19)
U=(EE;+E E) (2.20)
V =i(EE —E E (2.21)

Let (Iy,Q,, Uy, V) and (I,,Q,, U,,V,) be the Stokes vectors of the incoming and

scattered radiation, respectively. Then

() (1)

S

Qs O'S QO

= P 2.22
4mR? ( )
Uo

"y, "y

where

p=| ’ (2.23)
0 0 P33 Psy

\0 0 —Pyy Ps,sj

is the Mie scattering matrix for spherical scatterers. Each of the four independent

elements of P can be expressed by the scattering functions S;(©) and S,(©):
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2n
2n * *
P, = W(SzS2 -5:5)) (2.25)
s
2n * *
Py 5= W(stl +5,S;) (2.26)
s
2n . .
P3,4 = %(8251 - Slsz) (2.27)
s

The star denotes the complex conjugate. P, ; — later simply denoted as P(©) - is the
phase function, a very important quantity in this work. Another quantity used in this
work for the retrieval of stratospheric aerosol extinction profiles is the asymmetry

parameter, defined as the first moment of the phase function P, j,

g= f P,,(©)cos@dQ
4n

2 [n(n+2) 2n+1
=2 —  Re *+b,b" )+ ——
; [ n+1 (@ny s+ Bubyy) n(n+1)

(2.28)
Re(a, + b:)]

which is a qualitative indication of the main direction of scattering. g = 1 means
totally forward scattering, g = O corresponds to equal forward and backward
scattering, and g = —1 to all backward scattering.

As explained in the previous Section 1.4, an air parcel in the atmosphere rarely
contains aerosols with a single radius, but particles of various sizes whose radii are
typically distributed lognormally. Thus, the results from the Mie theory have to be

applied to such particle ensembles.

Given a particle size distribution n(r), the averaged extinction cross-section &,
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within a radius interval [7,,;,,, "'nax] 1S
f o (r)n(r)dr
G, =" (2.29)
f n(r)dr
T'min

Multiplication with the total particle number N = f rrm

min

n(r)dr gives the volume
extinction coefficient 3,. The averaged scattering and absorption cross-sections and
volume coefficients are calculated in the same way.

Similarly, the averaged scattering matrix elements are

rleX

f P, ;(©,r)n(r)dr

pi,j(g) = - (2.30)
f n(r)dr
with the phase function
i 27-C max ) )
P(O) = T (5,8} +5,8;] n(r)dr (2.31)

The single scattering albedo

_ B _ B

o8, T B +P.

(2.32)

gives the fraction of light which is scattered and absorbed in a single scattering

event. A value of 1 would mean that no absorption takes place in the particle.

Figure 2.1 shows the Mie phase functions for the two particle size modes r; /0,
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Figure 2.1: Mie phase functions for A =450nm and median radii of 0.11 um (green)
and 0.62 pm (red) with a distribution width of 1.37 and 1.11, respectively. The dashed
curve shows the Henyey-Greenstein approximation with an asymmetry parameter of 0.712,
the dotted curve the Rayleigh phase function. All phase functions are normalized to 1.

for the background case (right panel of Figure 1.4) and r,/0, for the volcanic
influence (left panel of Figure 1.4), assumed to be separated from each other in two
monomodal lognormal particle size distributions. The Mie phase function depends
strongly on the PSD in such a way that a larger median radius generates a larger
forward and backward scattering peak, while a broader distribution width smoothes
the curve and removes the fine structures seen in the red curve. As a result, the Mie
phase functions for the small background and the large volcanic particle mode differ
drastically. The dashed curve shows a parameterization introduced by Henyey and
Greenstein (1941), which is often used to simplify complicated Mie phase functions

and which is given by:

P(©)= (-9 2.33)
47 (1+g>—2 g cos ©)3/2
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where g is the asymmetry parameter derived in Equation (2). In this case, g is 0.712
because this is a typical value for stratospheric aerosols which is used later in this
work (see Sections 6.1.1, 7.1, and 8.1).

The dotted curve shows the Rayleigh phase function which is a limiting case of
the Mie phase function for scattering by particles much smaller than the wavelength
of the incoming light (size parameter x <1), such as air or trace gas molecules with

respect to visible sunlight. The Rayleigh pase function is

P(O®) = %(1 +cos?@®). (2.34)

Mie phase functions in general have a strong forward scattering peak which is more
pronounced for larger particles, while the Rayleigh phase function is much more
isotropic. The Henyey-Greenstein approximation (in this thesis often abbreviated
with “HG”) gives a rough estimate of the Mie phase function, but is not capable
to reproduce finer structures, especially in the backscattering part of the phase
function.

Note that the scattering cross-sections (Equation (2.16)) is dependent from the
wavenumber k and the size parameter x and thus from the wavelength A. This

wavelength dependence can be expessed by the simple equation

o,(A)=const-A7* (2.35)

where a denotes the Angstrc)m exponent. While a typical value for the scattering
of visible light by stratospheric sulfate droplets is @ = 1.5, the Angstrom exponent
for Rayleigh scattering is & = 4. One task of the algorithm used in this work is to
distinguish between radiation Rayleigh-scattered by gas molecules and radiation

Mie-scattered by spherical aerosol particles.
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3 SCIAMACHY on Envisat

3.1 The satellite Envisat

On 01 March 2002, the European environmental research satellite Envisat was
launched by the European Space Agency (ESA) on an Ariane-5 rocket from the
Guiana Space Centre near Kourou in French Guiana. It was injected into a sun-
synchronous polar orbit at a mean altitude of 799,8 km with a descending node
equator crossing time of 10:00 local time and an inclination of 98.55°. The satellite
orbits the Earth in 100.6 minutes with a repeat cycle of 35 days, leading to 14 '/,c
orbits per day and 501 orbits in one repeat cycle. With a mass of 8140 kg — including
314 kg of fuel and a payload mass of 2050 kg — and dimensions of 26 m x 10 m x
5 m it was the largest civilian Earth observation satellite ever put into space. The
combination of 10 instruments onboard Envisat made it Europe’s most ambitious
Earth observation mission. These instruments are the Advanced Synthetic Aperture
Radar (ASAR), the Radar Altimeter 2 (RA-2), the MicroWave Radiometer (MWR),
the Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS),
the MEdium Resolution Imaging Spectrometer (MERIS), the Advanced Along Track
Scanning Radiometer (AATSR), the Global Ozone Monitoring by Occultation of Stars
(GOMOS), the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS),
the Laser RetroReflector (LRR), and the SCanning Imaging Absorption spectroMeter
for Atmospheric CHartographY (SCIAMACHY), which is used in this study. With
GOMOS and MIPAS, SCIAMACHY forms the atmospheric chemistry mission. Figure
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Figure 3.1: Envisat in ESTEC's (European Space Research and Technology Centre) test
facility (left) and its instruments (right) (courtesy: ESA).

3.1 shows a situation during the test phase of the satellite (left panel) and a sketch
of Envisat with the positions of the instruments (right panel). The Envisat mission
abruptly ended on 08 April 2012 as a consequence of a major spacecraft failure of
unknown origin. ESA formally announced the end of Envisat’s mission on 09 May

2012.

3.2 The SCIAMACHY instrument

SCIAMACHY (greek oxtauaym, analogously "fighting shadows") was a double
monochromator comprising a dispersing prism and grating spectrometers observing
the 214-2386 nm spectral range in 8 spectral channels passively measuring radiation
transmitted through, scattered by and/or reflected by the atmosphere or the earth’s
surface. It was a joined German-Dutch-Belgian contribution to Envisat. To achieve
the manifold mission objectives — improving the knowledge of the atmosphere

in general and its response to natural and anthropogenic activity and the related



3.2 THE SCIAMACHY INSTRUMENT 59

Figure 3.2: Optical configuration of SCIAMACHY (figure from Gottwald and Bovensmann
(2011)).

processes such as stratosphere-troposphere-exchange or the impact of anthropogenic
and natural sources on tropospheric ozone, air quality, and global warming, to
mention only a fraction of them — SCIAMACHY delivered a multitude of parameters
characterising the system Earth-Atmosphere-Sun (Gottwald and Bovensmann, 2011).
Next to a wide range of trace gases (O,, O, O, NO, NO,, NO5, CO, CO,, HCHO,
CH,, H,0, N,0, SO,, BrO, OClO) this includes information on clouds (including

PSCs and NLCs), surface parameters, and aerosols.

3.2.1 Instrument design

Centerpiece of the instrument is the two-level Optical Assembly, where the incoming
radiation in collected and converted into spectral information as output (Gottwald
and Bovensmann, 2011). Figure 3.2 shows the different paths that the incoming
light follows within the two levels of the instrument, dependent on wavelength and
scan geometry (see below). By means of mirrors, the incoming radiation from the
nadir, limb or subsolar port is directed to a predisperser prism and a geometrical

channel seperator, where it is split and — depending on the spectral segment —



60 3 SCIAMACHY oN ENVISAT

Channel # Spectral Resolution | Temperature | Detector
range [nm] [nm] range [K] material
1 214 - 334 0.24 204.5 - 210.5 Si
2 300 - 412 0.26 204.0 - 210.0 Si
3 383 - 628 0.44 221.8 -227.8 Si
4 595 - 812 0.48 222.9 -224.3 Si
5 773 — 1063 0.54 221.4-222.4 Si
6 971-1773 1.48 197.0 - 203.8 | InGaAs
7 1934 — 2044 0.22 145.9 - 155.9 | InGaAs
8 2259 — 2386 0.26 143.5 - 150.0 | InGaAs

Table 3.1: SCIAMACHY science channels.

directed by mirrors to the channels 1 and 2 on the same instrument level or the
channels 3-8 on the second level. In Table 3.1 the 8 channels of SCTAMACHY are
listed with the corresponding wavelength intervals, spectral resolution, temperature
range and the detector material.

The channels 1-6 cover continuously and slightly overlapping the spectral region
from 214-1773 nm, from ultraviolet (UV) to short-wavelength infrared (SWIR).
Channel 7 and 8 cover two separated wavelength segments in the SWIR. While
the channels 1-5 use standard Silicon (Si) photodiode arrays, the channels 6-8
use Indium Gallium Arsenide (InGaAs) detectors to be sensitive to radiation with
wavelengths above 1700 nm. All 8 channels are cooled to reach a channel-dependent
signal-to-noise performance, with lowest temperatures in the SWIR channels 7 and 8.
Overall the detector performance is characterized by low noise and high instrument
throughput, resulting in a high signal-to-noise ratio required for the retrieval of the
targeted geophysical parameters (Gottwald and Bovensmann, 2011). Additionally,

for polarization correction the Optical Assembly contains Polarization Measurement
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Devices (PMDs) measuring the polarization perpendicular to the SCIAMACHY
optical plane in six broadband channels between 310 and 2400 nm and the 45°
component of the light between 800 and 900 nm. An on-board calibration unit
consisting of a White Light Source (WLS) and Spectral Line Source (SLS) maintains
a high spectral stability and high relative radiometric accuracy over the mission’s

lifetime.

3.2.2 Scan geometries

Figure 3.3 shows a sketch of SCIAMACHY’s Total Clear Field of View (TCFoV) and
scanning geometries.

In Nadir mode, the instrument Instantaneous Line-of-Sight (ILoS) is pointed
towards the subsatellite point, probing the atmosphere directly under the instrument
with a scan duration of 4 s across track, followed by a 1 s backscan. At one measuring
point ("state”) this is repeated for either 65 or 80 s, depending on the orbital region.
The across track swath size is 960 km, typical spatial resolution is about 30 km
(along track) x 60 km (across track).

In Limb mode, SCIAMACHY scans the atmosphere in flight direction tangentially
to the earth’s surface from ground to about 100 km altitude, measuring sunlight
scattered by the atmosphere. The swath size in each tangent height is — as in
nadir mode — 960 km, corresponding to a scan duration of 1.5s. The distance
between instrument and TP is approximately 3280 km. After each horizontal scan
the LOS is stepped upwards by about 3.3 km at the tangent point to a total of 100 km
altitude with a geometrical field of view of 2.6 km in vertical direction and 110 km
in horizontal direction (Gottwald and Bovensmann, 2011). For more details, see
Chapter 4.

The composition of the nadir and limb scans during one orbit — the limb-scanned

atmospheric volume is overflown by the satellite for nadir scanning with a delay



62 3 SCIAMACHY oN ENVISAT

Zenith

Subsolar
TCFoV

A

IFoV

Flight Direction

19.5°- 27.5°

Moon left A
occultation | & 0
(SH only) '~.§_
un
i occultation
(NH o

Limb
wide swath

Moon right
occultation
Nadir S = (SH only)
wide swath

Figure 3.3: Sketch of SCIAMACHY's TCFoV (Total Clear Field of View) and observation
geometries (courtesy: DLR-IMF).

of approximately 8 minutes — allows a combination of both scanning geometries,
the so-called limb-nadir-matching, which enables the retrieval of tropospheric
columns of various atmospheric components by subtracting the stratospheric column
determined by the limb scan from the total nadir column.

Similar to the limb mode is the geometry of the solar and lunar occultation mode.

In occultation mode, SCITAMACHY ”looks” tangentially to the earth’s surface through
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the atmosphere directly into the sun or the moon. The absorption on the way
through the atmosphere causes changes in the well-known spectrum of sun and
moon which can be used to interprete the composition of the atmosphere. In both
solar and lunar occulation mode, the atmosphere is scanned from approximately 17
to 100 km altitude. Because of the sun-fixed orbit of Envisat and the forward viewing
direction of SCIAMACHY, it can only perform solar occultation measurements with
the rising sun once per orbit while the moon is only visible quite irregularly within
one week per month in the southern hemisphere. Therefore solar occultation
measurements are limited to a small latitudinal range between 50°N and 70°N while
lunar occultation covers large regions of the southern hemisphere from about 20°S

to 90°S (Noél et al., 2002).
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4 Limb geometry

The relatively new limb-scatter technique is similar to the occultation technique used
for the first satellite measurements of the stratospheric aerosol layer in the early
seventies, but with substantial differences. As in occultation mode, the instrument
line-of-sight (LOS) is directed tangentially to the Earth’s surface through the atmo-
sphere, but not at the sun but at a tangent altitude in the name-giving atmospheric
limb. Thus, the atmospheric state is not interpreted from the transmitted fraction
of the sunlight (or moon-/starlight in case of lunar/stellar occultation), but from
the spectrum of sunlight that is Rayleigh- and Mie-scattered into the field of view
(FOV) of the instrument. The limb-scatter technique is able to combine a high
vertical resolution with a good global coverage, but at the cost of the necessity
for complicated radiative transfer calculations and inversion techniques which are
presented in Part II of this work. The increase of computing power in the last
decades reduced the relevance of this disadvantage and enabled an effective use
of this measurement geometry. The general goal of this measurement technique is
to obtain information on the atmospheric state (in this case the aerosol extinction)
of the air parcel at the tangent point of successive altitude levels, assembling to
a vertical profile of a parameter above a point at the Earth’s surface. The tangent
point (TP) is defined as the point of the LOS with the shortest distance to the surface
below, the tangent height (TH) is the corresponding distance between the TP and
surface. The latitude and longitude of the point at the suface directly below the TP

are used as the geolocation of the measurement.
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Figure 4.1: Sketch of the limb-scattering technique.

Figure 4.1 shows a sketch of the limb-scatter technique. The radiance measured
in limb mode consists of a single-scattered (”SS” in Figure 4.1) and a multiple-
scattered ("MS”) fraction whose percentaged contribution to the measured radiance
depends on the measurement geometry (in particular the solar zenith angle) and
atmospheric and surface parameters (in particular the ground albedo). In the SS
case, solar radiation is scattered by particles in the LOS directly into the instrument.
In the MS case, the photons are scattered multiple times by atmosphere and/or
surface before measured by the instrument, containing information from outside
the LOS - usually from the denser air below — and thus outside the air parcel in
the focus of investigaton. The multiple-scattered fraction normally also includes
radiation reflected by the Earth’s surface, modified by the ground albedo ("MS(A)”).
Hence it is desirable to maximize the single-scattered portion of the measured
radiance, in particular to minimize the influence of the ground albedo. Therefor the
atmosphere should ideally be optically thin in the LOS to make sure that most of the

single-scattered light reaches the instrument and is not scattered out of the LOS or
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Figure 4.2: Sun normalized simulated SCIAMACHY radiance at three wavelengths for a
tropical geometry (left panel) and real SCIAMACHY measurements at two wavelengths
at a southern hemispheric mid-latitude (right panel).

absorbed in the LOS. Below the measurement altitude — in our case the stratosphere
— an optically thick atmosphere is useful for limb measurements, because in this
case information from below — in our case the troposphere and the surface - is
filtered out to a high percentage. Due to the curvature of the earth’s atmosphere,
the optically thickest part of the LOS is the region around the tangent point (TP),
which has the advantage that most of the information in LOS comes from the air

parcel around the TP

Figure 4.2 shows exemplarily the limb radiance profiles for the wavelengths 750,
470, and 310 nm. In the left panel, simulated radiances for the three wavelengths
are shown for a tropical geometry, the right panel shows measured SCIAMACHY
radiances (in photons/s in a wavelength interval of +£2 nm) for 750 and 470 nm
for a southern hemispheric mid-latitude geometry (50°S) from 02 February 2004.
The so-called "knee” appears at altitudes where the atmosphere becomes optically
thick. Below that altitude, information gets lost by scattering out of and absorption
in the LOS. Retrieving atmospheric parameters from limb measurements below
this altitude would be difficult. In the case of A = 310 nm this "knee” appears

at approximately 38 km due to absorption in the Huggings and Hartley bands of
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stratospheric O5. For stratospheric measurements outside these two absorption
bands, the shortest possible wavelength is approximately 400 nm because of the
proportionality of Rayleigh scattering to A™* (see Section 2). The two wavelengths
used in this work — the blue and red curve in Figure 4.2 — are suitable from this

point of view.

SCIAMACHY puts the limb-scatter technique into practice as follows. On the sunlit
side of the earth, approximately 25 limb scans (”"states”) per orbit are executed. A
typical SCIAMACHY limb scan starts with a horizontal scan approximately 4 km
below the horizon from the right to left side in flight direction. The total swath
width at the tangent point is 960 km with a total integration time of 1.5 s, divided
into four pixels of 240 km width each. Afterwards the ILoS is moved upward by
approximately 3.3 km and the next horizontal scan is executed in opposite direction.
This is repeated for a total of 30 horizontal scans up to an altitude of approximately
90 km. After the last horizontal scan the ILoS is moved to an altitude of 250 km to
obtain a dark current measurement for calibration. During the scan from bottom
to top the satellite moves with a speed of approximately 27,000 km/h, leading to
a shift in the geolocation of subsequent tangent points. Thus, the ground pixel
size of each of the four adjacent limb profiles per state ("horizontal readouts”) is

approximately 400 km in flight direction and 240 km across flight direction.

In Figure 4.3 the geometry that describes the limb-scattering is sketched. In
the SCIAMACHY data set a limb measurement is described sufficiently by the
geolocation below the TP and the solar geometry at the TB namely the solar zenith
angle (SZA@TP) and the solar azimuth angle relative to the LOS of the instrument
(SAA@TP). The line-of-sight angle is the angle between the LOS and the local zenith.
The single scattering angle (SSA) which is crucial when interpreting the aerosol

phase function (SSA= © in Section 2) can be calculated from
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Figure 4.3: Sketch of the limb-scatter geometry with the solar angles at the tangent
point (TP).

cos(SSA) =cos(SZA@TP) - cos(LOS@TP)
4.1)
+sin(SZA@TP) - sin(LOS@TP) - cos(SAA@TP)

Since the line-of-sight angle at the TP (LOS@TP) is always 90°, Equation (4.1)

simplifies to

cos(SSA) =sin(SZA@TP) - cos(SAA@TP) (4.2)

The fixed equator crossing time of SCIAMACHY leads to a strong dependence of the
SZA and the SSA from latitude. From one orbit to the next both angles are similar
at a fixed latitude, changing slowly with the position of the sun throughout the year.
Figure 4.4 shows the SZA and SSA for all states of a sample orbit at 21 December,
21 March, 21 June, and 21 September, respectively, averaged in 10° latitude bins

from 90°N to 90°S. Measurements with a SZA>87° are not included as these are
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Figure 4.4: Solar zenith angle (SZA, red) and single scattering angle (SSA, blue) for
the winter solstice, spring equinox, summer solstice, and summer equinox. Each cross
is centered in a 10° latitude bin in which the corresponding measurement angles of a
sample orbit at that particular day are averaged. The horizontal dashed line denotes 90°
for distinguishing between forward and backward scattering with respect to the SSA and
to show the horizon with respect to the SZA.

also filtered out later in the retrieval. At winter and summer solstice (panels a and
c) the winter poles are in the dark, thus no limb radiance measurements can be
executed. The general picture is similar for all seasons but both curves are shifted
to the summer hemisphere thoughout the year due to the dependence of the SSA
on the SZA (see Equation (4.2)). At low state numbers at high northern latitudes
SCIAMACHY starts with the limb measurements when the first light reaches the
instrument. For the stratospheric aerosol retrieval we use the first measurements

at which the sun is slightly above the horizon at the TP (SZA>87°). The SZA
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reaches a minimum of roughly 30° at a latitude between 30°N and 30°S depending
on the season and grows south of this latitude until sunset. At the summer poles
the instrument is illuminated even while on the ”back side” of the Earth, thus
averaging over latitudes from 80-90° leads to the somewhat irregular behaviour of
the SZA and the SSA seen at this latitude bin. The SSA is small for high northern
latitudes (30-40°), i.e., the sunlight is forward-scattered into the instrument. During
the course of the orbit, the SSA grows monotonically reaching values far in the
backscattering region (SSA>150°) in the polar southern hemisphere. As we will
see leater in this work, this asymmetrical behaviour of the SAA strongly affects the

retrieval of stratospheric aerosol extinction.
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5 Retrieval algorithm

5.1 Algorithm description

A main task to establish a retrieval method for stratospheric aerosols is to distin-
guish between the portion of light Rayleigh-scattered by the atmosphere’s gaseous
constituents and the portion Mie-scattered by aerosols and clouds, i.e., to separate
the aerosol signal in the limb-scattered radiance from the signals of all other at-
mospheric constituents as good as possible. To achieve this, we use a color-index
approach applied to SCTAMACHY limb radiance profiles at two wavelengths to
derive the measurement vector required for the retrieval, following the method
previously used by Bourassa et al. (2007). The two wavelengths to be combined
in the color-index are A; = 750 nm as the long wavelength and A\, = 470 nm as the
short wavelength. As shown in Figure 4.2, for these wavelengths the atmosphere
is sufficiently optically thin in the stratosphere, and the "knee” altitude is below
the tropopause. Spectral windows with weak atmospheric absorption are preferred
for the wavelength selection in order to avoid retrieval errors caused by incorrect
knowledge of absorber profiles.

Figure 5.1 depicts spectra of the SCTAMACHY channel 3 (top panel) and 4 (bottom
panel) limb radiance at tangent heights from —2 to 58 km, normalized with the
37 km spectrum. The vertical grey bars mark A; and A;. For the synthetic retrievals,
discrete wavelengths are used, but for the retrieval from real SCIAMACHY limb

radiances we average over a wavelength interval of =2 nm to improve the signal-
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Figure 5.1: Calibrated limb spectra of the SCIAMACHY channels 3 (top panel) and 4
(bottom panel) for tangent heights between —2 and 58 km. The limb radiances at the
tangent heigths listed in the legend in the top panel are normalized by division with the
spectrum at 37 km. The vertical grey bars mark the wavelength intervals used in this
work, 470+2 nm and 750+2 nm (figure provided by Kai-Uwe Eichmann, IUP Bremen).
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to-noise ratio (see also Section 6.3). A, falls between an NO, and the Chappuis
absorption band which can be seen as a broadband structure in the lower tangent
heights between approximately 475 nm and the edge of the channel at 628 nm. A, is
just below the O, A-band and above a weak tropospheric water vapour band.

A and A, are combined in a 2-step approach to accentuate the aerosol signal. First
we normalize the limb radiance at each tangent height I*(TH) with the radiance
at a reference tangent height TH,,; of the same limb radiance profile for both

wavelengths separately:

IL(TH) =I"(TH)/I*(TH,) (5.1)

where subscript N indicates normalization.

This technique is adapted from trace gas retrievals (e.g., Flittner et al., 2000, von
Savigny, 2003) and adjusted for the aerosol retrieval. It has two advantages: first,
an absolute calibration of the limb radiances is not required. An error causing the
same relative contribution to the radiance at all tangent height is cancelled out by
this procedure. Furthermore, von Savigny (2003) showed that the tangent height
normalization leads to a reduced sensitivity to errors in the assumed ground albedo.
This is based on the assumption that the fraction of ground-reflected sunlight in
the limb radiance is similar at all tangent heights, including the reference tangent
height. A reference tangent height (TH,.;) of 35km was chosen because at this
point (and above) the aerosol loading in the atmosphere is small under background
conditions due to evaporation of sulfate droplets (see Section 1.2.1). Above that
tangent height the SCIAMACHY limb measurements are potentially contaminated
by external or "baffle” straylight, a potentially large error which would be imported
into the complete profile by normalization with such a contaminated tangent height.

Figure 5.2 illustrates the effect of the tangent height normalization on limb

radiance profiles for a polar and a tropical scenario using simulated radiance profiles



78 5 RETRIEVAL ALGORITHM

POLAR, 83°N

(@

SZA@TP 84°, SAA@TP -38° TROPICS, 0°N

SZA@TP 36°, SAA@TP -105'
35 e T 35 i

35 T

35

301 301 301

257 251 | 257

Altitude [km]
Altitude [km]

201 201 201

470 nm "\
15 750nm N

15} !

151 !

0.0 0.1 0.2 0.3 -0.10 -0.06 0.00 0.05 0.10 0.0 0.2 0.4 0.6 -1.0 -05 0.0 05 1.0
Radiance, sun normalized rel. difference resp. A = 0.5 Radiance, sun normalized rel. difference resp. A = 0.5
POLAR, 83°N SZA@TP 84°, SAA@TP -38° TROPICS, 0°N SZA@TP 36°, SAA@TP -105'
35 T T 35 T 3 T 35 T T 35 T ; T
b) oo ki d y
(b) ag o @ geoo
04 ———— | L gy 04— i
[ 05 [ [ [
30 06 —— 30 30 30 !
08 — — — )
— 1.0 — i
€ € /
=, L ] L = L L '
> 25 25 > 25 25 |
° o |
2 2 |
< < L
201 1 201 201 201 \
‘\
470 nm 470 nm
15[ 750nm ) 1571 151 750nm 151
. . . . . . .
0 10 20 30 -0.010 -0.005 0.000 0.005 0.01C 0 10 20 30 -0.10 -0.06 0.00 0.05 0.10
Radiance, sun norm., norm. 35 km rel. difference resp. A = 0.5 Radiance, sun norm., norm. 35 km rel. difference resp. A = 0.5

Figure 5.2: Effect of the tangent height normalization: simulated radiance for A =470 nm
(blue) and A =750 nm (red) with seven different ground albedos. Left two panels: polar
geometry (83°N) without (a) and with (b) tangent height normalization; right two panels:
tropical geometry (0°) without (c) and with (d) tangent height normalization. Relative
deviations with respect to an albedo of 0.5 for A =750 nm are shown on the right.

for A, =470nm (blue) and A; = 750 nm (red) with 7 different ground albedos. For
the two latitudes 83°N and 0°, respectively, typical SCCAMACHY geometries have
been simulated, with solar zenith angles at tangent point (SZA@TP) of 84° and 36°,
respectively, and solar azimuth angles at tangent point (SAA@TP) of 38° and 105°,
respectively (see Table 5.1, compare also with Figure 4.4). The modified ECSTRA
(Extinction Coefficient for STRatospheric Aerosol, (Fussen, 1999)) profiles for the
two latitudes have been used as aerosol extinction profile (see Section 6.3.1).

The unnormalized radiance profiles for the two latitudes (panels a and c of Figure

5.2) show a much larger impact of the ground albedo at the equator (note the
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Latitude | SZA | SAA | SSA

83°N 84° | 38° | 38°
40°N 48° | 60° | 68°

0° 36° | 105° | 99°
40°S 58° | 145° | 134°
75°S 88° | 155° | 155°

Table 5.1: Typical SCIAMACHY solar zenith angle (SZA), solar azimuth angle (SAA),
and single scattering angle (SSA) at the tangent point for five latitudes on 21 September.

factor of ten between the two abscissas of the difference plots). The reason for this
is the smaller solar zenith angle in the tropics, which leads to a larger fraction of
radiation reaching the earth’s surface (beam denoted with "MS(A)” in Figure 4.1),
being reflected from the surface and finally scattered into the field of view of the
instrument. The tangent height normalization (panels b and d of Figure 5.2) leads
to a significant decrease of the albedo influence by roughly a factor of 10 at both
latitudes (note again the differently scaled abscissas). Interestingly, the sign of the
difference changes for the polar geometry while it remains the same for the tropical

geometry.

In a second step we combine the normalized limb radiance profiles at the two
wavelengths in a color-index-ratio. Retrieving aerosol extinction profiles from
limb radiance profiles at a single wavelength is also an option, but it relies on the
assumption that the background Rayleigh atmosphere can be modelled perfectly.
Any uncertainty in the neutral density would result in an error in the aerosol
profile. To reduce this effect, it is suitable to use the ratio of a long to a short
wavelength. Since the Angstrom exponent for Mie-scattering is highly variable, but
for stratospheric aerosols generally significantly smaller than for Rayleigh scattering

(a ~ 4), wavelength pairing provides a suitable measurement vector for the retrieval
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Figure 5.3: Effect of the color-index-ratio: simulated tangent height normalized radiance
with ground albedo A = 0.3 for A, =470nm and A, =750nm (top panels) and the
logarithm of the ratio of both (bottom panels). Left panels: polar geometry (83°N), right
panels: tropical geometry (0°).

of stratospheric aerosols. Instead of the simple ratio of the two normalized limb
radiance profiles, we use the natural logarithm of the ratio as the retrieval vector for
the inversion (see below). As shown in previous studies (Klenk et al., 1982, Hoogen
et al., 1999, Rozanov and Kokhanovsky, 2008), this approach improves the linearity
of the inverse problem resulting in smaller linearization errors. The wavelength

pairing can then be described mathematically as follows:

I}'(TH)

=In| X—""-
Y(TH)=In 1 (TH)

(5.2)

Figure 5.3 shows the effect of the wavelength pairing for the two geometries used
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above. At the top the tangent height normalized radiances of the two wavelengths
are plotted separately with (solid lines) and without (dotted lines) aerosol loading.

The bottom panels show the logarithms of the color-index-ratio as described above.

5.2 Retrieval scheme

After normalizing and pairing SCIAMACHY limb-scattered radiance spectra as de-
scribed in the previous section, we need a mathematical method to retrieve the
aerosol extinction profiles from this. The retrieval scheme we used is based on the
Optimal Estimation Method (OEM) developed by Rodgers (2000). An important
difference is the iteration procedure described at the end of this section. As during
the complete thesis, vectors are written in boldface lower-case letters and matrices

in boldface upper-case letters.

5.2.1 Formulation of the inverse problem

In Section 5.1 we explained the derivation and meaning of the so-called measurement
vector y which contains the combined measured limb radiances at two different

wavelengths at m tangent heights
2 2 A
I,)(TH I,)(TH I, (TH
y= (ln (]X(—l)),ln (M),...,ln (M)) (5.3)
I} (TH,) I} (TH,) I(TH,)
The state vector x contains the unknown aerosol extinction coefficient profile at a

finite number of altitude levels n. The connection between both is described by the

general equation

y=fx)+e (5.4)
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where f is the so-called forward model which contains the measurement physics. €
represents all kinds of errors of the measurement vector y.

If Equation (5.4) is linear, it can be expressed as

y=Kx+e€ (5.5

with the m X n matrix K as the weighting function matrix or Jacobian matrix. The

elements of K are

dfi(x)

K= - (5.6)
’ ox;
j
meaning that each of the m rows of K calculates one element of y from all n elements
of x considering all other atmospheric parameters and the measurement geometry.
Since the inversion x(y) is usually ill-conditioned (since m > n) and thus no
unique solution of this equation can be found, it is necessary to "choose” from all
possible solutions. OEM provides different approaches how to do so in an objective

mathematical manner. Here we use the so-called Maximum a Posteriori Solution

(MAP). The equation for the inversion x(y) for the linear case is then

x=(K'S;'"K+8; )7+ (K'S) 'y +5,'x,) (5.7)

This “optimal” solution for x can be interpreted as a weighted mean of the real
measurement y and a virtual measurement x, with the matrix weights KTS;lK
and S;l. In the framework of Rodgers’ OEM, the a priori x, with the a priori
covariance matrix S, represents knowledge of the desired atmospheric state before
the measurement is made, e.g., seasonal and zonal statistics and covariances of
aerosol extinction profiles. S, is the covariance matrix of y, the noise covariance
matrix. Equation (5.7) is very similar to the simpler scalar case with the two

measurements x; and x, of an unknown x with the standard deviations o, and o,
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x=(1/0}+1/02) " (x1/0% + x,/02) (5.8)

For most inverse problems — including obtaining the unknown aerosol extinction
profile from SCIAMACHY limb-scattered radiance measurements — Equation (5.4) is
non-linear and thus the analytical method described above is not sufficient to find
a solution. Therefore, Equation (5.4) is linearized with respect to a reference state

vector X, using the first two terms of the Taylor series expansion.

2f(x)
ox

y—f(x,) = (x—x,)+e€ (5.9)

Using the a priori x,, as linearization point and

v, = f(x,) =Kx, (5.10)

Equation (5.9) can be written in a form similar to the linear case (Equation (5.5))

Y-V, =KEx—x,)+e¢, (5.11)

A Gauss-Newton scheme can be employed to solve this equation iteratively,

X1 =X, + (KIS K +8.) KIS (y -y + Ki(x — X)) (5.12)

with S; = (Kl.Ts;Ki +S_) " as the solution covariance matrix.

5.2.2 Solution in SCIATRAN

Within the retrieval algorithm of the model SCIATRAN (further described in the
next chapter), the inversion is implemented with some differences compared to the

original OEM by Rodgers. First, Equation (5.11) is used in form of
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y=Kx+e, (5.13)

where § = y —y, is the measurement vector containing the differences between
logarithms of measured and simulated spectra (both normalized and paired) and x
is the state vector containing relative differences between the a priori and retrieved
aerosol extinction profiles in a way that its components j = 1, ..., n are X; =
(x; — xaj) / X,,- This does not change the method substantially, but it alters Equation

(5.12) to

% = (KIS K, +8,) KIS '(y—y, +KX) (5.14)

The second modification is more substantial. At each iterative step the a priori
information x, is replaced by the result of the previous iteration x;, leading to the

following iterative scheme

x = (K'S, K, +8,) KIS (y—vy) (5.15)

with x7 = (x;;,, — x; )/x;, being the components j =0, ..., n of the vector x". This
iterative scheme is more robust than the original Gauss-Newton approach, which
means it converges with a higher probability at bad starting conditions (i.e., a bad
"first guess” for the a priori). On the other hand it devalues the knowledge of the
state before the measurements are made (a priori). Since we do not have much
statistical a priori information about the global aerosol extinction anyway and are
retrieving the aerosol extinction profiles with the same a priori extinction profile
and an a priori covariance of 100 % at each geolocation and under totally different
conditions (including very large aerosol particles induced by volcanic eruptions), it
is suitable for us to make sure that our retrieval works even under conditions with a

large difference between the a priori assumption and the true extinction.
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5.2.3 Averaging kernel matrix

As described above, the weighting function matrix K represents the sensitivity of
the measurement vector y (the limb radiance) to changes of the state vector x (the
aerosol extinction). On the other hand, in Equations (5.12), (5.14), and (5.15) the

gain matrix

D, = (Kl.Ts;lKi + s;l)—lKiTs;1 (5.16)

describes the sensitivity of the retrieved aerosol extinction x to the measurement y.

Furthermore, the averaging kernel matrix

A, =DK; = (K;S;'K; +S;1)'KS 'K, (5.17)

is a measure for the sensitivity of the retrieved aerosol extinction to the true aerosol
extinction. Investigating the averaging kernels, i.e., the rows of the averaging kernel
matrix after the last iterative step of Equation (5.15), can give us information about
how the retrieved aerosol extinction at a specific altitude is influenced by changes of
the aerosol extinction at other altitudes and about the vertical resolution. In general,
A is a measure for vertical correlations between parameters. The sum of each kernel
allows a statement about the information content coming from the measurement,
while the difference of this sum to 1 represents the information content coming
from the a priori at each altitude. Thus, values of 1 would mean that the a priori
profile had no influence on the retrieval. See Section 6.4 for more information about
the averaging kernels with respect to the retrieval parameters of the SCIAMACHY

aerosol extinction retrieval.
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6 SCIATRAN model and retrieval parameters

To apply the iterative scheme described in the previous section to all SCTAMACHY
measurements and to analyse the retrieval algorithm, a forward model and retrieval
code is necessary. SCIATRAN (Rozanov et al., 2013) is a radiative transfer model
developed at the University of Bremen as an enhancement of the UV-visible near-
nadir model GOMETRAN (Rozanov et al., 1997) and it is capable to perform a wide
range of scientific tasks. The software package also contains a retrieval code that
is suitable to solve the inverse problem of retrieving the atmospheric state such as
aerosol extinction profile from limb-scattered radiance spectra. For this work, SCIA-
TRAN version 3.1 was extended for the retrieval of aerosols. It can execute fast and
accurate simulations of radiance spectra appropriate to atmospheric remote sensing
observations in the ultraviolet, visible, near-infrared, mid-wavelength infrared, and
thermal infrared spectral regions between 175.44 nm and 40 um in a fully spherical
atmosphere, a prerequisite for modeling limb-scattered solar radiation. This allows
the simulation of any viewing geometry common for measurements of the scattered
or transmitted solar radiation within or above the atmosphere (including radia-
tive transfer in a coupled ocean-atmosphere system), e.g., limb, nadir, occultation,
off-nadir, zenith, or off-axis as measured by satellite, air- and balloon-borne, or
ground-based instruments, for all solar zenith angles. The forward model provides
the capability to calculate polarized radiative transfer by means of using the discrete
ordinate method (DOM) (Stamnes et al., 1988) with all four components of the

Stokes vector. However, the retrieval mode depends on the calculation of weighting



88 6 SCIATRAN MODEL AND RETRIEVAL PARAMETERS

functions which (next to other properties, e.g., the phase function) is not available
in the vector version of DOM. Thus, the scalar mode of DOM is used in this work

taking the intensity and no polarization into account.

6.1 Aerosol parameterization in SCIATRAN

Next to a wide range of gaseous atmospheric constituents, SCIATRAN includes the
simulation of various types of aerosols of different origin and properties. Three types
of parameterizations are available in addition to the possibility to choose the aerosol
setting manually. Within this work, the parameterization specifically developed for
SCIATRAN by Hoogen (1995) and Kauss (1998) is used for the retrieval containing
the Henyey-Greenstein approximation of the phase function (retrieval version V1.0)
and the manual setting is used to implement a Mie phase function (retrieval version

V1.1). The next two sections describe both approaches.

6.1.1 Henyey-Greenstein approximation

If the SCIATRAN parameterization is selected, for each arbitrarily choosable atmo-
spheric layer the extinction and scattering coefficients of mixtures of four different
water soluble and eight insoluble aerosol components can be calculated at eight pos-
sible discrete relative humidities between 0 and 100 % by a standard Mie programm
(Kauss, 1998, Hoogen, 1995, Wiscombe, 1980). Table 6.1 lists the available aerosol
types. The underlying data for microphysical properties are from the software
package OPAC (Optical Properties of Aerosols and Clouds, Hess et al., 1998). For the
retrieval of stratospheric background aerosols we selected ”sulfate” (which means
75 % H,SO, particles) at 0 % relative humidity without any other aerosol compo-
nents for altitudes between 10 and 50 km. The size distribution of the stratospheric

sulfate aerosols is assumed to be lognormal (see Equation (1.1) in Section 1.4) with
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# Type (size mode) hygroscopic
1 water soluble yes
2 | sea salt (accumulation) yes
3 sea salt (coarse) yes
4 sulfate yes
5 insoluble/dust no
6 soot no
7 mineral (nucleation) no
8 | mineral (accumulation) no
9 mineral (coarse) no
10 | mineral (transported) no
11 fresh volcanic ash no
12 meteoric dust no

Table 6.1: Aerosol types available in the SCIATRAN aerosol parameterization (adapted
from Kauss (1998)).

a mode radius of 0.1 um and a distribution width of 1.86, resulting in a median
radius of approximately 0.07 um (see Section 1.4). For detailed information on the

SCIATRAN parametrization see Kauss (1998).

For the first part of the sensitivity studies and SCIAMACHY retrievals presented in
this thesis (V1.0, Sections 7.1 and 8.1, respectively) we use the Henyey-Greenstein
approximation for the aerosol phase function (see Equation (2.33)) which describes
the phase function at a scattering angle © for an asymmetry parameter g:

1 (1-g%

P(O)= —
2 47t (1+g>—2g cos ©)3/?

(6.1)

The second expansion coefficient of the Legendre series of the phase function is
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used as wavelength-dependent asymmetry parameter for the Henyey-Greenstein
approximation, g(470nm) =0.712 and g(750nm) = 0.655. Figure 6.1 shows the

Henyey-Greenstein phase functions for 470 nm and 750 nm (dotted curves).

6.1.2 Mie phase function

For the second part of the sensitivity studies and SCIAMACHY retrievals (V1.1,
Sections 7.2 and 8.2, respectively) a Mie phase function was implemented in
SCIATRAN. As explained in detail in Section 1.4 by means of Figure 1.4, we chose a
median radius of 0.11 um and a distribution width of 1.37 to describe the lognormal
size distribution for stratospheric background aerosols. Yue et al. (1994) deduced
the stratospheric aerosol refractive index n =n, + in; for different wavelengths,
latitudes and seasons from SAGE II data. We chose n,(450nm) = 1.453 and
n,(800nm) = 1.446 with an imaginary part n; = 1072 as a spatial and temporal
mean value for the complete SCIAMACHY data set. For background conditions,
absorption of sulfate particles can be neglected. With these parameters we calculated
the Mie phase functions with a standard Mie code developed at the University of
Oxford (http://www-atm.physics.ox.ac.uk/code/mie/mie _lognormal.html). Figure
6.1 shows the phase functions for 450 and 800 nm for a lognormal size distribution
with r, =0.11 um and 0 =1.37 together with the Henyey-Greenstein phase function

used in Sections 7.1 and 8.1.

6.2 Retrieval using SCIATRAN

Figure 6.2 depicts a schematic illustration of the retrieval process within SCIATRAN.
As first step of the retrieval process, the forward model simulates the radiance pro-
files for 470 and 750 nm by executing Equation (5.5) and calculates the weighting

functions by means of the corresponding SCIAMACHY geometry, atmospheric and
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Figure 6.1: Phase functions for 450 nm (top panel) and 800 nm (bottom panel). The
solid line shows the Mie phase function for a lognormal PSD with a median radius
rg=0.11pum and a distribution width of o = 1.37, the dotted line the Henyey-Greenstein
phase function used in the first version of the retrieval. The dashed vertical lines show
the averaged scattering angles corresponding to the 20° latitude bins used for the SAGE
Il co-locations in Chapter 8.
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Figure 6.2: A sketch of the retrieval process within SCIATRAN.
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surface parameters, and aerosol information including an a priori aerosol extinction
profile x,. The simulated radiances and the weighting functions are then passed
to the retrieval algorithm which calculates the measurement vector y, from these
simulated radiances (normalized and paired) and mathematically “compares” this
simulated measurement vector with the corresponding vector y of the true SCIA-
MACHY measurement and alters the aerosol extinction profile by performing the
first iterative step of Equation (5.15). This new aerosol extinction profile is returned
to the forward model which uses it instead of the a priori profile to simulate a new
measurement vector closer to the true SCCAMACHY measurement vector. Forward
model and retrieval code are run subsequently within the iterative process until the
relative change of either the root mean square of the fit residual (i.e, the difference
between the simulated and true measurement vector) or the aerosol extinction with
respect to the previous iterative step falls below a predefined value, the convergence
criterion. The retrieval altitude grid is a regular 1km grid. SCIATRAN allows for
a field of view integration to take the finite vertical resolution of the SCIAMACHY
limb measurements into account.

Figure 6.3 shows as an example the retrieval of the aerosol extinction profile from
a SCIAMACHY measurement from 12 September 2004 (Orbit #13254). The left
side of each of the four panels shows the simulated and SCIAMACHY measurement
vector constructed as described in Section 5.1 before the retrieval (top left) and
after the first 3 iterative steps (after which the convergence criterion was fulfilled).
The right side of each panel shows the corresponding aerosol extinction profile in
comparison to the a priori profile (dotted line) and a co-located SAGE II profile as
the assumed "true” aerosol extinction (blue). For further information on SAGE II
co-locations see Chapter 8. The horizontal dashed lines denote the tangent heights

between which the retrieval is performed (approximately 12-35 km).
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Figure 6.3: Exemplary retrieval process: simulated (red) and SCIAMACHY (black)
measurement vector (left side of the four panels) and aerosol extinction profile (right
side) before the retrieval (a) and after the first three iterative steps (b, ¢, d). The black
dotted curve in panels b—d depicts the a priori aerosol extinction profile, the blue curve a
co-located SAGE Il measurement. The horizontal dashed lines denote the tangent heights
between which the retrieval is performed (approximately 12-35km).

6.3 Retrieval setup

The aerosol extinction is retrieved at the SCTAMACHY tangent height steps 6-13,
corresponding to tangent altitudes of approximately 12-35 km. To reduce the signal-
to-noise ratio, we do not use the radiance at two discrete wavelengths near 470
and 750nm in the SCIAMACHY spectrum, but the radiance averaged over two
4 nm spectral windows. The lower wavelength window (468-472nm) contains 17
SCIAMACHY detector pixels (channel 3), the upper one (748-752nm) 19 (channel
4).
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The retrievals performed as part of this study are based on SCIAMACHY Level 1
data version 7.03. Table 6.2 shows the possible calibrations for SCTAMACHY level
1 data. Due to remaining issues with the memory effect correction, polarization
correction, and absolute calibration, these calibrations were not performed for
aerosol extinction retrievals. Note that absolute calibration is made obsolete by the

tangent height normalization step of the retrieval algorithm.

Flag Calibration
0 Memory effect
1 Leakage current
2 pixel to pixel gain (ppg)
3 etalon
4 Straylight
5 Spectral calibration
6 Polarization
7 | Radiance (absolute calibration)

Table 6.2: Calibration options for SCIAMACHY level 1 data.

The exact time, location, and geometry (tangent heights and angles) used by
the forward model are taken from the corresponding SCIAMACHY measurement
while ECMWF analysis data are used as pressure and temperature profiles of each
SCIAMACHY measurement. To determine the ground albedo, we used the Matthews
data base (Matthews, 1983) which contains the wavelength-independent Lambertian
reflectance considering vegetation, land use, and land cover on a 1°x1° grid. As
trace gas Oj is taken into account. The McLinden climatological data base (private
comm.) gives monthly vertical distributions for altitudes of 0-100 km in 10° latitude
bins. As a priori profile we used the 75°S modified ECSTRA aerosol extinction

profile for all latitudes. The following section delivers further information on the
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choice of the a priori aerosol extinction profile. These and more parameter settings

are listed in Table 6.3.

Forward model & retrieval code SCIATRAN 3.1
Radiative transfer model scattering in approximately spherical atmosphere
Numerical method Discrete Ordinate Method (scalar) and

Combined Differential-Integral approach

Aerosol phase function V1.0: Henyey-Greenstein approximation

V1.1: Mie phase function

Single scattering albedo w 1 (no absorption)
Wavelengths 4704+2nm (ch. 3), 750+2nm (ch. 4)
Tangent heigth selection #6-13 (»12-35km)
Normalization TH #13 (~35km)
Surface albedo Lambertian reflector (Matthews data base)
Clouds not present
Convergence criterion 1073 (RMS or aerosol profile)

between 13-35km

S/N 200
A priori covariance 1 (all altitudes)
Correlation radius 3.3km
Trace gases Ozone
Pressure and temperature ECMWF operational

Table 6.3: SCIATRAN parameter settings for the aerosol extinction profile retrieval.
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6.3.1 A priori aerosol extinction profiles

The a priori aerosol extinction profiles required for the retrievals were determined
with the ECSTRA model by Fussen (1999). ECSTRA is a climatological model of
vertical extinction coefficient profiles of stratospheric aerosols in the UV-visible range
as a function of wavelength, month, latitude, and volcanism level represented by the
aerosol optical depth. The ECSTRA model is based on SAGE II stratospheric aerosol
extinction profile data. ECSTRA provides aerosol extinction profiles above the
tropopause only, and the tropopause height was taken — depending on latitude and
month of the year — from the climatological tropopause height data set by Randel
et al. (2000). The vertical structure of the ECSTRA aerosol profile climatology
describes the tropopause region, the Junge layer and the high altitude domain
(Fussen, 1999). For the retrieval sensitivity studies described in Chapter 7 we
calculated aerosol extinction profiles for five different latitudes (83°N, 40°N, 0°,
40°S, and 75°S) and the month of September with a stratospheric aerosol optical
depth of 1073 corresponding to a background aerosol loading without preceding
volcanic activity (Thomason et al., 2006). The ECSTRA aerosol extinction profiles
were extrapolated exponentially above 30 km with a scale height of 4 km, based on
Thomason et al. (2006), and we removed the edge below the tropopause that is
generated by the ECSTRA model. Figure 6.4 shows the modified ECSTRA profiles
for the five latitudes. It turned out that the modified ECSTRA profile for 75°S
worked best as a priori profile for the retrieval of the aerosol extinction profiles at
all SCIAMACHY latitudes. This profile has been used to obtain the results presented
in Chapters 8 and 9.
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Figure 6.4: The modified a priori aerosol extinction profiles for the five latitudes 83°N,
40°N, 0°, 40°S, and 75°S.

6.4 Averaging kernels

Figure 6.5 shows the averaging kernels (see Section 5.2.3) of a SCIAMACHY aerosol
extinction coefficient retrieval. The shape of each kernel with a FWHM of about
3 km gives evidence about the vertical resolution which is limited by the TH steps
and the finite vertical field of view of the instrument of the instrument. The multiple
thin black curves above 30 and below 15 km with values up to —0.15 and +0.3,
respectively, indicate that in these altitude regions the retrieval is influenced by
aerosol extinction changes outside the retrieval altitude region. The black dashed
line is the sum of each kernel below the normalization tangent height plotted over
its corresponding altitude. As mentioned in Section 5.2.3, the value of this curve
compared to 1 provides information about the balance between the influence of the
a priori and the measurement in the retrieved aerosol extinction profile. In our case,
with values around 0.8 in the retrieval altitude region below 25 km and smaller

values between 25 and 35 km, the choice of the apriori profile has an influence on



6.4 AVERAGING KERNELS 99

35 [ =~ A‘A“i‘l\.lwl”//// ZZ—a T ]
30 B B
€ F IR 1
D R R 2 L S =
[0} I \ 7
) i ]
3 Lo L N22km N ]
= L | ]
S 20 , —
| P S | | R S R A .
[ 7/ |
| 4 |
1

o o NN s ek N 7]
15 < &
[ N |
L 1 i
\ _ L Lo RS D S

0.2 0.0 0.2 0.4 0.6 0.8 1.0

averaging kernel

Figure 6.5: Averaging kernels of the SCIAMACHY aerosol extinction coefficient retrieval,
within (colored) and outside (black) the retrieval altitude region (12-35km). The thick
lines represent the averaging kernels corresponding to altitudes near the measurement
tangent heights. The black dashed line shows the sum of all averaging kernel elements
below the normalization tangent height, the thin dotted lines depict the tangent heights
of the SCIAMACHY measurement.

the retrieval, but since the a priori information is replaced at each iteration step by
the result from the previous iteration, this influence is strongly reduced during the
iterative process. Running the SAGE II co-locations (Chapter 8) with a different a

priori profile did not change the results noticeably.
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7 Sensitivity studies

The retrieval of stratospheric aerosol extinction profiles presented in this thesis
is based on measurements of limb-scattered solar radiation. Unfortunately, the
observed limb radiances do not only depend on the aerosol extinction profiles, but
also on several other geophysical parameters (e.g., surface albedo, neutral density,
clouds, and potentially minor constituent profiles) and instrumental effects (e.g.,
tangent height registration). A precondition for retrieving stratospheric aerosols
or any other atmospheric parameter from limb-scattered solar radiation with the
retrieval setup used here is the accurate simulation of the above mentioned physical
parameters and the viewing geometry of the instrument. Futhermore, retrieval
parameters such as the assumed a priori aerosol extinction profile can influence the
retrieval result. In order to quantify the effects of these parameters on the retrieval
results, sensitivity analyses were performed for the most important effects. The
general approach used for these sensitivity studies is to perform forward model
runs with different settings — i.e., introducing artificial errors — for the specific
parameter to be investigated, leaving all other settings unchanged. The simulated
limb radiance profiles are then used as input data for the retrieval with the standard
parameter set. For the cloud sensitivity study, tropospheric clouds are simulated
in forward model runs which are then used as input data for cloud-free retrieval
runs. The artificial error in the corresponding parameter or the effect of the cloud
is compensated by an error in the retrieved aerosol extinction. The effect on the

aerosol extinction profile retrievals is quantified in terms of the relative difference
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between the retrieved and the true aerosol profile (retrieved—true)/true. In the
first part of this chapter (Section 7.1) the results of the sensitivity studies for the
Henyey-Greenstein retrieval version (V1.0) are presented, the second part (Section
7.2) shows the results for the retrieval version with an implemented Mie phase

function (V1.1) and a discussion of the differences between the two versions.

7.1 Henyey-Greenstein approximation

The following sections deal with the effect of the a priori profiles (Section 7.1.1), er-
rors in the assumed surface albedo (Section 7.1.2), neutral density profiles (Section
7.1.3), ozone profiles (Section 7.1.4), occurence of tropospheric clouds (Section
7.1.5), and errors in the tangent height registration (Section 7.1.6) for the retrieval
version V1.0 using the Henyey-Greenstein approximation for the phase function. In

Section 7.1.7 the results are summarized in the Tables 7.1 and 7.2.

7.1.1 Impact of a priori profile

The retrieval algorithm was tested by performing retrievals with synthetic, i.e.,
forward modelled observations. For these the a priori aerosol extinction profiles
were modified in six different ways — as described below — and used as aerosol
extinction profiles for SCIATRAN forward model runs that produced the synthetic
observations. The six modifications are multiplication with a factor of 0.5 and 2
in all altitudes, a height shift of the complete profile by & 3 kilometers, and an
artificial minimum/maximum around an altitude of 25 kilometers. Then we ran the
retrieval with the unmodified a priori profile without changing any other parameter
to see if the true profiles are reproduced by the retrieval. A northern mid-latitude
SCIAMACHY geometry was simulated (see Table 5.1), the corresponding a priori

profile used (red curve in Figure 6.4). Figure 7.1 shows the results of the synthetic
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Figure 7.1: Synthetic retrievals with the six modifications of the a priori aerosol extinction
profiles using the Henyey-Greenstein approximation for the phase function. Left panels:
true, retrieved, and a priori aerosol extinction profiles. Right panels: relative difference
between the true and the retrieved aerosol extinction profiles. Modifications of the true
profile in comparison to the a priori profile: a) multiplied by 0.5; b) multiplied by 2; c)
altitude shift +3km; d) altitude shift —3km; e) artificial maximum around 25 km; f)
artificial minimum around 25 km.
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retrievals. The relative error is generally on the order of a few percent and is below
10 % even in the worst case. We conclude that the retrieval works well in a general
sense and that it reacts relatively insensitively to a priori profiles that may not well

represent the true aerosol extinction profile.

7.1.2 Effect of surface albedo

Figure 7.2 shows the relative error in the retrieved aerosol extinction coefficient
for different true albedo values with respect to an assumed albedo of 0.5 as a
function of the ground albedo and altitude. Five typical SCIAMACHY geometries are
simulated here, for latitudes ranging from 83°N to 75°S (see Table 5.1) for northern
fall equinox to allow a comparison of the two hemispheres. The first three panels,
corresponding to 83°N, 40°N, and 0°, show that the sensitivity of the retrieval to the
ground albedo is much higher in the tropics (with errors of up to 40 %) than in the
northern polar regions (with errors of about 2 %). Due to the smaller solar zenith
angle of the SCIAMACHY observations in the tropics, a larger part of the sunlight
is reflected by the ground and scattered into the instrument. The tangent height
normalization (see Section 5.1) is not capable of fully compensating for this effect.
Comparing the two hemispheres — 40°N and 40°S in particular — indicates that the
retrieval is far more sensitive to the ground albedo in the southern hemisphere. This
finding is consistent with the general shape of the aerosol scattering phase function
and the latitudinal variation of the scattering angle associated with SCIAMACHY
limb-scatter observations, which shows a smooth transition from small scattering
angles at high northern latitudes to large scattering angles at high southern latitudes
(see Figure 4.4). A typical aerosol phase function has much smaller values at larger
scattering angles (see Figures 2.1 and 6.1), corresponding to the larger solar azimuth
angles at southern latitudes (see Table 5.1 and Figure 4.4). This leads to a smaller

relative contribution of aerosol scattering with respect to Rayleigh scattering. In
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Figure 7.2: Relative errors in the aerosol extinction coefficients retrieved with the
Henyey-Greenstein retrieval version for different values of the true surface albedo A and
the SCIAMACHY viewing geometry at 83°N, 40°N, 0°, 40°S, and 75°S. The albedo
assumed for the retrieval is A = 0.5.
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other words: at 40°S, a larger amount of aerosols is needed to compensate for
the same albedo error than at 40°N. In the southern polar region, this effect is
superimposed by the smaller impact of the ground albedo due to higher solar zenith
angles in the polar regions (see Table 5.1). The feature below 20 km at this latitude
is probably a consequence of the very high solar zenith angle of 88° which causes
problems in most sensitivity studies for this latitude and altitude. We also note that
apart from the highest northern latitude studied (83°N) — where large solar zenith
angles and small scattering angles coincide — a low bias in the assumed surface

albedo will lead to a high bias in the retrieved aerosol extinction values.

7.1.3 Effect of neutral density

For the same latitudes and viewing angles as above, we investigated the effect of
errors in the neutral density profile on the aerosol profile retrievals. The neutral den-
sity profile has a direct impact on the limb radiance profiles, because it determines
the Rayleigh scattering contribution to the limb radiances. In SCIATRAN the neutral
density at all altitudes can be adjusted by the ground pressure, using a constant
temperature profile. Figure 7.3 shows the impact on the retrieved aerosol extinction
of changing the ground pressure by £ 30 hPa relative to a reference pressure of
1013 hPa, corresponding to a roughly 3 % perturbation in the density at all altitudes.
The effect is generally below 10 % at all latitudes for altitudes above 20 km, closer

to the tropopause it can be up to 20 %.

7.1.4 Effect of ozone

To investigate the effect of an error in the assumed ozone profile on the retrieval, we
scaled the entire ozone profile by & 15 % for polar and tropical geometry. SCIATRAN

allows to scale the ozone profiles — which are taken from the MPI-C (Max Planck
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Figure 7.3: Relative errors in the aerosol extinction coefficients retrieved with the
Henyey-Greenstein retrieval version for an error of about +3 % in the neutral density and
the SCIAMACHY viewing geometry at 83°N, 40°N, 0°, 40°S, and 75°S.
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Institute for Chemistry) stratospheric ozone climatology using monthly and zonal
means at 10 degree latitude bins — with a manually set total column. In the standard
runs we chose typical values of the total ozone column for the reference case:
400 DU for polar latitudes and 250 DU for tropical latitudes. For the sensitivity study
these reference columns were then perturbed by £ 15 %. The SCIAMACHY geometry
is simulated for the two latitudes. Figure 7.4 shows the result of the sensitivity
study. Even for the polar scenario with a large total ozone abundance, the impact
on the aerosol extinction is below 2%. The main reason why the stratospheric
aerosol retrieval is relatively independent of the stratospheric ozone profile is that
A, =470nm and A; = 750 nm are well outside the center of the Chappuis absorption
bands of ozone, and the ozone absorption cross-section is relatively small at these

wavelengths.
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Figure 7.4: Relative errors in the aerosol extinction coefficients retrieved with the
Henyey-Greenstein retrieval version for an error of £15 % in the ozone profile for a polar
and a tropical SCIAMACHY viewing geometry. Left panel: 83°N, 400 DU + 15 %; right
panel: 0°, 250 DU £ 15 %.

7.1.5 Effect of tropospheric clouds

Tropospheric clouds are an additional error source for the retrieval of stratospheric

aerosols as they influence the fraction of light that is scattered from below the
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retrieval altitude into the line-of-sight of the instrument. Figure 7.5 shows the
relative error in the aerosol extinction (V1.0) caused by a 3 km thick, closed water
cloud layer with an optical thickness of T = 20 at different altitudes (cloud top height
from 4 to 10 km) below the retrieval altitude (12-35km) at the five geometries.
The assumed ground albedo is 0.3. For this optically thick cloud layer the relative
error in the northern hemisphere and at the equator is rather small, <15% at
all altitudes. At 40°S, the error is larger than 20 % and at 75°S the picture looks
completely different. Not only is the error extremely large (up to 300 %, note the
different abscissa), but also behaves very differently depending on the cloud top
height (CTH) compared to the other latitudes studied. While a low cloud (1-4 km,
red curve) leads to an overestimation in the aerosol extinction of up to 80 % from
above the tropopause to 32 km and an underestimation of up to 80 % above, a high
cloud (7-10 km, turquois curve) leads to a strong underestimation (up to 100 %)
in the aerosol extinction below 16 km and an extremely high overestimation of up
to 300 % above. This pattern is an effect of the large solar zenith angle of 88° (see
Table 5.1) which leads to the relatively strong dependence of the retrieval errors
on cloud top height (in contrast to the other cases studied, but also visible at 83°N)
combined with the large scattering angle, which leads to the large error at high
southern latitudes (see discussion with respect to the phase function in Section
7.1.2). Reducing the SZA to 83° without changing other parameters (see last panel
in Figure 7.5) removes the dependence on cloud top height, but the relative error
in the aerosol extinction is with >50% between 25 and 30 km relatively large

compared to the other latitudes.

We performed this sensitivity study with water and ice clouds of different optical
thicknesses (1, 5, 10, and 20). Figure 7.6 shows two examples of the results for
40°S. Ice clouds with the same properties as the water clouds discussed above (3 km

thick, 7 = 20) lead to more or less the same error in the aerosol extinction as water
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Figure 7.5: Relative error in the aerosol extinction (V1.0) for a water cloud layer with
3km vertical extension and an optical thickness of T = 20 at seven different altitudes
below the retrieval altitude. The first five sets of panels again show aerosol extinction
profiles (left panels) and the relative error (right panels) for a SCIAMACHY viewing
geometry at 83°N, 40°N, 0°, 40°S, and 75°S as listed in Table 5.1. The last set of panels
(bottom right) shows the 75°S geometry with a modified solar zenith angle of 83°S.



7.1 HENYEY-GREENSTEIN APPROXIMATION 111

408 ice, tau=20 40S water, tau =10
35 T T 35 T T T T 35 T T 35 T T T T
30 30 ‘ 1 30[ \ 1 sof
|

—_ | —_
£ E
o 251 251 o 257 1 251
° °
;g 1-4km g 1-4km
< 2-5km < 2-5km

200, 7km 201 ] 200, 7km ] 20r

15 fno cloud El 15+t v B 15 rno cloud B 15+

s L L L s L
108 10° 10 103 .06 04 -02 00 02 04 06 106 10° 104 10° 06 04 02 00 02 04 06
Aerosol Extinction [1/km] Rel. error: (ret - true)/true Aerosol Extinction [1/km] Rel. error: (ret - true)/true

Figure 7.6: Relative error in the aerosol extinction (V1.0) for a cloud layer with 3 km
vertical extension at seven different altitudes below the retrieval altitude for a SCIAMACHY
viewing geometry at 40°S. Left panel: ice cloud with T = 20, Right panel: water cloud
with 7 = 10.

clouds. Reducing the optical thickness of a water cloud to T = 10 leads to a smaller

error in the aerosol extinction.

7.1.6 Effect of tangent height errors

Another error source for the retrieval of aerosol extinction profiles are errors in the
tangent height registration of the SCIAMACHY limb-scatter observations. Older
versions of the SCIAMACHY level 1 data set (lower than version 6.0) were affected
by TH errors of up to several kilometers (von Savigny et al., 2005). The currently
used versions 7.03 and 7.04 are associated with TH errors of a few hundred meters at
most. To investigate this effect, we shifted all tangent heights by & 200 m, & 500 m
and £1000m. Figure 7.7 shows the impact on the aerosol extinction profiles at
40°N latitude. Above an altitude of about 20 km, this impact is below 20 % for the
1000 m shift, while below the error can be quite large, up to 45 % at 16 km for a
tangent height error of 1000 m. For a typical SCTAMACHY tangent height error
of £200 m (von Savigny et al., 2009), the impact on the aerosol extinction has a

maximum of about 8 % at 16 km and is smaller than 5 % above 20 km.
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Figure 7.7: Relative errors in the aerosol extinction coefficients retrieved with the
Henyey-Greenstein retrieval version for a tangent height error of £200m, +£500m, and
+ 1000 m for a northern mid-latitude SCIAMACHY viewing geometry.

7.1.7 Summary of the sources of potential systematic errors

The Tables 7.1 and 7.2 provide an overview of the sensitivity study results described
above. Listed in Table 7.1 are the retrieval errors — at the five different latitudes
— associated with tropospheric clouds and with uncertainties in the knowledge of
surface albedo and neutral density profile. Table 7.2 shows the retrieval errors
corresponding to uncertainties in the ozone profile for a polar (83°N) and a tropical
(0°) viewing geometry, and in tangent height registration at 40°N. The assumed
albedo error is 0.15 (with respect to A = 0.5), the assumed error in the neutral
density profile is 3 % (scaling with altitude independent factor), and the error in the
ozone profile is 15 % (scaling with altitude independent factor). The tangent height
error is 200 m. To determine the error with respect to clouds, a typical tropospheric
cloud (following Sonkaew et al. (2009) and references therein) is simulated, i.e., a
water cloud with a droplet radius of 8 um, an optical thickness of 10 and a vertical

extension from 4-7 km. Again, the ground albedo is 0.3.
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Alt. [km] 83°N 40°N 0° 40°S 75°S

A IND|CL|A|ND|CL. | A|ND|CL|A |ND|CL|A|ND|CL

15 <1 5 1 |1/ 8 1 {5110 1 8|12 | 4 |1 20 |15

20 <l | 2 2121 2 17| 2 2 (12 3 |12 |3 | 15 | 25

25 <1] 0 2 121 3 (8] 2 3115 1 17|13 ] 5 |30

30 <l | 2 2 2] 2 3 18| 2 31150 0 [ 15|14 5 |25

35 <1l| 2 1 (3] 2 2 8] 3 2 |15] 2 1 (5| 5 |10
Mean |<1| 2 |2 |23 |2 |74 |2|13] 5 |10|3]10]20

Table 7.1: Absolute value of the relative error [%] of the aerosol extinction retrieved
with the Henyey-Greenstein retrieval version (V1.0) due to uncertainties in ground albedo
("A", uncertainty 0.15) and neutral density (“ND", 3%) and due to a typical tropospheric
cloud (“CL.") for the SCIAMACHY viewing geometry at 83°N, 40°N, 0°, 40°S, and 75°S.

The results show that retrieval version V1.0 using a Henyey-Greenstein phase

function is very sensitive to errors in other geophysical parameters, particularly in

the southern hemisphere. Tropospheric clouds and uncertainties in the knowledge

of neutral density and ground albedo can lead to errors of up to 30 %, 20 %, and

15 %, respectively. Smaller error sources are tangent height registration (8 %), the a

priori profile (7 %), and ozone (2 %).
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Alt. [km] 03 TH
83°N | 0° | 40°N
15 2 1 8
20 2 1 2
25 1 0.5 3
30 0 0.5 5
35 0 0.5 3
Mean 1 1 4

Table 7.2: Absolute value of the relative error [%] of the aerosol extinction retrieved
with the Henyey-Greenstein retrieval (V1.0) version due to uncertainties in the ozone
profile (15%) and tangent height (200 m) for the SCIAMACHY viewing geometry at
83°N and 0° and 40°N, respectively.
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7.2 Mie phase function

The sensitivity studies for the HG retrieval version showed a strong dependence
on the latitude of the SCTAMACHY observations, which is a consequence of the
aerosol scattering phase function in combination of the latitudinal dependence of
the scattering angle. The following Sections 7.2.1-7.2.6 show the results of the
same studies using the Mie phase function described in Section 6.1.2 and point out
the differences to the Henyey-Greenstein retrieval version. In Section 7.2.7, the
results are summarized. Unless mentioned otherwise in the text, all parameters
except the phase function remained unchanged for a better comparison with the

HG version.

7.2.1 Impact of a priori profile

Figure 7.8 shows the results of the synthetic retrievals with the six different true
aerosol extinction profiles generated by modifications of the a priori profile described
in Section 7.1.1. A different a priori profile than for the HG version is used, i.e. the
one that is used for the retrieval of real SCIAMACHY data later in this work (the
light blue curve for 75°S in Figure 6.4). The modifications are the same as for the
HG version. The results are very similar to those of the HG version, the relative
error is below 10 % for all cases and altitudes. The only mentionable difference
appears in altitudes between 30 and 40 kilometers for the £ 3 km shift (panels c
and d of Figure 7.8), were the relative error is larger than for the HG phase function,

but still relatively small (within &7 %).
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Figure 7.8: As Figure 7.1, but with the Mie phase function described in Section 6.1.2
instead of the Henyey-Greenstein approximation. Left panels: true and a priori aerosol
extinction profiles. Right panels: relative difference between the true and the retrieved
aerosol extinction profiles. Modifications of the "true” profile in comparison to the a priori
profile: a) multiplied by 0.5; b) multiplied by 2; c) altitude shift + 3km; d) altitude shift
—3 km; e) artificial maximum around 25 km; f) artificial minimum around 25 km.
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7.2.2 Effect of surface albedo

Equivalent to Figure 7.2, Figure 7.9 shows the relative error in the retrieved aerosol
extinction coefficient for true albedo values between 0 and 1 with respect to an
assumed albedo of 0.5 for the five SCTAMACHY geometries. The two main observa-
tions described in Section 7.1.2 — a much higher error in the tropics compared to
the polar regions and a much higher sensitivity to the ground albedo in the southern
hemisphere — are still visible, but both less pronounced. The reason for this is the
reduced sensitivity at the equator and at 40°S, where the absolute value of the
largest relative error is reduced by ~20%. This is a result of the higher value of
the Mie phase function compared to the Henyey-Greenstein approximated one at
scattering angles corresponding to these latitudes, which means that less aerosol
extinction is needed to compensate for the same error. The changes in the polar
regions are small compared to the HG version, the already small relative error at
75°S is even smaller for the Mie phase function. Note again the feature below 20 km
at this latitude, a result of the very large solar zenith angle. The sign of the relative
error switches between 40°N and the equator, while in the HG version this happens
between 83°N and 40°N. This is also a result of the different behaviour in the
forward scattering area of the new phase function (see Figure 6.1) that corresponds
to single scattering for SCTAMACHY geometries in the northern hemisphere (see
Table 5.1). At 40°N, an overestimation or underestimation of the ground albedo
would now lead to an aerosol extinction error with different sign than for the HG
case, but with relatively small absolute values of generally smaller than 10 % in

both cases.
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Figure 7.9: As Figure 7.2, but with the Mie phase function described in Section 6.1.2
instead of the Henyey-Greenstein approximation: relative errors in the aerosol extinction
coefficients for different values of the true surface albedo A and the SCIAMACHY viewing
geometry at 83°N, 40°N, 0°, 40°S, and 75°S. The albedo assumed for the retrieval is A
= 0.5.
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7.2.3 Effect of neutral density

In Figure 7.10 the relative errors in the retrieved aerosol extinction for artificial
errors of £ 3 % in the neutral density — simulated by corresponding changes of the
ground pressure, see Section 7.1.3 — are depicted. Compared to the HG version, the
errors are similar for 83°N, 40°N, and the equator, and smaller for the two southern
latitudes. The largest effect can be seen in altitudes above 35 km at 40°S and below

35km at 75°S. Above 20 km the error is now <5 % for all latitudes.

7.2.4 Effect of ozone

Figure 7.11 shows the result for the ozone sensitivity study for the retrieval with
a Mie phase function. For the reasons mentioned in Section 7.1.4, the impact of
errors in the ozone profile on the retrieved aerosol extinction is negligible, <2 %

even for the polar geometry with a high ozone column.

7.2.5 Effect of tropospheric clouds

Figure 7.12 shows the result for the cloud sensitivity study for the retrieval with
a Mie phase function. As for the previous parameters, the error in the aerosol
extinction is significantly reduced after implementing a Mie phase function. Even
for this optically thick cloud layer the relative error at all latitudes except 75°S is
rather small, <15 % at all altitudes. The effect of the large solar zenith angle at 75°S
is still visible, but not as pronounced as for the Henyey-Greenstein version. A low
cloud (1-4 km, red curve) now leads to an overestimation in the aerosol extinction
of up to 40 % from above the tropopause to 32 km and an underestimation of up to
40 % above, a high cloud (6-9 km, green curve) to a strong underestimation (up to
60 %) in the aerosol extinction below 16 km and an overestimation of up to 50 %

above. (Note that the highest cloud with a CTH of 10 km leads to a failure of the
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Figure 7.10: As Figure 7.3, but with the Mie phase function described in Section 6.1.2
instead of the Henyey-Greenstein approximation: relative errors in the aerosol extinction
coefficients for an error of about =3 % in the neutral density and the SCIAMACHY
viewing geometry at 83°N, 40°N, 0°, 40°S, and 75°S.



7.2 MIE PHASE FUNCTION 121

50 50 50 50
40 40r 401 401
€ €
= =
8 3
2 380f 30F 2 380f 30F
= =
|
|
20F 20F | ] 20F 20F
retrieved, 400 DU | retrieved, 250 DU
true, 340 DU | true, 213 DU
true, 4§0 DU . . . ) : ) true, %87 DU . . . ) )
10® 107 10® 10% 10* 10° 010 005 000 005 01C 10® 107 10® 10% 10* 10° 010 005 000 005 01C
Aerosol Extinction [1/km] Rel. error: (ret - true)/true Aerosol Extinction [1/km] Rel. error: (ret - true)/true

Figure 7.11: As Figure 7.4, but with the Mie phase function described in Section
6.1.2 instead of the Henyey-Greenstein approximation: relative errors in the aerosol
extinction coefficients for an error of £15 % in the ozone profile for a polar and a tropical
SCIAMACHY viewing geometry. Left panel: 83°N, 400 DU £ 15 %; right panel: 0°,
250DU =15 %.

retrieval.) After reducing the SZA to 83° (see last panel in Figure 7.12) the relative
error in the aerosol extinction is with 20 % still relatively large compared to the
other latitudes, but much smaller than in retrieval version V1.0.

The comparison with an ice cloud (left set of panels in Figure 7.13) and an
optically thinner cloud (v = 10, right set of panels) at 40°S leads to the same
conclusion as for retrieval version V1.0: the aggregation state only plays a minor
role with respect to influencing the retrieved aerosol extinction, a smaller optical

thickness leads to a smaller error in the aerosol extinction.

7.2.6 Effect of tangent height errors

The results of repeating the sensitivity study for tangent height errors for the Mie
phase function are shown in Figure 7.14. The sensitivity of V1.1 is smaller compared
to V1.0, the error for the £ 1000 m shift is <20 % above 20 km and <35 % below.
For a typical SCIAMACHY tangent height error of & 200 m, the largest impact on

the aerosol extinction is about 6 % at 16 km and <4 % above 20 km.
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Figure 7.12: As Figure 7.2, but with the Mie phase function described in Section 6.1.2
instead of the Henyey-Greenstein approximation: Relative error in the aerosol extinction
(V1.1) for a water cloud layer with 3 km vertical extension and an optical thickness of ©
= 20 at seven different altitudes below the retrieval altitude. The first five sets of panels
again show aerosol extinction profiles (left panels) and the relative error (right panels) for
a SCIAMACHY viewing geometry at 83°N, 40°N, 0°, 40°S, and 75°S as listed in Table
5.1. The last set of panels (bottom right) shows the 75°S geometry with a modified solar
zenith angle of 83°S.
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Figure 7.13: Relative aerosol extinction retrieval error for a cloud layer with 3 km vertical
extension at seven different altitudes below the retrieval altitude for a SCIAMACHY
viewing geometry at 40°S. Left panel: ice cloud with T = 20. Right panel: water cloud
with 7 = 10.
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Figure 7.14: As Figure 7.7, but with the Mie phase function described in Section 6.1.2
instead of the Henyey-Greenstein approximation: relative errors in the aerosol extinction
coefficients for a tangent height error of £200m, £500m, and +1000 m for a northern
mid-latitude SCIAMACHY viewing geometry.
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7.2.7 Summary of the sources of potential systematic errors

Similar to the Tables 7.1 and 7.2 for the retrieval with a Henyey-Greenstein approxi-
mation, the Tables 7.3 and 7.4 summarize the results of the sensitivity studies for the
retrieval with a Mie phase function. In general, the retrieval with an implemented
Mie phase function is much less sensitive to errors in other geophysical parame-
ters than the Henyey-Greenstein version. Especially in the southern hemisphere
the effect is apparent, the error induced by the same uncertainty in a geophysical
parameter is reduced by a factor 2. As a result, the difference in sensitivity between
the two hemispheres — visible most clearly comparing Figure 7.2 and Figure 7.9 —is
reduced significantly.

The largest source for errors are uncertainties in the knowledge of neutral den-
sity (15 % error at most), tropospheric clouds (9 %) and ground albedo (8 %) in
the southern hemisphere, followed by the a priori profile (7 %), tangent height

registration (6 %), and ozone (<1 %).

Alt. [km] 83°N 40°N 0° 40°S 75°S
A |ND|CL|A|ND|CL| A |[ND|CL|A|ND|CL|A|ND]|CL
15 <1| 5| 1|14 |3 |<1|7|1|4|8|2]|1|15] 4
20 <11 |1{1|0|2|1]|1]|2|6|2]|6]|1|4]s38
25 <1|o|1{1|1 1|11 |3|7|l0]9]|2[2]09
30 <12 |1{1|2]0|2|2]3|7|2|8|2[/0]38
35 <12 |1{1| 23|22 ]1|8|2]014[1]2
Mean |<1| 2 |1]1|2|2|1|3|2|6[3]|5]|2]4]6

Table 7.3: As Table 7.1, but with a Mie phase function instead of the Henyey-Greenstein
approximation: absolute value of the relative error [%] of the aerosol extinction (V1.1) due
to uncertainties in ground albedo (“A", uncertainty 0.15) and neutral density (“ND", 3 %)
and due to a typical tropospheric cloud (“Cl.") for the SCIAMACHY viewing geometry at
83°N, 40°N, 0°, 40°S, and 75°S.
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Alt. [km] 03 TH

83°N | 0° | 40°N

15 1 0.5 6
20 1 0.5 2
25 0 0.5 2
30 0 0 3
35 0 0 2

Mean 0.5 0.5 3

Table 7.4: As Table 7.2, but with a Mie phase function instead of the Henyey-Greenstein
approximation: absolute value of the relative error [%] of the aerosol extinction (V1.1)
due to uncertainties in the ozone profile (15%) and tangent height (200 m) for the
SCIAMACHY viewing geometry at 83°N and 0° and 40°N, respectively.
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8 Comparison with SAGE II data

After testing the sensitivity of the algorithm to various parameters, we applied
the retrieval approach described in Section 5.1 to the entire SCIAMACHY data
set of limb-scatter observations from August 2002 — April 2012. To demonstrate
the quality of the algorithm, we validated our results with co-located SAGE II
measurements. As described in Section 1.1, the SAGE solar occultation instrument
series and particularly SAGE II provided a stratospheric aerosol extinction data
set which is widely regarded as highly accurate and therefore well suited for the
validation of the SCIAMACHY results presented here. One of the data products of
SAGE II are aerosol extinction profiles at 525 nm wavelength. We converted the
SCIAMACHY stratospheric aerosol extinction values to this wavelength using the
assumed spectral dependence of the aerosol extinction coefficient with Angstrom
exponents delivered by SCIATRAN, approximately 1.54 for V1.0 and 1.43 for V1.1.
The 525 nm profiles were then compared to co-located SAGE II profiles within a
spatial distance of 500 km and a temporal difference of six hours at most during
the temporal overlap of the two missions between 01 January 2003 (start of the
SCIAMACHY routine operations phase) and 17 August 2005 (demise of SAGE II).
SCIAMACHY data with a SZA exceeding 87° were not considered in this comparison.

Recently a new version (V7.0) of the SAGE II aerosol extinction data set has been
published (Damadeo et al., 2013). Changes in the algorithm and meteorological
data used to derive the aerosol extinction from the occultation measurements led to

significant differences in the 525 nm aerosol extinction compared to V6.2 published
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in 2003, particularly above 20 km altitude. In this chapter both SCTAMACHY versions
V1.0 and V1.1 are compared with both SAGE II versions V6.2 and V7.0.

The first part of this chapter deals with retrieval version V1.0 containing the
Henyey-Greenstein phase function. In the second part, the same procedure is
repeated with the Mie phase function (retrieval version V1.1) and the results
are compared to V1.0. To investigate the effect of clouds on the retrieval, the
comparisons of both retrieval versions are additionally shown in the corresponding
section using cloud occurence information that is also obtainable from SCIAMACHY

radiance spectra.

8.1 Henyey-Greenstein approximation

Figure 8.1 shows the comparison — mean profiles and relative differences (SCIA-
MACHY —SAGE) /SAGE - of the globally averaged SAGE II V6.2 (black) and V7.0
(blue) with SCIAMACHY stratospheric aerosol extinction profiles V1.0 (red) at
525 nm wavelength. Below 15 km, SCIAMACHY overestimates the aerosol extinc-
tion by up to 40 % as compared to both versions of SAGE II. But above 15 km the
agreement to V6.2 is within 20 % and between 16 and 30 km even within about
10%. Compared to V7.0, SCIAMACHY overestimates the stratospheric aerosol
extinction by approximately 20 % between 15 and 32 km.

To gain more information about the meridional behavior of the retrieval, the
profiles were averaged zonally and over all available co-locations as well as binned
into eight 20° latitude bins between 80°N and 80°S (Figure 8.2). Table 8.1 shows
the relative differences of the retrieved aerosol extinction in comparison to co-
located SAGE II measurements for the eight latitude bins. Between 20°N and 20°S
values for 15 km altitude have been ignored because of tropospheric influences at

these latitudes. For the same reason, the 15 km values for 20-40° N/S are put in
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Figure 8.1: Left panel: comparison of average co-located SAGE I V6.2 (black)/V7.0
(blue) and SCIAMACHY (red) 525 nm aerosol extinction profiles (V1.0) with standard
deviation (dashed lines). The green line shows the a priori extinction profile used for
the SCIAMACHY retrievals. The number in the top right corner shows the number of
co-locations averaged. Right panel: mean relative difference between SCIAMACHY and
both versions of SAGE Il aerosol extinction profiles with standard deviation (dashed).

parentheses. In the following, first the comparison to V6.2 (black curves in Figure
8.2) is discussed.

At low latitudes (20°N-20°S) the agreement is quite good above 20 km altitude.
Above the tropopause the relative difference is generally smaller than 20 % in both
hemispheres. Above 20 km altitude the SCIAMACHY aerosol extinctions in the
southern hemisphere are up to 20 % larger than the SAGE II values. Below 20 km
the frequent occurrence of tropospheric clouds makes SCITAMACHY and SAGE II
products uncomparable. An analysis of the tropospheric cloud detection data set
obtained with SCODA (SCIAMACHY ClOud Detection Algorithm) (Eichmann et al.,
2009) showed that about 95 % of all SCITAMACHY limb measurements are affected

by tropospheric clouds.
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Figure 8.2: Left panels: comparison of the retrieved (V1.0) 525 nm aerosol extinction
profiles (red) with SAGE Il V6.2 (black) and V7.0 (blue) aerosol extinction in eight
latitude bins with standard deviation (dashed lines). The a priori profile is shown in green.
The numbers in the top right corner show the number of co-locations averaged (“#")
and the average scattering angle (“S"). Right panels: mean relative difference between
SCIAMACHY and both versions of SAGE |l aerosol extinction profiles with standard
deviation (dashed).
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Alt. [km] | 60-80°N | 40-60°N | 20-40°N 0-20°N 0-20°S 20-40°S 40-60°S | 60-80°S
6.2 | 7.0 | 6.2 ‘ 7.0 | 6.2 ‘ 7.0 | 6.2 ‘ 7.0 | 6.2 ‘ 7.0 6.2 7.0 6.2 ‘ 7.0 | 6.2 ‘ 7.0

15 0 0 10 | 10 | (30) | (25) - - - - | (>100) | (>100) | 50 | 50 | 35 | 35

20 -20 | -20| 5 15 | 10 10 | -10|—-10| 5 | 15 40 40 60 | 70 | 35 | 40

25 —451-30|-15| O 0 15 5 15 | 20 | 20 15 30 351 65| 25| 35

30 -35| =5 |-35] 0 -5 15 0 15 | 10 | 10 -5 15 5 |50 | 25| 25
‘ Mean ‘—25‘—15‘—10‘ 5 ‘ 0 ‘ 15 ‘ 0 ‘ 10 ‘10‘15‘ 15 ‘ 30 ‘40‘60‘30‘35‘

Table 8.1: Relative difference [%] of the SCIAMACHY aerosol extinction in comparison
to co-located SAGE Il V6.2 and V7.0 measurements, both averaged in eight latitude
bins. The Henyey-Greenstein approximation for the phase function was used (V1.0).

Between 20°N and 40°N, the relative differences are generally within + 20 %.
Only above 30 km and below 17 km the differences are larger. In the corresponding
region in the southern hemisphere, the shape of the relative difference profile is
similar, but the values are larger than in the northern hemisphere, ranging from
—50% at 35 km altitude to +100 % near 15 km. However, between 20 and 30 km,
the difference is generally within 420 %. The large error below 20 km might still

be an effect of tropospheric clouds.

Between 40°N and 60°N, the agreement is quite good below 25 km with relative
differences to SAGE of +20% at most. Above 25km, SCIAMACHY results are
systematically lower than those of SAGEII, e. g., by about 50 % at 32 km. The picture
of the corresponding latitude bin in the southern hemisphere looks completely
different. At all altitudes below 30 km, we see systematically higher values. At

20 km the relative difference reaches 60 %.

For latitudes between 60° and 80° we observe a significant interhemispheric
difference in the relative differences between SCIAMACHY and SAGE II aerosol
extinction profiles. In the northern hemisphere the relative differences are negative
for all altitudes between 15 and 34 km (with a maximum difference of about —50 %

between 25 and 30 km), whereas they are positive for all altitudes in the southern
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hemisphere remaining more or less constant at about +30 % between 15 and 30 km.

Summarized, the good globally averaged agreement of SCCTAMACHY V1.0 with

SAGE II V6.2 gets bad on closer inspection of the latitudinal behavior.

The comparison with SAGE II V7.0 (blue curves in Figure 8.2) looks slightly
different, but not better. The difference at almost all latitudes and altitudes is
shifted towards more positive values by approximately 5-10 %. This leads to worse
agreement in all latitude bins except the ones representing mid and high northern
latitudes (40°-80°N). The overall picture and therefore the following interpretation

is valid for both SAGE II versions.

In general it can be said that the SCTAMACHY retrieval results in lower strato-
spheric aerosol extinction in the northern hemisphere and higher values in the
southern hemisphere as compared to SAGE II measurements (see Figure 8.3). One
possible reason for this apparent interhemispheric difference is the different sensitiv-
ity of the aerosol profile retrievals to errors in the surface albedo (see Section 7.1.2,
in particular the comparison of 40°N and 40°S in Figure 7.2). Tropospheric clouds
affect the majority of the SCIAMACHY limb observations, and this will lead to a
higher effective albedo at 470 nm and 750 nm as compared to the surface albedo
data base by Matthews (1983) currently used by SCIATRAN for the retrieval. This
is particularly true for measurements above the ocean. A low bias in the assumed
albedo is most commonly associated with high bias in the aerosol extinction values,
and this effect is much stronger in the southern hemisphere. This is qualitatively con-
sistent with the validation results presented in Figure 8.2 — particularly considering

the comparisons for 40°-60° N/S and 60°-80° N/S.

This aspect was investigated further by applying the SCODA cloud detection data
base (Eichmann et al., 2009) in order to exclude SCTAMACHY measurements from
the comparison that were affected by clouds in the troposphere. The left panels in

Figure 8.4 show the relative difference between SCIAMACHY and SAGE II aerosol
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Figure 8.3: Mean relative difference between SCIAMACHY V1.0 (red) and SAGE 11 V6.2
(black)/V7.0 (blue) 525 nm aerosol extinction profiles with standard deviation (dashed)
for the northern (left panel) and southern (right panel) hemisphere.

extinction profiles for all co-locations in the southern hemisphere without cloud
filter applied. The right panels show the relative difference with all SCTAMACHY
measurements removed that were affected by clouds. Unexpectedly, the cloud
filtering does not improve the agreement between SCIAMACHY and both versions of
SAGE II aerosol extinction, and we conclude that the overestimation of stratospheric
aerosol extinction by SCIAMACHY in the southern hemisphere must have other

reasons.

8.2 Mie phase function

The comparison of the V1.0 and the V1.1 sensitivity studies (described in Section
7.2.7) made clear that the choice of the phase function is crucial for the quality of the
retrieval, particularly with regard to the interhemispheric difference shown above.
Since the basic microphysical parameters of background stratospheric aerosols are
established - refractive index of sulfuric acid/water mixture in spherical shape with
particle radii of approximately 0.1 micron — it is the obvious next step to implement

a Mie phase function in the retrieval. We implemented the aerosol phase function



136 8 CowmpARISON WITH SAGE II paTA

SCIA vs. SAGE, SH SCIA vs. SAGE, SH
35 7 j 35 35 [TTIRETTT T 35
VA #1350 Y SRR #74
7’ 4
30k 30t 30f 30F
3 [__ E
=, L [ = L L
> 25 25 > 25 25
° o
2 2
< K
201 201 201 201
SCIAMACHY SCIAMACHY
SAGE Il V6.2 SAGE Il V6.2
15 saceuvzo 151 15 [ sAGENV7.0 ' 15[
. . . \
108 10° 102 10 05 00 05 1.0 108 10% 0% 108 102 10 05 00 05 1.0
Aerosol Extinction [1/km] Rel. error: (SCIA-SAGE)/SAGE Aerosol Extinction [1/km] Rel. error: (SCIA-SAGE)/SAGE

Figure 8.4: Comparison of SCIAMACHY V1.0 (red) and SAGE Il V6.2 (black)/V7.0
(blue) aerosol extinction profiles at 525 nm wavelength for southern hemisphere co-
locations only. Left panels: no cloud screening applied. Right panels: only SCTAMACHY
observations not affected by tropospheric clouds are used.

’Alt. [km]‘ 60-80°N ‘ 40-60°N ‘ 20-40°N ‘ 0-20°N ‘ 0-20°S ‘ 20-40°S ‘ 40-60°S ‘ 60-80°S ‘

62 |70|62 70|62 )|70)|62]|70|62)|70]|62]|70]|62]|70]|6.2]7.0
15 10 10 10 | 10 | (20) | (15) - - - - (80) | (70) | 10 | 10 5 5
20 0 5 5 15| -10| -5 |-30|-30|—-20|—-20| =5 | =5 0 5 -5 0
25 -40|-25|-15| 0 |-20| -5 | -25|—-20|—-30|—-20| —-25|—-20|-15|-5|-10| O
30 -50|-30|-35| 0 |-25| =5 | -30|—-20|—-40| -30| —40| —-25|—-15| 20 | 25 | 25
Mean -20|-10|-10| 5 |-15| O |-30|—-25|-30|—-25|—-20|—-15| =5 | 10 5 5

Table 8.2: As Table 8.1, but with a Mie phase function used for the retrieval (V1.1).

for r = 0.11 um explained in Section 6.1.2 and depicted in Figure 6.1 instead of the
Henyey-Greenstein approximation in the retrieval and repeated the retrievals for
the measurements co-located with SAGE II, leaving all other parameters unchanged.

Figure 8.5 shows the results for the same eight latitude bins, summarized in Table
8.2. Note that for the comparison with SAGE II the aerosol extinction at 525 nm is
calculated by linearly interpolating the phase functions displayed in Figure 6.1, thus
the phase function is similar to that shown in the upper panel of Figure 6.1.

As for the Henyey-Greenstein version, first the comparison of SCIAMACHY V1.1
to the older SAGE II V6.2 is discussed, followed by the comparison to SAGE II V7.0.
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Figure 8.5: As Figure 8.2, but retrieved with a Mie phase function with r = 0.11 um
and o = 1.37 (V1.1, red curves) instead of a Henyey-Greenstein approximation (V1.0).
The black curves again correspond to SAGE Il V6.2, the blue curves to SAGE Il V7.0.
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Compared to the HG version (see Figure 8.2), we see a shift of the relative
difference towards negative values at all latitude bins between 40°N and 40°S.
While for the two 20-40° bins it is difficult to say whether the result is better or
worse than for the Henyey-Greenstein version, it is definitely worse for latitudes
around the equator (20°N-20°S). Above the tropopause at approximately 20 km
altitude, the relative difference is now around —30 % in both bins, compared to

+20% (0-20°S) and around 0 % (0-20°N).

The results at mid and high southern latitudes (40-80°S) are much closer to the
SAGE II extinctions. Between 15 and 27 km altitude, the difference to SAGE II lies
between —10 and —20 %, compared to +30 to +60 % for V1.0. At the same latitudes
in the northern hemisphere, the quality of the retrieval remains more or less the
same. Between 60°N and 80°N and at 15-23 km the difference to SAGE II is slightly
smaller (—15 to +10 %), while above the difference grows to a maximum of —50 %.
Between 40° and 60°N, there is almost no difference to the Henyey-Greenstein
version, most probably because of the very similar phase function values at the

scattering angles corresponding to this latitude bin (see vertical lines in Figure 6.1).

Summarized, the comparison with V6.2 of SAGE II data showed that the appli-
cation of a Mie phase function improved the SCIAMACHY stratospheric aerosol

extinction data set drastically.

The SCIAMACHY aerosol extinction profiles are in even better agreement with
SAGE II retrievals, if the new version V7.0 is used rather than V6.2. At all latitudes
and almost all altitudes, the difference of SCTAMACHY V1.1 to SAGE II V7.0 (blue
curves in Figure 8.5) is smaller than to V6.2. In the equatorial region (20°N-20°S)
the picture is qualitatively the same, but the underestimation by SCIAMACHY above
the tropopause is reduced from 30 to 20 %. At 20°-40°N, the difference to SAGE II
is now close to 0% above 15 km. The negative offset above 20 km at 20°-40°S is
reduced from ~30 to ~15 %. At mid and high northern latitudes (40°-80°N), the
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large negative difference above 20 km is reduced drastically, particularly at 40-60°N.
While at this latitude bin the formerly large difference to SAGE II is now around
0% at these altitudes, the positive difference below gets slightly larger to ~20 %.
At 60°-80°N, the picture is similar, but next to the now slightly larger positive
difference at low altitudes a relatively large negative difference of up to —35%
at high altitudes remains. In the corresponding part of the southern hemisphere
(40°-80°S), between 15 and 27 km the good agreement in both 20° bins is even
better now, within £10 % at 40°-60°S and even within £5 % at 60°-80°S. Above
27 km at 40°-60°S SCIAMACHY now overestimates the aerosol extinction compared
to SAGE II. The large overestimation compared to V6.2 at 60°-80°S in this altitude

region is reduced.
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Figure 8.6: Mean relative difference between SCIAMACHY and SAGE Il V7.0 aerosol
extinction profiles with standard deviation (dashed) for the northern (left panel) and
southern (right panel) hemisphere. The black curve shows the result for retrieval with

a Henyey-Greenstein phase function (V1.0), the red one the version with a Mie phase
function (V1.1).
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Figure 8.6 shows the hemisphere-averaged relative differences of the retrieval
results with respect to SAGE II V7.0 for both the Henyey-Greenstein version and
the Mie version. The interhemispheric difference is significantly smaller for the Mie
case with a much better agreement to SAGE II in the southern hemisphere and a
qualitatively unchanged difference in the northern hemisphere.

The globally averaged relative difference for all co-locations retrieved with V1.1
(see Figure 8.7) reflects this improvement. For all altitudes above 15 km the relative
difference to SAGE V7.0 (blue curve) is within 10 %.

Figure 8.8 indicates that applying a cloud filter as shown for the southern hemi-
sphere in Figure 8.4 does not have a large effect on the agreement between SCIA-

MACHY V1.1 and SAGE II aerosol extinction.
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Figure 8.7: Global averaged relative difference to SAGE Il V6.2 (black)/V7.0 (blue),
as Figure 8.1, but retrieved with a Mie phase function with r = 0.11 um and o = 1.37
(V1.1) instead of a Henyey-Greenstein approximation.
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Figure 8.8: As Figure 8.7, but global average of cloud-free cases.
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8.3 Comparison with previous results

In this section it is briefly discussed how the comparisons with SAGE II in this
study compare to the results presented by Taha et al. (2011) and Ovigneur et al.
(2011). Both of these studies also used SCIAMACHY limb measurements to infer
stratospheric aerosol profiles.

Taha et al. (2011) used the Ozone Mapper and Profiler Suite, Limp Profiler
(OMPS/LP) algorithm to derive aerosol extinction coefficients from normalized
SCIAMACHY limb radiances at specific wavelengths assuming a particle size distri-
bution with 0.06 um mode radius and a variance of 1.73. A comparison with 120
co-located SAGE II V6.2 measurements within 250 km and 24 h find a systematic
negative bias of the SCTAMACHY aerosol extinction profiles relative to SAGE II of
about 25 %.

Ovigneur et al. (2011) present comparisons with co-located SAGE II measure-
ments for two different values of the particle mean radius (0.15 and 0.35 micron).
2000 co-locations with SAGE II V6.2 have been investigated with co-location criteria
of =300 km along flight direction and =+ 115 km across flight direction, and a time
difference of less than 12h. In this study, the root mean square difference with
respect to SAGE II is on the order of 30-50 % with a minimum of 30 % around

22 km.
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9 Global stratospheric aerosol extinction

data set

As already mentioned, this work focuses on the development, implementation, and
testing of the retrieval algorithm. In this chapter, we will have a quick view into
the resulting global SCIAMACHY stratospheric aerosol extinction data set to get an
impression of the capabilies of the retrieval method by delivering an explanatory
approach for the patterns seen in different pressure levels. A detailed investigation
of the connections indicated here are not part of this work and must be object of

future studies.

The Figures 9.1 and 9.3 show the time and latitude dependence of the retrieved
SCIAMACHY aerosol extinction V1.1 at 525nm on three pressure levels for the
complete SCIAMACHY data set from August 2002 — April 2012. ECMWF reanalysis
data were used to interpolate the date from the SCIATRAN altitude grid onto these
pressure levels. The data were monthly averaged and binned into 5° latitude bins.
White areas show regions were no aerosol extinctions could be retrieved due to the

lack of SCTAMACHY limb radiance measurements during polar winter.

The aerosol extinction at the 70 hPa level (Figure 9.1), corresponding to an
altitude of approximately 18 km, shows clear evidence for the occurrence of polar
stratospheric clouds (PSCs) during each hemispheric winter at polar latitudes. These
signals are particularly pronounced in the otherwise undisturbed southern polar

region after the end of the polar winter (white areas). Note that even if PSCs are
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Figure 9.1: Temporal and latitude variation of stratospheric aerosol extinction at 70 hPa
(approximately 18 km altitude) retrieved from SCIAMACHY limb-scatter observations.
Volcanic eruptions indicated by strong stratospheric aerosol extinction signals: (A) Manam
(Jan. 2005, 4°S); (B) Soufriere Hills (May 2006, 16°N); (C) Tavurvur (Oct. 2006, 4°S);
(D) Kasatochi (Aug. 2008, 52°N); (E) Sarychev Peak (June 2009, 48°N); (F) Mount
Merapi (Oct. 2010, 7°S); (G) Nabro (June 2011, 13°N). (H) indicates the Australian
bush fires in Feb. 2009 at 38°S (figure prepared by Lena A. Brinkhoff, [UP Bremen).

present the retrievals are performed with the standard assumption on the aerosol
phase function based on the microphysical properties of background aerosols, i.e.,
the derived extinction values are subject to potentially large systematic errors and
only serve as a qualitative indicator for the presence of PSCs. As described in Section
1.2.2, volcanic eruptions can have a strong impact on the number density and the
composition of stratospheric aerosol particles if they eject a significant amount of

SO, and are explosive enough to inject it into the stratosphere. Seven volcanic
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Figure 9.2: Evolution of the zonal mean scattering ratio at 532 nm between 17 and
21 km from the CALIPSO lidar measurements from June 2006 to April 2010. Plumes with
scattering ratios greater than 1.15 that are observed in the tropics and at mid-latitudes
are linked to the indicated volcanic eruptions (figure from Solomon et al. (2011)).

eruptions with stratospheric impact are clearly identifiable by their aerosol signal
at this pressure level, starting with the Manam eruption in January 2005 after
a quiescent period during the first years of SCTAMACHY measurements. Five of
these eruptions happened in the tropics and two within one year in the northern
mid-latitudes. See the caption of the Figure for further information about the
time and latitude of the eruptions denoted by the letters A-G in Figure 9.1. The
stratospheric aerosol morphology between the eruptions of Tavurvur in October
2006 and Kasatochi in August 2008 with the minimum in the tropics in 2008 agrees
very well with the evolution of the zonal mean scattering ratio at 532 nm between
17 and 21 km from CALIPSO lidar measurements shown in Solomon et al. (2011)

(see Figure 9.2).

Furthermore, there is evidence of a stratospheric aerosol signal caused by pyro-
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convection (see end of Section 1.2.2) above the Australian bush fires in February
2009 (e.g., Siddaway and Petelina, 2011). As in the case of PSCs one should keep in
mind that the assumed aerosol phase function is not representative for a volcanically
or pyroconvectively enhanced stratospheric aerosol load. Investigations concerning
the implementation of a volcanic stratospheric aerosol particle size distribution in

the retrieval process should be content of future work.

At the 20 hPa pressure level (top panel of Figure 9.3, approximately 26 km al-
titude), the PSC signal is still visible, but much less pronounced than in 70 hPa.
The dominating feature is an annual pattern in the tropics with a seasonal shift
of the maximum of the aerosol load towards the winter hemisphere, i.e., around
December/January in the northern hemisphere and around July in the southern
hemisphere. This annual variation is consistent with the annual variation in lidar
backscatter ratio observed at Boulder (40°N) and Hawaii (19°N) (Hofmann et al.,
2009). This behaviour can be explained by the meridional transport processes within
the Brewer-Dobson-Circulation steered by the westerly and easterly shears of the
QBO (Trepte and Hitchman (1992), see paragraph "Transport and development of a
size distribution” of Section 1.2.1). The result of the processes described there would
be an aerosol transport in this altitude towards the winter hemisphere which is
stronger in the northern hemisphere and cuts of sharply between 15° and 30° in both
hemispheres. Although the pattern seen in this Figure seems to be consistent with
this explanation, further studies must be conducted to investigate other potential
reasons for the observed seasonal cycle. The lifting and lowering of the tropopause
height with the seasons surely has an impact. Furthermore, the seasonal variation
of the scattering angle at a specific latitude (see Figure 4.4) has the potential to
evoke such a signal artificially by influencing the sensitivity of the algorithm to
various parameters (see Chapter 7). The volcanic eruptions dominating the pattern

at the 70 hPa pressure level are not directly visible at the 20 hPa pressure level since
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Figure 9.3: As Figure 9.1, but at 20hPa (top panel, approximately 26 km altitude)
and 10hPa (bottom panel, approximately 32 km altitude) (figure prepared by Lena A.
Brinkhoff, IUP Bremen).
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none of them had a VEI high enough to reach this altitude region. However, the
apparent increase in the stratospheric aerosol load between 2006 and 2007 might
be caused by the two preceeding volcanic eruptions (Soufriére Hills and Tavurvur)
in the tropics since tropical eruptions are assumed to have a significant impact on
the global stratospheric aerosol load by injecting sulfur in the tropical reservoir. In
the southern hemisphere around 40°S the aerosol extinction at 20 hPa also shows
an apparent QBO signature.

The bottom panel of Figure 9.3 shows the 10 hPa pressure level, corresponding to
approximately 32 km altitude. As to be expected, no PSC signatures are visible in
this altitude region. The most prominent feature is a biennal signal in the tropics
with a sharp edge at around 20° in both hemispheres. This finding is on first view
consistent with the finding by Trepte and Hitchman (1992) that the aerosols in the
tropical reservoir are lofted into and lowered out of this pressure level depending
on the shear of the QBO (see Section 1.2.1). As for the two pressure levels below,
the physical connections leading to this pattern have to be clarified in more detail
by future studies.

Summarized, these pictures demonstrate that the aerosol retrieval is able to quali-
tatively capture the processes in the stratosphere and open up manifold possibilities

for further investigations.
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10 Summary and conclusion

In this work, an algorithm was presented for retrieving stratospheric aerosol extinc-
tion profiles between 12 and 35 km from SCIAMACHY limb-scatter observations.
The retrieval algorithm followed Bourassa et al. (2007) who derived stratospheric
aerosol extinction profiles from OSIRIS/Odin limb radiance spectra with a similar
method. However, significant modifications were made to adapt the algorithm to the
requirements of the specific observation geometry of the instrument SCIAMACHY.
The algorithm was based on a color-index approach combining the limb radiance
profiles at two wavelengths in the visible range, 470 and 750 nm. The stratospheric
aerosols were assumed to consist of sulfate particles with a particle size distribution
characteristic for background aerosol conditions. The retrieval was performed using
a non-linear inverse method similar to the optimal estimation method described
by Rodgers (2000), driving the sophisticated multiple scattering radiative transfer
model and retrieval code SCIATRAN 3.1.

For the first retrieval version V1.0, as a common approximation a Henyey-
Greenstein parameterized aerosol phase function was implemented. In a detailed
investigation of the retrieval behaviour it was discovered that this approximation
was not appropriate for SCTAMACHY geometries with high scattering angles in the
southern hemisphere. The quality of the algorithm was significantly improved in
version V1.1 by implementing a phase function calculated with a standard Mie code
assuming a common particle size distribution for stratospheric background aerosols

derived from mid-latitude in-situ measurements.
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For both retrieval versions, sensitivity studies were carried out in order to investi-
gate the impact of uncertainties in the knowledge of several atmospheric, surface,
and geometrical parameters such as the ozone profile, neutral density profile, a
priori aerosol extinction profile, ground albedo, tropospheric clouds, and tangent
height registration. For both versions, the sensitivity of the retrieval to errors in all
parameters was quite different on the two hemispheres of the Earth. For retrieval
version V1.0, in the northern hemisphere the error in the aerosol extinction was
below 10 % in all altitudes for realistic errors in the tested parameters. In contrast,
in the southern hemisphere clouds can lead to errors in the aerosol extinction of up
to 30 %, uncertainties in ground albedo and in neutral density up to 20 %. After im-
plementing the Mie phase function in the retrieval version V1.1, the sensitivity of the
statospheric aerosol extinction to the same errors as in version V1.0 approximately
halved. The largest error (15 %) was produced by a 3 % uncertainty in the neutral
density in 15 km altitude at 75°S. Errors in all other altitudes and latitudes were
well below 10 %. Thus, the sensitivity of the retrieval could be reduced significantly

in version V1.1.

Afterwards the SCIAMACHY stratospheric aerosol extinction profile retrievals
were compared to all co-located SAGE II solar occultation measurements between
January 2003 and the end of the SAGE II mission in August 2005. First, version
6.2 of the SAGE II aerosol extinction data set was used for the comparison as it
constitutes a standard reference for the validation of stratospheric aerosol extinction
data sets since 2003. The results of retrieval version V1.0 showed a good agreement
with SAGE II V6.2 data in the global average, the difference was within 20 % above
15 km and even within 10 % between 16 and 30 km. However, the comparison in
20° latitude bins displayed the presence of systematic interhemispheric differences
with values of in general around 20 % to up to 50 % with a different sign in the

northern and southern hemisphere. While in the northern hemisphere our retrieval
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algorithm V1.0 underestimated the aerosol extinction compared to SAGE II V6.2 by
approximately 20 % on average, we found an overestimation of typically 30-40 %
in the southern hemisphere, with a maximum of 60 % in 20 km altitude at southern
mid-latitudes. Applying retrieval version V1.1 reduced the interhemispheric differ-
ence significantly. Between 15 and 33 km altitude, the previously large difference
in the southern hemisphere was reduced to values of typically 0-15% while a
low bias remained in the northern hemisphere in comparison with SAGE II V6.2
measurements. Using version 7.0 of SAGE II aerosol extinction data published a
few months before the completion of this thesis as a new validation data set further
improved the quality of the retrieval. Reducing the already small difference in the
southern hemisphere further to <10 % between 15 and 33 km and the difference in
the northern hemisphere to <25 % at all altitudes led to a very good agreement of

the global average within approximately 10 % above 15 km.

Finally, first results on the global morphology of stratospheric aerosols retrieved
from SCIAMACHY with retrieval version V1.1 were presented. The morphologies
from 2002-2012 at 70 hPa, 20 hPa, and 10 hPa pressure levels showed patterns that
were consistent with the current knowledge of the dynamics in the stratosphere.
Furthermore, the global aerosol extinction morphology at 70 hPa showed clear evi-
dence for a stratospheric impact of multiple volcanic eruptions and a pyroconvective

event between 2005 and 2011.

In summary, these results allow the conclusion that our retrieval is capable of
providing stratospheric aerosol extinction profiles from SCIAMACHY limb radiances
with a near-global coverage on a daily basis and with high vertical resolution. The
SCIAMACHY stratospheric aerosol data set has the potential to greatly improve our
understanding of spatial and temporal variability of stratospheric aerosols, and will

be highly relevant for comparisons to model simulations.
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Outlook

The work presented in this thesis showed that the knowledge of the phase function
is critical for the quality of the retrieval. The implementation of a Mie phase function
derived from a realistic particle size distribution improved the retrieval drastically,
but could not account for the spatial, particularly vertical differences in particle size.
Thus, understanding the aerosol microphsysical properties bears a large potential
for the retrieval of stratospheric aerosol properties. In the color-index step in the
retrieval algorithm, information on the aerosol particle size distribution contained
in the limb radiance spectrum gets lost. Retrieving the aerosol extinction at multiple
single wavelengths of the broadband spectrum of SCTAMACHY could provide the
possibility to keep this information and enable a simultaneous retrieval of the Mie
phase function which can then be used instead of a fixed phase function for all
altitudes and latitudes.

A simultaneous cloud detection mechanism during the retrieval could reduce
the error induced by tropospheric clouds as well as PSCs which are interpreted as
stratospheric aerosols in the current retrieval version V1.1.

Retrieving the effective ground albedo directly from the SCIAMACHY data instead
of using a static data base offers the opportunity to reduce the albedo-induced error
in the retrieved aerosol extinction.

The discussion of the dynamical processes in the stratosphere started in Chapter
9 on the basis of morphologies at different pressure levels needs to be continued
in more detail and fortified with model results, followed by a climatological inter-
pretation. Vertical sections could provide the opportunity to investigate volcanic
eruptions with focus on the vertical and horizontal propagation of the volcanic

plume in the stratosphere.
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Abbreviations

DOM
DU
ECMWF
EM

FOV
FWHM
HG

LOS
LOS@TP
MS

NLC

N/S

PSC

PSD
QBO
SAA
SAA@TP

S/N

arbitrary units
Discrete Ordinate Method

Dobson Unit

European Centre for Medium-Range Weather Forecasts

electromagnetic

field of view

full width at half maximum
Henyey-Greenstein approximation
line-of-sight

line-of-sight angle at the tangent point
multiple scattering

Noctilucent Cloud

noise-to-signal value, the inverse of S/N
Polar Stratospheric Cloud

particle size distribution

quasi-biennial oscillation

solar azimuth angle

solar azimuth angle at the tangent point

signal-to-noise ratio
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SS

SSA
SWIR
SZA
SZA@TP
TCFoV
TP

uv

V1.0
V1.1

VEI

single scattering

single scattering angle

short-wavelength infrared

solar zenith angle

solar zenith angle at the tangent point

Total Clear Field of View

tangent point

ultraviolet

SCIAMACHY retrieval version 1.0 (HG phase function)
SCIAMACHY retrieval version 1.1 (Mie phase function)

Volcanic Explosivity Index
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