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Abstract

The purpose of this thesis is to establish a retrieval technique which
provides reliable ozone concentration profiles in the upper stratosphere
and lower mesosphere. This technique uses ultraviolet limb scatter
measurements from the eight-channel-spectrometer SCIAMACHY on
board the environmental satellite Envisat of the European Space
Agency. Comprehensive sensitivity studies and profile validations have
been done in order to analyze the ozone data quality. The retrieved
profiles are used to explore novel (geo)physical features of the upper
atmosphere.

For the inversion, the strongly absorbant Hartley bands of ozone
between 250 and 310 nanometer were used. Fraunhofer lines and emis-
sion lines from atmospheric constituents had to be taken into account
for the selection of what ended up being thirteen appropriate wave-
lengths. The inversion of the limb radiance profiles to ozone concentra-
tion profiles is achieved with an Optimal Estimation iteration scheme,
applying the atmospheric radiative transfer model SCIARAYS. This
fully spherical model derives the weighting functions analytically and
considers the first two orders of Rayleigh-King scattering. The second
order of scattering is shown to be negligible. Thus, the computational
rate of the retrieval is shown to be fairly high.

The retrieved vertical ozone profiles are supposed to cover an al-
titude range as wide as possible. The technique used here provides
a high sensitivity at an altitude between thirty-five and sixty-five
kilometers. A vertical resolution of about three to four kilometers is
reached. Weighting functions and averaging kernels reveal an area of
high sensitivity of up to seventy kilometers, although the sensitivity
decreases significantly above sixty-five kilometers.

Fits of the respective modeled and measured limb radiance profiles
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have been analyzed to optimize the selection of wavelengths. They
show a root-mean-square agreement of about 1.5 percent. The retrieval
is almost independent on a priori information. Sensitivity studies show
an accuracy on the retrieved profiles below twenty percent, whereas
the largest error source is an incorrect tangent height registration. The
accuracy of the tangent height specification of about five hundred me-
ters is achieved by an upstream tangent height retrieval. Further error
sources are the uncertainties of the solar zenith angle specification and
the temperature-dependent cross sections. This is followed by a quan-
titative and overall summary of the ascertained errors.

Comprehensive validations with coinciding observations from the
Mi1pas and HALOE spectrometers and from a ground based microwave
radiometer show an agreement within ten percent, at least for alti-
tudes between thirty-five and fifty kilometers. The validation above
fifty kilometers is still incomplete. Nevertheless, comparisons show
reasonable agreement, and even above fifty kilometers an agreement
within the derived errors is achieved.

Profiles were retrieved operationally for the whole SCIAMACHY mea-
surement data set since July 2002. They are used to describe the global
morphology of ozone in the upper atmosphere. The ozone gradient
from the summer to the winter hemisphere in the lower mesosphere
has been displayed and quantified. In addition to the expected tropi-
cal stratospheric ozone maximum in the summer hemispheres, a large
accumulation of ozone at the edge of the polar vortex (called ‘collar
effect’) is observed.

Apart from the establishment of the retrieval technique, a second
major focus of the thesis is on observations of the ozone depletion dur-
ing the historically large solar proton storm between 26 October and
6 November 2003, known as the ‘Halloween’ storm. Detailed maps and
daily resolved time series up to five weeks after the first event have
been compared with the results from a chemistry, transport, and pho-
tolysis model of the middle atmosphere that includes the production
of the ozone destructive catalysts HO, (H, OH, H,O) and NO, (N,
NO, NO3) due to highly energetic particle precipitation.

A strong ozone depletion of more than fifty percent down into the
stratosphere is observed at high geomagnetic latitudes in the northern
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hemisphere, whereas the observed ozone depletion in the more sunlit
southern hemisphere is much weaker.

Two regimes can be distinguished, one above about fifty kilometers
dominated by HO, and one below about fifty kilometers, dominated
by NO, driven ozone loss. The regimes display a different temporal
behavior of ozone depletion and recovery. The presented observations
of two contemporaneous maxima of ozone depletion at different alti-
tudes are caused by these HO, and NO, regimes and are the first ever
observed.

SCIAMACHY near-infrared spectra of Oz(a'A, — X3%,") transitions
at 1.27pm are used to quantify the limb emission rates of this tran-
sition spectra during the ‘Halloween’ storm, accompanying the ozone
depletion. A strong anti-correlation between the ozone depletion and
the limb emission rates of the Oy(a'A; — X®¥) transitions is iden-
tified and described. They indicate novel facilities to provide informa-
tion about this Solar-Earth interaction.



Publication List

The work that was performed for this thesis gave rise to the following
publications:

Peer-Reviewed Publications in Journals

Rohen, G., von Savigny, C., Sinnhuber, M., Llewellyn, E. J., Kaiser,
J. W., Jackman, C. H., Kallenrode, M.-B., Schréter, J., Eichmann,
K.-U., Bovensmann, H. and Burrows, J. P.,; 2005: Ozone deple-
tion during the solar proton events of October/November 2003
as seen by SCIAMACHY. J. Geophys. Res., 110, A9, A09S39, poI1
10.1029/2004JA010984.

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eich-
mann, K.-U., Bracher, A., Bovensmann, H. and Burrows, J. P.,
2006: First results of ozone profiles between 35 and 65 km retrieved
from SCIAMACHY limb spectra and observations of ozone depletion
during the solar proton events in Oct./Nov. 2003. Adv. Space Res.,
37(12), 2263-2268, po1 10.1016/j.asr.2005.03.160.

Bracher, A., Bovensmann, H., Bramstedt, K., Burrows, J. P., von
Clarmann, T., Eichmann, K.-U., Fischer, H., Funke, B., Gil-Lopez,
S., Glatthor, N., Grabowski, U., Hopfner, M., Kaufmann, M., Kell-
mann, S., Kiefer, M., Koukouli, M. E.; Linden, A., Lépez-Puertas,
M., Tsidu, G. M., Milz, M., Noél, S., Rohen, G., Rozanov, A.,
Rozanov, V. V., v. Savigny, C., Sinnhuber, M., Skupin, J., Steck,
T., Stiller, G. P., Wang, D.-Y., Weber, M. and Wuttke, M. W_,
2005: Cross comparisons of O3 and NOsy measured by the atmos-
pheric Envisat instruments GoMO0S, MIPAS, and SCIAMACHY. Adv.
in Space Res., 36, 855—-867, DOI 10.1016/j.asr.2005.04.005.

10



PUBLICATION LiIsST 11

Conference Contributions

Rozanov, A. V., Eichmann, K.-U., von Savigny, C., Rohen, G. J., von
Konig, M., Bovensmann, H., Rozanov, V. V. and Burrows, J. P.,
2003: Bestimmung atmosphérischer Spurenstoffprofile aus Scia-
MACHY Limb-Streulichtmessungen. 67" Tagung der Deutschen
Physikalischen Gesellschaft (DpG), Hannover, Germany, 24-28
March.

Rohen, G. J., von Savigny, C., Eichmann, K.-U., Kaiser, J. W., De-
Grandpre, J., Bovensmann, H. and Burrows, J. P.; 2003: Meso-
spheric ozone profiles retrieved from SCIAMACHY limb measure-
ments: first results. Invited talk, 15¢ Limb Workshop, Bremen, Ger-
many, 14-16 April.

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eich-
mann, K.-U., Bracher, A., Sinnhuber, M., Bovensmann, H. and Bur-
rows, J. P., 2004: Retrieval of upper stratospheric/lower mesospheric
ozone profiles from SCIAMACHY limb spectra. 2°¢ Limb Workshop,
Stockholm, Sweden, 11-14 October.

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eich-
mann, K.-U., Bracher, A., Sinnhuber, M., Bovensmann, H., Bur-
rows, J. P., Jackman, C. H. and Kallenrode, M.-B., 2005: Ozone
profile retrieval in the Hartley bands from SCIAMACHY limb spec-
tra: theory and applications. Invited talk, Miras IMK Data User
Meeting, IMK, Karlsruhe, Germany, 8 December.

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eich-
mann, K.-U., Bracher, A., Sinnhuber, M., Bovensmann, H., Bur-
rows, J. P., Jackman, C. H. and Kallenrode, M.-B., 2006: Retrieval
of mesospheric ozone profiles from SCIAMACHY limb spectra: theory
and applications. SADDU Meeting, Bremen, Germany, 12-13 Jan-
uary.

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eich-
mann, K.-U., Bracher, A., Sinnhuber, M., Bovensmann, H., Bur-
rows, J. P., Jackman, C. H. and Kallenrode, M.-B., 2006: Ozone
depletion during the Halloween storm. Invited talk, Awl Blockse-

minar, Bremerhaven, Germany, 13 February.
Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eich-



12 PUBLICATION LIST

mann, K.-U., Bracher, A., Sinnhuber, M., Bovensmann, H., Bur-
rows, J. P., Jackmann, C. H. and Kallenrode, M.-B., 2006: Retrieval
of mesospheric ozone profiles from SCIAMACHY limb measurements:
theory and applications. Invited talk, Forschungszentrum Jiilich,
IcaG-1, Jiilich, Germany, 28 February.

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Eichmann, K.-
U., Bracher, A., Sinnhuber, M., Bovensmann, H. and Burrows, J. P., 2006:
Retrieval of ozone profiles in the upper stratosphere and lower mesosphere
from ScIAMACHY limb spectra in the Hartley bands. 3™ International
Limb Workshop, Montreal, Canada, 25-28 April.

Rohen, G. J., von Savigny, C., Llewellyn, E. J.; Kaiser, J. W.; Eichmann,
K.-U., Bracher, A., Sinnhuber, M., Bovensmann, H. and Burrows, J. P.,
2006: Ozone profile retrievals in the Hartley bands from SCIAMACHY limb
measurements; theory and applications. 36" CosPAR Scientific Assembly,
Beijing, China, 16-23 July (submitted).

Rohen, G. J., von Savigny, C., Llewellyn, E. J., Kaiser, J. W., Bracher, A.,
Sinnhuber, M., Bovensmann, H., Burrows, J. P., Jackman, C. H., and
Kallenrode, M. B., 2006: Retrieval of mesospheric ozone profiles from
SCIAMACHY limb scatter measurements in the Hartley bands: methodol-
ogy, tests and applications. 3¢ Workshop on the Atmospheric Chemistry
Validation of Envisat (ACVE-[3]), EsA-ESRIN, Frascati, Italy, 4-7 Septem-
ber (submitted).



1 Motivation, Aims, and Structure
of this Work

In 1840, |Schonbein| noticed the same sharp smell of a product of water
electrolysis in his laboratory and also near a lightning strike in his
village church. He seized upon a suggestion of a workmate and named
it ozone (from Greek ozein: ‘smell’). Walter Noel Hartley identified this
gas later as a substance which absorbs atmospheric ultraviolet solar
radiation in the spectral range below 290 nm (Hartley} [1881]). In his
honor, the corresponding absorption bands were named the ‘Hartley
bands’.

The importance of the absorbing property of ozone for life was not
full realized for the next one hundred years until ozone observations
from a ground based spectrometer led to the discovery of large ozone
losses over the Antarctic Halley Bay (Farman et al.l |{1985). The lethal
threat of ultraviolet radiation focused public interest on the concerns
that anthropogenic activity could alter the natural composition of the
atmosphere. Since this discovery, it has become clear that a thorough
understanding of those factors that affect the distribution of ozone is
vital. Further comprehensive investigations that compared the results
from models and experiments confirmed the presumption of anthro-
pogenic depletion of the ozone layer. In this context, the discovery
of the catalytically ozone destructing property of chlorofluorocarbons
by Molina and Rowland| (1974)), is perhaps one of the clearest ex-
amples of anthropogenic influence on the atmosphere. This special
efforts of Molina were honored officially with the Nobel Prize in 1995,
together with J.P. Crutzen, for their pioneer work on stratospheric
ozone (Crutzen, (1970]).

However, sophisticated measurement techniques are currently rou-
tinely applied to retrieve accurate atmospheric parameters in order

13
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to support the endeavor of protecting the atmosphere. In addition
to these works, a retrieval technique is introduced here that enhances
the capabilities of retrieving ozone concentration profiles from satellite
borne limb scatter measurements.

The first ozone observations from ultraviolet scatter measurements
in limb viewing mode were made more than twenty years ago when
Rusch et al.| (1983) used limb radiances around 265 nm and 295 nm to
determine ozone concentration profiles. However, there was no docu-
mented investigation of the selected wavelengths. Other attempts to
use the Hartley bands failed due to the poor data quality (McPeters
et al., [2000). While limb observations with satellite borne spectrome-
ters are still novel, although quite common, it remains a challenge to
derive reliable ozone profiles; this is the first major objective of the
presented thesis.

This thesis also aims to establish applications for the retrieved ozone
profiles. The data from the SCIAMACHY observations enable the global
morphology of ozone to be explored, which is a valuable contribution
for the investigation of the dynamic and of chemical properties of
the upper atmosphere. In particular, global chemical and transport
models require initial information. Precise satellite observations will
enable more accurate model simulations and tests.

Another application of the retrieved ozone profiles are observations
of ozone depletion during solar storms, providing novel insights into at-
mospheric and extraterrestrial phenomena. This is not only applicable
for border tests of present models, measurements, and methodologies,
but is also important for our current knowledge of Sun-Earth inter-
actions. Little is known about the properties of solar storms as well
as their impact on the Earth’s magnetic field and atmospheric chem-
istry. The impact of solar storms on Earth’s life is also a mystery. Solar
storms are believed to enhance corrosion, almost completely destroy
electronics, and are at least a deadly threat for astronauts.
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1.1 Outline of this Thesis

The thesis is structured in three major parts:

Part I describes the required knowledge of the instrument, of the at-
mospheric chemistry and spectroscopy as well as of the radiative
transfer model and of the inversion scheme.

Part IT introduces the scientific background to the retrieval. Results
of the retrieval are shown, and comprehensive sensitivity and vali-
dation studies are presented.

Part III gives a detailed description of two applications; the global
morphology of ozone and observations of ozone depletion due to
enhanced solar proton precipitation in October and November 2003.

Finally, a conclusion of the presented work is drawn, and an outlook

for future investigations is given. The appendix includes a list of ab-

breviations, the acknowledgments, and the bibliography.
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2 SciAMACHY on Envisat

2.1 The Envisat Satellite

The Environmental satellite (Envisat) (EsAl 2005)), a joint project of
sixteen European member countries of the European Space Agency
(Esa), was launched in March 2002 with the ARIANE-5 rocket from
Kourou in French Guiana. The total mass of the satellite is 8140 kg
and the external dimensions of Envisat are 26 m x 10 m x 5 m including
the solar panels, which provide Envisat with electrical power. The ex-
pected lifetime of Envisat is five years. The entire cost of the Envisat
project will be about two billion euros over fifteen yearsB Envisat is
therefore both one of the largest satellites and most significant envi-
ronmental satellite programs to date.

Envisat was injected into a Sun-synchronous polar orbitﬂ at an alti-
tude of 799.8 km. The required velocity to stay in the planned altitude
is approximately 447kmmin~', this corresponds to about 7kms™!
over the ground. The Sun-synchronous orbit with an inclination angleEI
of 98.55° has a descending nodeﬂ at about 10:00 a.m. local time (LT).
The Sun-synchronous orbit implies almost the same overflight time for
the same latitude (for the precise overflight times see Figure. Each
orbit period lasts 100.59 min, and Envisat passes therefore through

1 That works out to 7€ per citizen of each ESA member nation, or about one cup
of coffee each year of operation.

2 The Sun-synchronous orbit is the orbit where the satellite’s orbital plane has a
fixed orientation relative to the Sun.

3 The inclination angle is the angle between the equatorial plane and the orbit
plane.

4 Descending node means that the equator is crossed southwards by the sub-
satellite track.

19
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about fourteen orbits per day. Within six days SCIAMACHY provides
an almost complete global coverage.

251
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Figure 2.1: SCIAMACHY overflight local times. Courtesy of E. J. Llewellyn

Ten instruments are on board Envisat. Four instruments are mainly
used to monitor the position of the satellite relative to the ground.
These are the Radar Altimeter (RA-2), the MicroWave Radiometer
(MwR), the Doppler Orbitography and Radiopositioning Integrated
by Satellite (DORIS), and the Laser RetroReflector (LRR). The LRR
is a passive device that is used as a reflector by ground-based stations
employing high-power pulsed lasers.

Three instruments monitor the Earth’s surface. The Advanced
Synthetic Aperture Radar (AsAR), the MEdium Resolution Imag-
ing Spectrometer (MERIS), and the Advanced Along Track Scanning
Radiometer (AATSR).

Three instruments observe the Earth’s atmosphere. The Michel-
son Interferometer for Passive Atmospheric Sounding (Mipas) (En-
demann and Fischerl (1993} [Fischer and Oelhaf, 1996) is a Fourier
transform spectrometer for measurements of highly resolved gaseous
emission spectra in the spectral range from the near to mid—infraredﬂ
One of MiPAS’s benefit is the high spectral resolution of 0.06 nm,
which makes even weakest emissions resolvable. Since ozone profiles

5 MiprAs has a spectral coverage from 4.15 pm to 14.6 pm.
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retrieved from MIPAS spectra will later be used for comprehensive val-
idations, a brief description of this instrument is given in Appendix[A]
The second spectrometer on Envisat, the Global Ozone Monitoring by
Occultation of Stars (GOMOS) (Bertaux et al. 1991 [Esa| [2001) is also
described in Appendix [A]

The third spectrometer on Envisat, the SCanning Imaging Absorp-
tion spectroMeter of Atmospheric CHartographY (SCIAMACHY) (Bur-
rows et al., [1995; [Bovensmann et al.l 1999, 2004), is the successor to
the Global Ozone Monitoring Experiment (GOMEEI) (Burrows et al.,
1999b).

2.2 The SCIAMACHY Instrument

The initial concept of this instrument was presented by [Burrows and
Chance|in|1991} and refined by|Goede et al.|in|1994. SCIAMACHY (from
Greek: ‘fighting with shadows’) is designed to measure radiancesﬂ in
eight channels in a wide spectral range from 214nm to 2384 nm with
a moderate resolution of 0.21 nm to 1.56nm (see Table .

Six additional devices measure the polarization of the recorded light
through Brewster reflection of a pre-disperse prism. The bands of the
polarization measurement devices correspond approximately to the
main channels 2 to 6, and to channel 8.

Figure shows the two optical banks of Scramachy. For all
measurements, the radiation is directed by the elevation mirror onto
a telescope with an off-axis parabolic mirror. The telescope focuses
the beam onto the entrance slit of the spectrometer. Leaving a pre-
dispersing prism, the main beam forms a spectrum in the middle of the
instrument. Reflective optics are employed to separate the spectrum
into four parts. The shorter wavelength radiation is directed to chan-
nel 1 (240 nm to 314nm) and channel 2 (314nm to 405 nm). The ma-
jority of the spectrum (405 nm to 1750 nm) passes to channels 3 to 6.

6 GOME is sometimes called the ‘little SCIAMACHY’ because it is a side development
of SCIAMACHY.

7 Radiance is a measure for the intensity of radiation with dimension
[Wm=2nm~1sr—1].
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Table 2.1: SCIAMACHY spectral channels and resolution. The table shows
also the different detector materials and the temperature to which the de-
tectors are cooled to reduce dark current.

Channel Range [nm] Resolution Material Temperature [K]
1 214-314 0.21 Si 200
2 309-404 0.22 Si 200
3 392-605 0.47 Si 235
4 598-790 0.42 Si 235
5 776-1056 0.55 Si 235
6 991-1750 1.56 InGaAs 200
7 1940-2040 0.21 InGaAs 150
8 2260-2384 0.24 InGaAs 150
- T

~_Channel 1

SCIAMACHY Optical Configuration B -l

Channel 3
Channel 4
T~ _Channel 5
. s

Echelles ™

LeVeI 2 Grat/nEs

Figure 2.2: Optical banks of SCIAMACHY. Also shown are the paths of the
beam to each of the eight channels. The azimuth-scanner is adjusted to the
Envisat flight direction. Courtesy of ESA.
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The near-infrared part of the spectrum (1940 nm to 2380nm) is re-
flected toward channel 7 and 8. Each individual channel comprises
a grating and transmission optics, in order to reduce the internally
scattered light, as well as a diode array detector.

In channels 1 to 5 the detectors are silicon monolithic diode arrays,
whereas InGaAs detectors are used for the near infrared channels.
This is due to the large electronic bandgap of silicon (~ 1.1€V) while
photons at 2.4 um have an energy of 0.5eV. To reduce the dark cur-
rent and detector noise, the diode arrays are cooled to between 150 K
to 200 K, and the entire instrument is cooled to 253 K. The cooling is
provided by a simple passive radiator mounted on top of the instru-
ment.

Several calibration facilities exist on board SCIAMACHY. A NePtCr
hollow cathode discharge lamp emits narrow spectral lines, these lines
are used for spectral calibration. A 5 W Tungsten halogen white lamp
is used to monitor pixel-to-pixel gain differences and long-term degra-
dation. Two sand blasted aluminum diffuser plates are mounted on
the back of the scan mirrors to enable measurements of the Sun’s
irradiance.

It is apparent that SCIAMACHY is able to record spectra over a
wide spectral range. This allows different trace gases to be retrieved
simultaneously (see Figure for the list of molecules).

2.3 Limb Observation Geometry

A novelty of SCIAMACHY are the three different observation geome-
tries. Each geometry has its own particular advantage with respect to
vertical altitude resolution and spatial coverage.

In nadir mode (Buchwitz et al.,|2005)), air masses directly below the
satellite are observed (see Figure ‘ The nadir mirror scans across
the satellite track with a field of view of 25km x 0.6 km. The spatial
resolution in the nadir scan mode depends on the scan velocity and
the integration time of the detectors. The scan velocity along track is
determined by the spacecraft velocity, and the across track velocity is
determined by the nadir scan mirror rate, approximately 240 kms~—!
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Figure 2.3: Spectral coverage of SCTAMACHY and its predecessor GOME. Also
depicted are the spectral ranges where the atmospheric parameter has to
be explored for retrievals. Courtesy of S. Noél.

Limb

Tangent Height
0-100 km

Figure 2.4: Nadir and limb geometry at SCIAMACHY measurements. Cour-
tesy of S. Noél.
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over the ground. Thus the typical spatial resolution is approximately
240 km across track and 30 km along track. Nadir measurements there-
fore provide relatively good spatial resolution.

In occultation mod@ SCIAMACHY looks directly at the Sun or the
Moon. Occultation measurements are made only during orbital sun-
rise, or when the Moon is visible, and thus global coverage is not
obtained. The instrument tracks the Sun actively during sunrise and
tracks the Moon from half Moon to full Moon at a fixed azimuth
mirror position. The field of view is about 30km in azimuthal and
about 2.5km in elevation at the tangent point. The spatial resolution
depends on the integration time, 62 ms for solar occultation measure-
ments and about 1s for lunar measurements, and is thus approxi-
mately 30 km x 2.5km at the tangent point. Due to the high intensity
of the Sun and the Moon, occultation measurements are very accurate.

In limb mode, SCIAMACHY scans the limb of the Earth from the
surface up to 92km (Figureﬂ The field of view is 110 km x 2.6 km
at the tangent point, but due to the integration time of 0.375s, the
spatial resolution is expanded to about 240 km across track and along
track about 500 km horizontally and 3 km vertically. Each horizontal
scan can be divided into separate measurements. For instance, in chan-
nel 1, the horizontal scan can consist of four measurements each with
an integration time of 0.375s. The across track azimuthal coverage is
therefore about 960 km at the tangent point in this case.

After one horizontal scan the elevation mirror performs a vertical
step of about 3.3km at the tangent point, this takes 150 ms. During
an entire vertical scan which includes measurements at 31 different
tangent heights and lasts 60s, the spacecraft moves approximately
460km in along-track direction thus the tangent point also moves
during the complete measurement. In contrast to that, the location

8 See also the spectrometer in occultation mode, Halogen Occultation Experi-
ment (HALOE) on the Upper Atmospheric Research Satellite (UARS) (Russell
et al.l [1993), and the description profile retrieval from SCIAMACHY occultation
measurements (Meyer et al., [2005).

9 During the first two years of the mission, the top tangent height was set to
approximately 105 km.
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of the respective tangent point moves in the opposite direction due to
the sphericity of the Earth and the scan and look direction.

A typical orbit starts with four limb measurements in twilight, fol-
lowed by the solar occultation measurement during sunrise in the
northern hemisphere, and an optimized limb-nadir sequence (see Fig-
ure ‘ This sequence requires the synchronization of integration
times, scan ranges, and viewing directions for all limb and nadir mea-
surements. Through this technique, precise observations of the tropo-
sphere can also be made. When the Moon is visible in the southern
hemisphere, lunar occultation measurements are performed every sec-
ond orbit. In addition to the atmospheric measurements, calibration
measurements are performed on a regular basis during eclipse periods
(for details of the calibration measurements see [Frerick et al., [1997)).
Figure [2.6] shows a typical SCIAMACHY orbit on 29 July 2004.

Eclipse
(Dark Current and
On-Board Lamps)

Figure 2.5: SCIAMACHY measurement sequence along one orbit

At the present time Oz (von Savigny et all 2005b; Rohen et al.
2006), BrO, NOg, and OCIO (Rozanov et al., |2005) have all been
retrieved successfully from limb scatter measurements.

Finally, Table gives an overview of Envisat’s and SCIAMACHY’s
properties.
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SCIAMACHY Swath Geolocation Display for Limb in Orbit 12612

Orig—Filencme = SIM_DMOP. 1252412667
ANZ_TIME 29-JUL-2004 03:38:38.7
a = Balloon Lounch Ste B = Ground Measures

ANX_LONGITUDE — +275.343079<deg> (ROE) —054.656821<deg> (ESOV)
ment Site =4

Figure 2.6: SCIAMACHY orbit on 29 July 2004. The rectangles along this
orbit indicate the area of a SCIAMACHY limb measurement. The yellow circle
above Western Canada marks the location of the satellite during the solar
occultation measurement, and the orange point marks its location during
the lunar occultation measurement over Antarctica. Figure courtesy of the
German Aerospace Center (DLR).

Table 2.2: Some properties of Envisat and SCIAMACHY

Launch March 1, 2002 02:07:58 CET from Kourou,
French Guiana

Orbit Sun-synchronous polar orbit

Altitude 799.8 km

Inclination angle 98.55°

Equator crossing time About 10:00 a.m. LT descending node

Orbit period 100.59 min

Repeat cycle 35 days

Field of view Azimuthal 110 km, elevation 2.6 km

Coverage Azimuthal 960 km, elevation 0km to 92 km







3 Ozone Chemistry
and Spectroscopy

It is not the aim of this chapter to review the entirety of atmospheric
chemistry and spectroscopy. Rather, a scientific background is pre-
sented. This is required to classify the profile retrieval in contrast
to other methodologies and to discuss its advantages, disadvantages,
and possibilities. The chemistry of atmospheric ozone is therefore de-
scribed only briefly. In addition, a short historical overview of ozone
observations and related retrieval techniques are presented in this
chapter. Atmospheric spectroscopy is treated as it indicates the pos-
sibilities for further ozone concentration retrievals from SCIAMACHY
limb spectra and for geophysical applications. For the nomenclature
and the basic scientific background perusal of the common literature is
recommended (Herzberg, (1950; Brasseur and Solomon) (1984} 'Waynel,
1985)).

3.1 Stratospheric Ozone Chemistry

The first explanation of the stratospheric ozone layer was given by
Chapman|(1930)). He suggested the reaction cycle, which is now known
as the Chapman cycle:

Oy+hv — O+0 (3.1)
O+0:+M — O3+M (3.2)
Os+hyr — 0O+0q (3.3)
0403 — 20, (3.4)
O+0+M — O3+M. (3.5)

29
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Ozone is produced through the photolysis of Oy by ultraviolet ra-
diation and the subsequent recombination of O and O, .
M is a collision partner that is necessary for energy and momentum
conservation. Collision partners are most probably nitrogen or oxygen
molecules, since they are the most abundant in the atmosphere. De-
struction of ozone molecules is only possible through photolysis
and odd oxygerﬂ recombination.

Three body recombination and ozone photolysis cause
a rapid adjustment of the photochemical equilibrium between O and
O3. The production rate of Oz depends on the O, concentration and
on the incident solar radiation. The molecular oxygen concentration
decreases with increasing altitude, whereas the ultraviolet radiation
increases strongly. Hence, the ozone concentration has its maximum
in the middle atmosphere.

Catalytic Cycles

First measurements indicated that the altitude of the ozone layer pre-
dicted by the Chapman cycle was too high. A catalytic ozone destruc-

tion process was suggested by [Bates and Nicolet| (1950, it is based on

the reaction of ozone and HOZEL Other atmospheric trace gases have
been identified as being involved in catalytic reactions: NOZEL for in-
stance, was found to be conserved in the stratosphere (Crutzen et al.,

1975). A chlorine catalytic Cycleﬁ (Stolarski and Cicerone, 1974) and
a bromine related catalytic cycle (Wofsy et al. [1975)) have also been

suggested. Additionally, the conservation of catalysts and the release
of catalytic radicals through photolysis of the reservoir of atmospheric
chlorofluorocarbons was discovered, these enhance the long-term cat-
alytic effects (Molina and Rowland, |1974).

1 The sum of O and O3 concentrations is often referred to as ‘odd oxygen’ in the
literature. This family concept is used because of the rapid interconversion of O
and 03.

2 HO, denotes H, OH, and HOx.

3 NO; denotes NO, and NOx.

4 These chlorine related catalytic cycles are called ClO, cycles.
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A general catalytic scheme can be described as:

X+ 03

— XO+ 09,

XO+0 — X+O0,,

Net: O + O3

— 209

where X denotes the potential catalysts OH, H, NO, Cl or Br. Since the
catalysts are not consumed, they are capable of completing the cycle

thousands of times. The scheme is only truncated through reactions,

that transfer X into a non-catalytic compound.

3.2 Lower Mesospheric Ozone Chemistry

Figure shows the fractional contributions of the odd oxygen loss
due to the Chapman reactions and the catalytic reactions, (WMO)
1986)). The Chapman and the ClO, catalytic cycles have their largest
impact between 40 km and 50 km, but even here, HO, and NO, in-
duced depletion of odd oxygen is of the same order of magnitude.

Altitude [km]

70¢
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30t

60 £\

T No,

0.0

0.2

0.4 0.6 0.8 1.0
Fractional contribution

Figure 3.1: Fraction of the odd oxygen loss rate due to ozone reaction mech-

anisms (WMo, [1986)).
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At higher altitudes, NO, is quickly photolyzed or is lost through
reaction with atomic nitrogen. Since the required short-wave radia-
tion is already absorbed, NO, at lower layers is protected against
dissociative radiation. Additionally, the main source of NO,, N,O,
is rare or is rapidly photolyzed to O('D) and Nj. In contrast, the
HO, catalytic cycle becomes important at higher altitudes since HO,,
is produced through reaction of CHy and H2O with exited oxygen.
The concentration of O(*D) as well as that of OH increases with alti-
tude due to stronger photolysis. Additionally, the activation energies
for the catalytic cycle processes are small and so almost temperature-
independent, in contrast to the Chapman cycle reactionsﬂln sum, the
impact of the HO, catalytic cycle increases in the upper atmosphere
and dominates the ozone chemistry.

While the diurnal variability of stratospheric ozone is negligible,
ozone concentrations at, e.g., 70km are up to 90% smaller in the
daytime than at night (see Figure [3.2)).

1160
1140

1120

SZA 7]

1100
180

160

O, change (ref. 1:00 LT) [%)]

140

5 10 15 20
Local time [h]

Figure 3.2: Single Layer Isentropic Model of Chemistry And Transport
(StimcaT) (Chipperfield et al.| [1996) three dimensional atmospheric chemi-
cal transport model simulation of the diurnal variability of ozone concentra-
tions at 50 km, 60 km, and 70 km on 11 August 2002. Also shown is the solar
zenith angle as a function of the local time. Data courtesy of M. Sinnhuber.

5 The temperatures in the mesosphere decrease drastically towards higher alti-
tudes.
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The reason for this decrease and its difference in the mesosphere
and stratosphere is due to effects of photolysis.

3.3 Spectroscopy of Ozone

The spectroscopy of the ozone molecule is quite complicated with
many remaining puzzles as the effect of the multiple isomers and
symmetries of the Oz molecule (see Steinfeld et al., (1987, for a re-
view of ozone spectroscopy). Since the quantum mechanical states of
the products of the photodissociation of molecular oxygen are
well known, the exact threshold energies for the production of atomic
and molecular oxygen are also known. The possible initial and final
electronic states of oxygen are shown in the potential curve diagram

Figure [3:3]

[
BZ, N I, — 800
8 -
o('D)+0(°P)
6 N — 600
3 3 P)+0CP ~
- ATSA, Apt ~ . OCP)+0CP) £
z g
8,0 400
5 <
e &
= 1)
= =}
s L)
% . — 200 =
- E
o
3
a.
o —0
1 | | | |
0.05 0.10 0.15 0.20 0.25

Internuclear distance (nm)

Figure 3.3: Potential energy curves for the ground state and several elec-
tronically excited states of molecular oxygen. The ground state is labeled X.
A, B, C, ... denote the electronic states of same spin multiplicity, lower case
letters denote electronic states with different spin multiplicity. The Greek
capitals express the angular momentum. Vibrational and rotational states
are not shown. Figure taken from Wayne| (1987).
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Table indicates the wavelength thresholds for different products
in ozone photolysis.

Table 3.1: Theoretical wavelength thresholds for different products of ozone
photolysis (Baulch et al., [1980; [Moore, [1971). Wavelengths are expressed
as [nm].

02(X*E;)  02('Ag)  02(b'SH)  02(A*TT)  02(XP%;)

O(®P) 1180 590 460 230 170
o('D 410 310 260 167 150
o('s) 234 196 179 129 108

Considering the spin conservation, only ozone photodissociation
with the same multiplicity are likely. The lowest energy singlet pair
is O('D) and O(a'A,), and the corresponding threshold wavelength
310nm. For triplet states, the wavelengths have to be shorter than
1180 nm.

A transition between two states is caused by the absorption or emis-
sion of radiation, or collisional quenching. In the lower atmosphere,
collisional quenching is more likely than in the mesosphere. At higher
altitudes, the number of collisions decreases, and high intensity radi-
ation from the Sun excites the atmospheric constituents which then
emit radiation either by spontaneous or induced emission. Emissions
are therefore generally more clearly observable in the upper atmos-
phere.

A prominent example of a strong emission and absorption feature
in the atmosphere is the electronic transition O(a'A, — X?%;) with
a corresponding wavelength band at 1.27 pm, called the ‘Infrared At-
mospheric’ band. Although the Infrared Atmospheric band transitions
are strictly forbiddenﬁ they are one of the strongest features in the
atmospheric spectrum. A SCIAMACHY spectrum in this band is shown
in Figure where absorption at lower altitudes as well as emission
at higher altitudes is observable.

The Infrared Atmospheric band corresponds to rotational transi-

6 Electric dipole rules, including the multiplicity, the total angular momentum,
as well as the non-changing parity, are all broken!
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Figure 3.4: SCIAMACHY spectra of Oz(a'Ay; — X?Y;) at 1.27 pm from the
surface (top spectra) to about 100km (the bottom spectra). Absorption
features are observable in the lower atmosphere, and emission features are
observable in the upper atmosphere. The jagged line is a dark current cali-

bration measurement.

tions between the vibrational states ' = 0 and v” = 0[] Another in-
tense emission is caused by the (0, 1) transition band around 1.58 umﬂ

3.4 Ozone Absorption Cross Sections

The absorption cross sections are a measure of the absorption of ra-
diation at a specific wavelength.

Figureshows the GOME flight model (FM) absorption cross sec-
tions of ozone in the ultraviolet and visible wavelength range for differ-

7 The transition between the vibrational states will be denoted as (0,0), where
the first number corresponds to the higher vibrational state v’.

8 While the absorption by the (0,0) transitions is quite strong in the lower at-
mosphere, the emission lines caused by the (0,1) transitions are not absorbed
because the population in v’/ = 1 is negligible. The (0, 0) caused spectral feature
is therefore only detectable by balloons, airplanes and satellites, in contrast to
that feature caused by (0, 1) transitions, which is observable by ground-based

instruments.
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Figure 3.5: GOME FM absorption cross sections in the ultraviolet and visible

spectral range for different temperatures (Burrows et al.| [1999a)). Basically,
the Wulf bands range up to 1000 nm.

ent temperatures. The absorption spectrum is commonly divided into
four different absorption bands, but the boundaries are still disputed.
The Wulf bands from 650nm to about 1000nm are believed to
be caused by the 3A, «— X'A; and the 3B, «— X!'A; transitions
(Steinfeld et al., |1987[)E|
The Chappuis absorption bands cover the 400 nm to 650 nm range

with a maximum absorption cross section at 602.5nm (Anderson and

[Mauersberger}, |1992)). The system corresponds to transitions from the

X'A; ground state to the 'A, and !B; states in the Cs, symme-
try. Around the maxima, the cross sections are more temperature-
independent, but towards the Huggins bands, they become highly
temperature-dependent. Here, they display an oscillating curve shape.
Thus, measurements of the cross sections in these spectral range have
large uncertainties. The Huggins bands are caused by the 2'A; «
X'A; transitions (Steinfeld et al.| [1987).

The Hartley bands cover the 200 nm to 310 nm region and consist of

a broad continuum with small diffuse overlying structures. They corre-

9 The first capitals (here X, 1,2,...) denote the electronic states, and the second
capital labels the symmetry race for the ozone molecule, whose symmetry is
characterized by the Cz, and C, point groups.
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spond to the !By « X!B; transitions of the ozone molecule. The cross
sections peak at 255 nm, and are almost temperature-independent. For
a change in temperature from 218 K to 295 K, the cross sections differ
by about 1% (Johnson and Kinsey), |1989).

Figure[3.6]shows absorption cross sections measured with the GOME
(Burrows et all [1999a)) and SciamMacHY FM (Bogumil et al., 2003).
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Figure 3.6: Absorption cross sections of ozone at 202 K measured by the

GOME FM (Burrows et all |1999a) and SciamMAcHY FM (Bogumil et al.
2003). They show large differences in the boundary region from the Huggins

to the Chappuis bands.

The errors in the cross sections from SCIAMACHY FM are specified
by 2 % in the ultraviolet, but increase towards longer wavelengths. The
uncertain cross sections in the temperature-dependent Huggins bands
are usually avoided for ozone concentration measurements. Figure
shows the deviations of the GOME and SCIAMACHY FM cross sections
in the Hartley-Huggins bands. The differences reach only 3 %H

For the retrieval presented in this thesis, GOME FM cross sections
have been applied. Retrievals with the SCIAMACHY FM cross sections

must be done in the future.

10 Comprehensive investigations of the deviations between GOME and SCIAMACHY

FM have been recently published by (2002]).
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Figure 3.7: Differences of SCIAMACHY and GOME FM absorption cross sec-
tions in the Hartley-Huggins bands at 202 K. In the Hartley bands devia-
tions reach only 3 %.

3.5 Techniques to Retrieve Ozone Profiles

Although the first spectroscopic detection of atmospheric ozone oc-
curred in the early 1880s (Chappuisl [1880), it was not until 1920
that quantitative ozone retrievals became possible. [Fabry and Buis-
son| (1921), who have since then been deemed the discoverers of the
ozone layer, reported the determination of ozone from measurements
in the Hartley-Huggins bands. Due to uncertain inversion methodﬂ
measurements at that time were in conflict with the theoretical work
of (Chapman! (1929} 1930)), who predicted an ozone layer lower than the
measured 45 km. In the early 1930s the ‘Umkehr’-method was refined
and the altitude of the ozone maximum was found to be near 25km,
in better agreement with Chapman’s predictions (Gotz et al., [1934]).
After the Second World War, several measurement techniques were
used to retrieve ozone concentrations. Beside various balloon-based
ozonesondes, sophisticated rocket-borne spectrometers, ground-based,
air-borne, and Space Shuttle borne instruments, satellites became im-

11 At that time inversion was called the ‘Umkehr’-method. ‘Inversion’ denotes the
inversion of a measurand to the wanted measure, here ozone concentrations.
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portant for their global coverage, the long lifetime of the instruments,
and the quality of the measurementslzl

3.5.1 Emission Spectroscopy

The most common technique for mesospheric ozone profile retrievals
uses molecular oxygen emissions, which arise in part from photoly-
sis of ozone. Some of the prominent employed transitions are listed
in Table Each band has its own advantage. For instance, the

Table 3.2: Emissions in the visible and near infrared employed for upper
atmospheric ozone profile retrievals.

Transition Wavelength [pm] Sample Publications
0:2(b'S — X?%;) (0,0) 0.76 Lépez-Gonziles et al.| (]1992[)
0:(b'Ef — X*%7) (0,1) 0.86 Noxon| (1975)

02(a'A, — X3%7) (0,0) 1.27 Thomas et al.| (1983)
02(a'Agy — X%%;) (0,1) 1.58 Winick et al.| (1985)

Oz(a'Ay — X3%,) (0,1) band at 1.58 pm is easily modeled, but accu-
rate measurements are difficult. In contrast, emissions from the (0, 0)
Infrared Atmospheric band are quite difficult to model. An accurate
determination of the population of the quantum mechanical states fol-
lowing the non-local thermodynamic equilibrium statistics is required,
and the intensity and broadening of the particular emission lines can-
not be derived by simple Boltzmann statistics[™|

Emissions in the infrared and microwave region have also been used
to infer ozone densities in the mesosphere from measurements with
ground-based, (e.g., [Wilson and Schwartz, [1981) and space borne in-

12 See the references as examples of the respective instrument bases Hilsenrathl
[T97T}, [FriedI-Vallon et al] [2004; f[van Allen and Hopfield), [1948}; [Llewellyn and]
[Witt], [1977; [Evans and Llewellyn}, [T1970}; [Bremer et al, 2002} [McPeters et all,
[2000). A comprehensive review of satellite borne ozone measurements can be
found in Kriiger et al.| (1980); Miller| (1989).

13 An example of ozone profile retrievals in the Infrared Atmospheric band are

Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA)
ozone retrievals (]Kaufmann et aI.L |2003|).
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struments, e.g., the Microwave Limb Sounder (MLS) on the Upper
Atmosphere Research Satellite (UARS) (Froidevaux, |1996)). Even a
rocket-borne mass spectrometer was used to determine the ozone con-
centrations (Trinks, |[1975)). For a comprehensive review of the common
retrieval methods used for ozone retrievals from satellite data since
1980 see |[Miller| (1989).

3.5.2 Absorption Spectroscopy

The common technique used to infer ozone densities at lower altitudes
in the atmosphere is ultraviolet and visible absorption spectroscopy
with the Sun, the Moon, or stars as sources of radiation. Currently
the only published ozone profile retrievals from ultraviolet backscat-
ter limb measurements are those from data from the Solar Mesosphere
Explorer (SME) (Thomas et al.| [1983), from the Shuttle Ozone Limb
Sounding Experiment (SOLSE) (McPeters et al.||2000), and from ScIA-
MACHY limb measurements (Rohen et al.l 2005]).

3.6 Earlier Investigations
3.6.1 Solar Mesosphere Explorer

SME was the first space borne spectrometer operating in limb mode
(Rusch et al. 1983} 'Thomas et al., |1983). Its operation period lasted
from December 1981 to December 1989. The SME spacecraft was
placed into a circular Sun-synchronous orbit with an inclination angle
of 97.8° at an altitude of 600km. The equator crossing time was at
about 15:00 LT on the day-side and at about 3:00 LT on the night-
side. SME measured the scattered limb radiances at tangent heights
from 20km to 120 km in 3.5 km steps. The National Aeronautics and
Space Administration (NAsA) satellite was designed to study the up-
per part of the Earth’s ozone layer, its response to changes in solar
activity and its relationship to the meteorology of the stratosphere
and mesosphere.

The five instruments on board SME were the ‘ultraviolet ozone spec-
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trometer’ (0.2pm to 0.33um), the ‘visible NOy and airglow spec-
trometer’ (0.295pm to 0.59 pm), the ‘near infrared airglow instru-
ment’ (0.6 pm to 2.0 pm), the ‘solar ultraviolet spectrometer’ (0.12 pm
to 0.31 pm), and the ‘four-channel spectrometer’ (four channels in the
far infrared). Important wavelength ranges for these instruments were
taken into account, such as the hydrogen Lyman-« (0.1216 pm), the
ozone Hartley bands from 250 nm to 320 nm, the near infrared emis-
sion at 1.27 pm, and several channels to measure water vapor, NOg
and airglow emissionﬁ in the near infrared. Atmospheric tempera-
tures, Oz, and NO; profiles in the upper atmosphere have been suc-
cessfully retrieved (Thomas et al., [1980). Ozone profiles have been
retrieved from both the ultraviolet absorption (Rusch et al., |[1984])
as well as the Oy(a'Ay — X?%) emissions (Thomas et al., [1983). In
terms of the backscattered radiance inversions, they used the 265.0 nm
and 296.4 nm radiances to derive ozone profiles over an altitude range
between 50 km and 70 km. Unfortunately, no details of the sensitivity
of their inversion algorithm nor of their selection of wavelengths have
ever been published. It is doubtful that their inversion scheme had
good sensitivity above 60 kmE

The ozone profile retrievals from the Oy(a'A, — X*¥) emissions
had an altitude coverage from 50km to 90 km (Thomas et al., [1983]).

3.6.2 Shuttle Ozone Limb Sounder Experiment
and Limb Ozone Retrieval Experiment

The instrument pair SOLSE/LORE was flown by NASA as a proof-of-
concept mission on a Space Shuttle in December 1997 and January
2003. It operated in the 260 nm to 350 nm spectral region with a res-
olution of 0.5 nm, and also included filters at 345, 525, 603, 677, and
1000 nm. For ozone profile retrievals eleven discrete wavelengths in
the Huggins bands above 310nm have been used (McPeters et al.)

14 Air-glow is caused by Sun-driven excitations of meta-stable species.

15 It will be shown later that the 265.0 nm radiances show only a small sensitivity
above 60 km and that they have only been in part an applicable choice due to
disturbing emissions from NO.
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. This was more of a compromise, because the limb radiances
below 310nm had not been accurately detected due to the low abso-
lute intensity. Several ozone profiles between 15 km and 50 km altitude
from SOLSE/LORE’s measurements have been retrieved and validated

successfully (McPeters et al.,[2000)). In order to compensate for multi-

plicative noise and error effects, all radiances are divided by those at
a reference tangent height and are used in pairs or triplets of strong

and weak ozone absorptions (Flittner et al., 2000). This normaliza-

tion technique will also be employed in the inversion presented in this
thesis.



4 Radiative Transfer

In this chapter the radiative transfer model SCIARAYS is introduced.
This module is used for the inversion of the radiance profiles as mea-
sured by SCIAMACHY in limb geometry to an ozone concentration
profile. In this context the main physical processes implemented in
SCIARAYS are explained, especially the Rayleigh scattering. A more
detailed description of SCIARAYS can be found in [Kaiser| (2001)).

4.1 Physical Processes in the Atmosphere
4.1.1 Rayleigh Scattering

Atmospheric scattering was already investigated and documented

during the 15"

century by Leonardo da Vinci and later by Isaac
Newton (Richter, [1970). Elastic scattering of light by molecules or
particles, whose size is small compared to the incident wavelength,
is called Rayleigh scattering. Sometimes Rayleigh scattering is also
called molecular scattering or Cabannes scattering, in honor of Lord
Rayleigh’s student, Jean Cabannes. In contrast to inelastic Raman
scattering, the wavelengths of the incident and the scattered light are
the same for Rayleigh scattering. The incident and scattered radiation
is not phase-correlated. The intensity as well as the angular distribu-
tion of the scattered light can be derived accurately (Strutt, 1871)ﬂ
The radiation is scattered in all directions, but the main contribution
of the radiation is scattered in direction of the incident photons and
in the opposite direction. The rotational Raman cross sections in the
ultraviolet correspond to only a few percent of the Rayleigh cross sec-

1 John William Strutt, who became later Lord Rayleigh.
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tions in the atmosphere. The contribution of Raman scattering to the
total radiance at 310 nm measured by the Solar Backscatter Ultra-
Violet (SBUV) satellite (Fleig et al.,[1990) in related models has been
estimated at less than 2% thus the impact of Raman scattering to
retrievals of ozone profiles from backscatter limb measurements has
been viewed as negligible (Joiner et al., [1995).

The Rayleigh scattering cross sections of a species X are given by

81t (n*(X) - 1)2
~ 3N?2 M

o (X) Fxing(X) (4.1)
(Dalgarno and Williams, [1962). N, is the Avogadro number, and n(X)
is the refractive index of species X. The A~* dependence expresses
the strongly increasing intensity of the Rayleigh scattered light with
decreasing wavelength, which is the cause for the blue color of the
atmosphere during the day. The King factor Fking is expressed as
a function of the empirical depolarization factor d(X) of species X
(King}, |1923])

_ 6+3d(X)

Fiing(X) = 6-7d(X)

(4.2)

An effective King factor F}%iirng for the atmospheric air composition
can either be calculated by interpolating tabulated values (e.g., Bates),
1984) or by evaluating Equation (Young}, [1980). For calculations
in SCIARAYS a dimensionless value of d = 0.0295 is used. Sometimes
expression is additionally modified by an approximation for the

refractive index
n?—1=x2(n-1) (4.3)

which is valid for n ~ 1. SCIARAYS eventually derives the intensity of
the Rayleigh scattering by an approximating formula (Rozanov et al.,
1997),

_ 32m° (n— 1>2 FI%iirng

- 44
7 3 N, A (4.4)

The Rayleigh scattering coefficient =, is obtained by multiplication
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of o, with the neutral molecule number density p,

Er=0rp (4.5)
and
p
_ 4.6
P= T (4.6)

where p is the pressure, T the temperature, and &y the Boltzmann con-
stant. The total scattering coefficient o (7) is the sum of the scattering
coeflicients of all scattering processes i,

o(7) = Do) 4.7

The angular distribution of the scattered light is described by the
Rayleigh scattering phase function (Lenoble, [1993)

3 1
T 8w 2+d

where v is the angle of the scattered photon with respect to the direc-

D(y) (1 —d)+ (1 —d)cos®) (4.8)

tion of the incident photon. The phase functions can be normalized
to unity

?{q)(f', v)dy=1. (4.9)

The absorption by atoms and molecules is strongly wavelength de-
pendent and varies with temperature and pressure. Molecular absorp-
tion cross sections are available from many calculated and measured
databases.

4.1.2 Aerosol Extinction

Aerosols scatter and absorb light too, with the scattering usually ap-
proximated by the Mie theory. Extinction coefficients and angular
distributions are deduced in Appendix [B] We will later show in Sec-
tion that scattering from aerosols has a negligible contribution to
the measurements in the upper atmosphere. This is due to their very
small abundance in the upper stratosphere and lower mesosphere.
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4.1.3 Surface Reflection

In addition to the scattering by gases and aerosols, surface reflection
must also be considered in the radiative transfer, especially for lower
atmospheric layers and for wavelengths greater than 310 nm.

Surface reflection is expressed through the albedo A, which is de-
fined as the fraction of the reflected to the incident radiative flux.
In SciArAYS, Lambertian surface reflection with isotropic redistribu-
tion of the reflected light is assumed. It will be shown later that in
the lower mesosphere the radiation in the ultraviolet has almost no
contributions from ground reflections.

4.1.4 Refraction

The refractive index n in the expression for of the Rayleigh scattering
cross sections depends on the temperature T, pressure p, and
wavelength \. Refraction causes changes in the path lengths as derived
by SCIARAYS.

The atmospheric refractive index n is usually derived with an ap-
proximative formula (Edlén} 1966)),

0.00138823 % p
—1)x10°8 = 8342.13
(n—1) x 1+0.003671x T

2406030 n 15997
130 — A2 389 — )2

(4.10)

where A is in micrometers. Updates to this formula have been given
(Peck and Reeder} 1972), but the differences from the original formula
(4.10) are quite small. Since the differences of tabulated values from
Equation are quite small, too, empirically determined refractive
indices are read from tables (Bates, [1984)).
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4.2 Radiative Transfer Equation

The radiative transfer equation is the atmospheric radiation equation
of motion that has to be fulfilled by every solution of an inversion.
The general form of the atmospheric radiative transfer equation is
dR)\ (S7 Q)
ds

s is the path coordinate. Ry(s,2) is the specific radiance, i.e., the

= r(s) (Ja(s,9Q) — Ry). (4.11)

energy flux per unit area, per unit solid angle and per unit wavelength
interval through an area located at 7, and oriented perpendicularly to
the direction Q. k(s) is the extinction coefficient for all scattering and
absorption processes.

JIx(s, ) is the so called source function that expresses the additional
radiation due to scattering and emission processes, as well as solar
illumination,

™

P5,0) = 22 74 (7, Q, ) Ra (7, ) deY
+ %‘i To®(F, 0,0 e ™. (4.12)
wp is the single scattering albedo
o(7)
— 4.13
“ =7 (4.13)

that describes the contribution of scattering to the total extinction.
7(s) is the optical depth, defined as

T(s) = /m(s) ds (4.14)

and expresses the optical thicknessﬂ Iy is the solar irradiance. The
first term in the source function is the contribution of the diffuse
radiation; the second term is the solar contribution of the radiance.
We omit a further description of the radiative transfer equation at
this place and refer to [Lenoble| (1993). It should be mentioned that

2 The atmosphere is called ‘optically thick’ (or opaque) if 7(s) > 1 and ‘optically
thin’ for optical depths below 1. An optically thin medium is one in which the
average photon can traverse the medium without being absorbed.
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a special integral form of the radiative transfer equation is used in
SCIARAYS, where thermal atmospheric emissions and inelastic scat-
tering are neglected. Further, the Sun-normalized radiance

_ R)\ (’Fv Q)

(4.15)
is used instead of the radiance Ry ]

The integral form of the radiative transfer equation as used in SCIA-
RAYS can therefore be expressed as

Ri(5a,Q) = Ry(sp, Q) e 7 +/ k(s) Ja(s, Q) e ds.

Sb

(4.16)

The nomenclature for the used parameters is explained in Figure [41]
sq and sp are the path coordinates where the line of sight (L0s) of the

Sun

A
Satellite °©

[}
S0 (S=0) TN

Figure 4.1: Nomenclature used for the parameters for the evaluation of the
discretization in SCIARAYS. TOA denotes the top of the atmosphere.

satellite enters at the top of the atmosphere. The first summand in
the integral form represents the Sun-normalized radiances that
have been transmitted directly from the Sun to the satellite and is only
non-zero in the occultation viewing mode. The second summand mod-
els the diffuse radiation between s, and s,. The integral form
reduces the general form of the radiative transfer equation (4.11)) to a
linear summation problem.

3 Rr(7,Q) has the unit [sr—1].
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4.3 Radiative Transfer Model SCIARAYS

The radiative transfer model SciarRAYs (Kaiser, 2001) employs the
integral form of the radiative transfer equation by integrating
the radiances for all possible paths through the atmosphere. A total
of six types of path are considered (see Figure |4.2)).

= =

S RS

SS SR
- ~
D R

Figure 4.2: Ray paths through the atmosphere as modeled by SCIARAYS.
S denotes the path including one scattering event, SS denotes paths with
double scattering events, RS denotes paths with first reflected and then
singly scattered events, and SR denotes events of initial single scattering
and subsequent reflection. D denotes paths in occultation mode and R paths
only have reflection. In limb viewing geometry, only the paths S, RS, and
SS are considered in SCIARAYS.

In limb viewing geometry only radiation which is scattered directly
into the spectrometer slit, contributes to the signal, i.e.; S, RS and
SS. Figure [4.3] shows the contributions of these relevant paths to the
total signal measured in limb viewing geometry in both the ultraviolet
and visible for a ground albedo of 0.5 at 60 km tangent height. Only
absorption by ozone was considered for this study.
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Figure 4.3: Contributions of the relevant paths to the total signal at 60 km
tangent height modeled with SCIARAYS. Albedo A is set to 0.5 and only
absorption by ozone is considered. The contribution from the path that
includes only single scattering events is dominant below 310 nm due to the
strong absorption by ozone in the Hartley bands.

Below 310nm nearly the entire signal is composed of singly scat-
tered light, this is due to the strong absorption of radiation by ozone.
In the Huggins bands at 330 nm twice scattered light contributes about
25 % to the total radiance measurement. The reflection from the sur-
face is almost negligible and has no contribution below 310 nm. In the
Hartley bands, SCIARAYS can therefore operate in the single scattering
mode what is computationally very efficient.

Before the discretization is described some conventions of the no-
tation are given. All quantities with a x denote line-of-Sun variables,
i.e., the quantities related to that part of the path from the Sun to
the line of sightﬁ A e denotes the parameters along the line of sight
to saE| The total radiance can then be described as an integral along
all path coordinates s by

I(s4,9) :/ o(s) ®(s,Q, Q) Ip(s, Q) e ) ds, (4.17)

a

where Ip(s,) denotes the directly transmitted solar radiances at the

4 See the blue path in Figure
5 Along the red solid line in Figure
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paths coordinates s and the angle of the incident solar radiance ).
7(s)® describes the optical depth at the path coordinate s along the
line of sight. The solar irradiance is expressed by a ¢ function. Thus
Equation can be written as

I(s4,9Q) = / b o(s) ®(s,Q, Q%) e T (7T () g, (4.18)
)* denotes the direction of the direct solar radiation and 7* the optical
depth from the Sun to s.

The values of the optical depths and the scattering coefficient o for
each altitude level need only be calculated once and are stored, this
minimizes the computational cost.

The optical depth 7 is the sum of the extinction coefficients along
each partial path Al; (see Equation (4.14)), i.e.,

T = /,‘@(s') ds’ = Z ki Al; . (4-19)

With AL; ; as the total length through the discrete points along the
total ray path,
AL; ;= Al ; + Al7 (4.20)

4,30

the discretized integral form of the radiative transfer equation for one
scattering event is

1(54,9) = Z @(s(z(j)),ﬂ*,Q) a(z(])) exp(ziﬁi ALM) .
J
(4.21)
The summation over j denotes the summation over all altitudes, and
1 denotes the summation over all partial paths Al;.

The discretization for all other possible paths as indicated in Fig-
ure can be found in |Kaiser| (2001)).

SCIARAYS derives the Rayleigh scattering, aerosol scattering, re-
fractive bending, trace gas absorption using tabulated temperature-
dependent cross sections, and Lambertian surface reflection in a fully
spherical geometry. Currently, aerosol absorption, clouds, and thermal
emissions are not included in SCIARAYS.
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Weighting functions (Rodgers, 2000) are derived analytically in
SCIARAYS through the derivation of the radiance with respect to the
ozone gas concentrations. This will be explained in detail in the next
section. Expressions of the specific weighting functions with respect
to albedo, trace gas concentrations, temperature, pressure, albedo and
aerosols can also be derived.



5 Inversion

In this chapter, the mathematical formalism of the inversion of a mea-
surement to an atmospheric parameter is introduced. A more compre-
hensive description of the inversion formalism can be found in|Rodgers
(2000).

5.1 Conceptual Formulation

A set of measurements is described by a vector ¢ through

:'j: [y17y2a"~7ym}T~ (51)
Z may be an atmospheric state vector,
T =[r1,20,...,2,)7T. (5.2)

The relationship between 3 and & is given by a forward model func-
tion F' by

j=F(%,b)+¢. (5.3)

b denotes a model parameter vector and € the model error

The derivation of the measurement ¢ based on a known atmospheric
state is called forward calculation, while the derivation of & based on
a known measurement vector is called inversion.

1 For the inversion presented in this thesis the forward model F' is represented by
the radiative transfer model in SCIARAYS. The model parameter vectors are the
given absorption cross sections, the temperature climatology, etc., which have
to be adapted to a given physical environment.

593
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5.2 Inversion of Linear Problems

The simplest way to describe a relation between atmospheric states
and measured values is with a linear model. It is easy to calculate
by solving a system of linear equations. If two states are not too far
apart, then a linear description is an appropriate way to determine the
unknown atmospheric state from the known. In this case the forward
model F is linear, and a (m x n) matrix K can be defined by

y=KZ+¢€. (5.4)

K is called the weighting function matrix, which can be derived from
the forward model functions F' by

K, = V2 F(@)s, (5.5)
with the elements
OF}
K uyu=—| . 5.6
S e (5.6)
A linear equation system may now be given by
y=K7 withjeR", FeR" K e R™*". (5.7)

This system of equations is quite easy to solve, if m = n = r, where r is
the rankE| of the matrix. The matrix K is regular and thus invertible,
and a unique solution of the inverse problem can be found by

=Ky, (5.8)

Usually an exact solution of a linear equation system does not exist
if the number of equations and the dimension of ¥ and ¥ are not
equal. This problem is called ill-conditioned: for m > n this problem
is over-constrained, and under-constrained for m < n. Minimizing the
residuals between KZ and ¢ can only yield an estimate. A common
method is the Least Square fitting, where the minimum of the mean
square of the difference is searched,

| K% —§|| — min . (5.9)
The best fit can be found readily by iteration (Rodgers, [2000)
F=(K"K)"'K"y. (5.10)

2 The rank of a matrix is the number of linear independent equations.
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5.3 Regularization

For most of the inversions a solution is difficult to find as the Least
Square fit diverges. Therefore, an additional parameter correlated reg-
ularization matrix H, weighted by a regularization parameter v, is
introduced (Twomey} [1977) P

(Ki—§)" (K% —¥)+~vZ"HZ =min . (5.11)
A solution of Equation (5.11)) is given by
F= (K"K +~H) 'K"§. (5.12)

v can be determined analytically, but usually ~ is adapted to the
inversion problem empirically.

5.4 Optimal Estimation

A more problem specific regularization is the introduction of so called
a priori knowledge. Instead of the regularization parameter +, a known
climatology, e.g., of ozone, is used to constrain the conditional equa-
tion in such a way that large deviations between the solution and the
a priori climatology are considered unlikely and small deviations are
more likely. This regularization is expressed by a matrix S, whose
diagonal elements S, ;; contain the variances of the climatology.

A common covariance matrix, the one used for the inversions in
this thesis, is the following (Rodgers, [2000). The off-diagonal elements
of the covariance matrix contain the covariances with respect to the
climatology elements x,; and z,_;,

)=t 19

Saij = Ug,n‘ eXP(— h
(0a,ij) is the covariance of the climatology, z(i) and z(j) are the corre-
sponding altitudes, and h is a length scale, which is usually determined
empirically. The relationship between two covariances is therefore de-
scribed by their distance in an exponential way.

3 The employed formalism is similar to the Lagrangian multiplier method.
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An additional regularization is given by an estimate of the mea-
surement error. The measurement covariance matrix S, contains the
measurement covariances and is usually a diagonal matrix. The diag-
onality expresses the independence of the measurement errors.

With the problem related regularization by these defined covariance
matrices, the minimization problem can be expressed as

(K7 —5)"S," (KT —g)+(

8
|
S
3
wn

L

(Z—2,) =min . (5.14)
A solution of the minimization problem is given by

F=7,+(KTS; 'K +8;)) KT8, (j - K&,) (5.15)
(Rodgers, |2000]) with the a posteri covariance matrix

S=(K"S,'K+5;')". (5.16)

5.5 Contribution Functions
and Averaging Kernels

Theoretically, the retrieved state # can be expressed as a function of
the true state Z by

T=AT—T,)+7,+SK"S; e (5.17)
(Rodgers|, 2000, (2.45, 2.58)) with

A=SK"'S 'K (5.18)

=DK, (5.19)

where the averaging kernel matrix A is the Jacobian of the retrieved
state & with respect to the true state,

G

D is called the contribution function, i.e., the change of the retrieved

A (5.20)

state with respect to the measurement. The averaging kernel matrix A
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characterizes the particular retrieval. If the last error term SKT S, le
is neglected, then the retrieved state can be expressed by the sum of
the apriori and the averaging kernel weighted difference of the true
state and the a priori. If A is a unity matrix, then the retrieved state i
is the true state, an ideal case. For a vanishing averaging kernel, the
retrieval vector Z is the a priori. In this case the retrieval contains no
information from the measurement.

In an ideal case the averaging kernels are § functions. But in practi-
cal applications, they are broadened over an altitude region, expressed
by the off-diagonal elements in A. This is taken as a measure of the
vertical resolution, quantitatively expressed by the Full Width at Half
Maximum (FwHM).

5.6 Non-linear Problem
and Newton Iteration Scheme

Inversion problems for atmospheric trace gas profiles are mostly non-
linear problems. The retrieval of atmospheric trace gases is sometimes
a moderately non-linear problem, i.e., a problem for which lineariza-
tion is adequate for the error analysis, but not for obtaining a solution
(Rodgersl, [2000). A solution for this equation system can be evaluated
from the linear problem, but ultimately requires an iterative process
for solution, e.g., a Newton Iteration method can be applied. This
approach is based on the Taylor expansion of the forward model F
around a profile @,

OF (&)

y=F(Z) = F(Z,) + T(f_ Zn) - (5.21)
A solution is given by

Fiy1 = T+ Si (K Sy_l (T —4:) + Sy ' (Za — &) (5.22)
where

K, - OF@) (5.23)
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is the weighting function matrix of the non-linear forward model F
for the i-th iteration, and

Sivi= (KIS, K +8;)7" (5.24)

the retrieved state covariance matrix. SCIARAYS derives the weighting

functions ((5.23)) analytically.

The calculations are repeated at the new linearization point Z;;11 =
§i+1~ An empirical convergence criterion has to be chosen to stop
the iteration. One possible truncation is the y? criterion. Using this
method, a minimum in the function

X =x+x, (5.25)

within a predefined threshold is searched, where

2= (7-F@)" S, (7 F@) (5.26)

Xo = (T—Ta)" 80 (F—Ta). (5.27)

This corresponds to the minimization problem (5.14). Since x? is
weighted by the covariance matrices, it provides an adequate way to
involve the measurement properties and the a prior:.
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6 Methodology

In this chapter, an introduction to the methodology for the retrieval
of ozone profiles from limb scatter measurements is given. Results
from the retrieval are described, and sensitivity studies and validations
presented.

6.1 Characteristics of Ultraviolet
Limb Radiance Profiles

The SCIAMACHY limb radiances originate from transmitted, reflected,
and scattered sunlight. Their quantity depends on the solar zenith
angle, the tangent height, the wavelength, and usually on further pa-
rameters such as albedo, cloudiness and aerosol loading. Additionally,
atmospheric emissions and external stray light from outside of the
field of view contribute to the signal.

As ozone is the dominant absorber in the Hartley bands (Buchwitz,
2000)), other trace gases can be neglected. Also, the effect of aerosols
need not be taken into account[l]

Figure [6.1) shows modeled limb radiance spectra in the ultraviolet
and visible regions for different tangent heights between 2 km to 90 km.
The limb radiance decreases with increasing wavelength and tangent
height, except in the Hartley bands. The ozone absorption in the
Chappuis and in the Hartley bands cause a strong decrease in the
spectra. The absorption in the Chappuis bands is only apparent at
lower altitudes, whereas the absorption in the Hartley bands is ap-

1 It will be shown later, e.g., that aerosol scattering below 300 nm is smaller than
2% in relation to the total backscattered signal. See also [von Savigny| (2002).
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Figure 6.1: Modeled SCIAMACHY limb spectra in the ultraviolet and visible
at different tangent heights. Aerosols and other trace gases except for ozone
have been neglected in the model.

parent at higher altitudes. Thus, ozone absorbs radiation at different
wavelengths at different altitudesﬂ

Figure[6.2[ shows sample ultraviolet limb radiance profiles as a func-
tion of the tangent height.

At high tangent heights, only few photons are scattered into the
spectrometer while at lower altitudes, no additional photons reach
the instrument from the far field. This is due to the increase in path
length along the line of sight so that additional Rayleigh scattering
and ozone absorption cause a maximum in the radiances. This rever-
sal point is called ‘knee’ because of its similarity to a human knee.
The altitude of this knee depends only on the optical depth, which in-
creases with solar zenith angle (von Savignyl |2002)). Figure shows
the weighting functions for two sample inversions of radiance mea-
surements at different solar zenith angles. These weighting functions
indicate a larger sensitivity to ozone at measurements at higher alti-
tude and larger solar zenith angle.

Ozone absorption and Rayleigh scattering contribute to the ra-
diance to a different extent. The ‘tightened knee’, e.g., at 260 nm,

2 This is the reason for the determination of stratospheric ozone densities using the
Chappuis wavelengths, and upper atmospheric ozone using the Hartley bands.
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Figure 6.2: Sample SCIAMACHY limb radiance profiles at different wave-
lengths between 230 nm and 310 nm. The measurement was performed on
12 March 2003. A specific measurement will be denoted by date, orbit,
number, and state, i.e., (20030312, 05387, 1244, 7).
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Figure 6.3: Weighting functions from two inversions of SCIAMACHY mea-
surements at 264 nm at different solar zenith angles. At high altitudes, the
optical depth at the larger solar zenith angle is larger than at a small so-
lar zenith angle. Sample measurements were taken on 24 September 2004
(08188, 2849, 1), and (08188, 2844, 1).
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is called the ‘ozone absorption knee’ while the ‘spread knee’, e.g.,
at 310nm, is called ‘Rayleigh knee’ due to the comparatively larger
contribution from scattering than from absorption.

The knee can be employed for precise altitude retrievals. The first
retrievals of the tangent heights were performed from data of the
Rayleigh Scattering Altitude Sensor (Rsas) (Janz et al., [1996). The
same method was employed for measurements from the SOLSE/LORE
instruments (McPeters et al., |2000) and from the Optical Spectro-
graph and Infra-Red Imaging System (OsIRIS) (Sioris et al., 2003).
The Tangent height Retrieval by Ultraviolet-B Exploitation (TRUE)
(Kaiser et al.,2004)) has been used to improve the SCIAMACHY tangent
height information. TRUE VERSION 1.4 uses SCIAMACHY limb scatter
measurements between 295 nm and 305 nm at tangent heights between
35 km to 50 km and ozone profiles from a climatology. An Optimal Es-
timation scheme and SCIARAYS are used to fit the stratospheric ozone
concentrations in tropic regions, which are known to have only a small
variability.

Monthly averaged offsets of SCIAMACHY tangent heights as re-
trieved by TRUE are shown in Figure The reason for the large off-
sets before December 2003 was an inconsistent coordinate system for
the on-board and on-ground program codes. After the improvement
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Figure 6.4: Monthly mean tangent height offsets of SCIAMACHY limb mea-

surements and respective standard deviations as derived by the tangent

height retrieval TRUE (von Savigny et al., |2005a)). The seasonal variation

is significant. The amplitudes are smaller after the update of the Envisat

propagator model in December 2003.
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with TRUE, offsets of up to 2km are still observable and a seasonal
dependence can be seen (von Savigny et al., [2004). In the inversion
presented in this work, tabulated tangent height offsets from TRUE
VERSION 1.4 are used, these lead to an estimated maximum error of
between 300 m and 500 m.

Noctilucent Clouds

Noctilucent clouds make up a several kilometer wide thin layer of
macroscopic ice particles smaller than 100nm. They occur only at
polar latitudes in the southern hemisphere between December and
February and in the northern hemisphere between June and August.
Their altitude is near the mesopause, at about 83 km, where low tem-
peratures allow particle formation. Noctilucent clouds are observable
from the ground only during twilight, when the observer is in darkness
and the clouds themselves remain sunlit. [Leslie| (1885)) is supposed to
have been the first observer of noctilucent clouds.

Many of the properties of noctilucent clouds are still unknown as
are their scattering properties, which are frequently but only approx-
imately described by Mie theoryﬂ

Figure shows how noctilucent clouds affect SCIAMACHY limb
radiance profiles, this indicates that the limb radiance may increase
by one order of magnitude if noctilucent clouds are present.

Noctilucent clouds affect SCIAMACHY observations because every
limb measurement makes also measurements in the mesopause re-
gion. Sometimes every second SCIAMACHY measurement is unusable
for a profile retrieval. Therefore an upstream cloud detector algorithm
was implemented, this rejects all unusable measurements before the
inversion module.

3 The Mie theory is strictly speaking only valid for spherical and di-electrical
particles. This approach is only approximately fulfilled for the particles of noc-
tilucent clouds. For a comprehensive review of noctilucent clouds observations
and related observation techniques see |Avaste et al.| (1980) and for the micro-
physical and scattering properties Kokhanovsky| (2005)).
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Figure 6.5: SCIAMACHY limb radiance profile at 290 nm measured on 2 Au-
gust 2002 (76.6° N, 117° W) which indicates the presence of noctilucent
clouds. The solar zenith angle at the measurement was 71.5°.

6.2 Highest Possible Altitude for Ozone
Profile Retrievals in the Hartley Bands

Information about scattering and absorption by ozone is provided at
and above the knees of the radiance profiles; in the Hartley bands
ozone is almost exclusively the source for all of the information. The
knee in the limb radiance profiles is located at the highest possible
altitude when the absorption and scattering are strongest, i.e., where
the ozone cross sections exhibit a maximum, approximately 255 nm.
The radiance knees at wavelengths beyond the maximum of the ozone
cross sections are located at lower altitudes.

Thus the limb radiance profiles at wavelengths between 250 nm
and 310nm (Figure indicate that they can basically be used to
deduce ozone concentrations at altitudes above 35 km. The precise ex-
tent of the retrieval sensitivity can be determined from the derivation
of the specific weighting functions that show the change of the radi-
ances at certain wavelengths and altitudes with respect to the ozone
concentration. The initial weighting functions presented in Figure (6.3
indicate the sensitivity of this retrieval methodology at altitudes up
to 70 km.
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6.3 Wavelength Selection

To the present, no reasons for wavelength selection have been given
in documentations of previous ozone profile retrievals from ultravio-
let limb scatter measurements. The ozone profile retrievals from SME
measurements (Rusch et al.| [1983)), to date the only successful ozone
retrieval from satellite borne ultraviolet limb backscatter observations,
exploits radiances at 265 nm and 296.4 nm, but without giving reasons
for that choice. Ozone profile retrievals with measured radiances at
wavelengths in the Hartley bands from SOLSE observations failed due
to the bad signal-to-noise ratio of the instrument, and even in the cor-
responding theoretical elaboration (Flittner et all 2000]), no reasons
for a specific wavelength selection were mentioned.

A continuous sample of wavelengths is excluded as strong emissions
from atmospheric constituents contribute to the measurements that
are not modeled by SCIARAYS. However, this section discusses the
selection of an applicable set of wavelengths that ensure a reliable
inversion of SCIAMACHY limb measurements to ozone profiles.

6.3.1 Fraunhofer Lines and Emission Lines

A selection of thirteen wavelengths was made for an analysis of

the Fraunhofer lines in which the wings of the Fraunhofer lines are

avoided. The sampled radiances are integrated over a spectral range
of 2nm.

Possible emissions are either the airglow from atmospheric trace
gases, or originate from metals, which enter the atmosphere through
space debris (Huffmanl 1992).

Figure shows the most prominent airglow emissions in satel-
lite borne limb measurements in the ultraviolet, visible, and infrared
(Lopez-Puertas, [2000).

1. ‘NO-v’: These are the most prominent emission features in the ul-
traviolet. They originate from the vibrational transitions in X?II «
A2Y electronic transition. The brightness of the NO-v bands in the
day glow and in the twilight depends on the incident radiation.
They have a significant impact on the measurements due to the
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Figure 6.6: Modeled airglow emissions in limb viewing mode in the ultra-
violet at 60 km tangent height. Also depicted are the modeled total limb
radiances. In some cases the intensity of modeled emissions reaches the
ambient limb radiances. Figure courtesy of |Lépez-Puertas| (2000)).

increase of NO at higher altitudes. Their contribution to the total
limb radiances, e.g., at 80km reaches 20 % at 255nm and up to
40 % at 220 nm. Below 220 nm the NO-v emissions are as strong as
the ambient radiation.

. N3 “Vegard-Kaplan’ (VK): These originate from the forbidden sin-

glet and triplet (X'X] — A®X1) transitions, and overlay the whole
ultraviolet and visible spectral range from 200 nm to 600 nm. Usu-
ally they contribute less than 1% .

. Ny ‘Second Positive’ (2PaG): These are day glow features in the near

ultraviolet and visible caused by the transition X'¥} — B2 and
can be neglected due to their low intensity.

. Atomic oxygen lines: Three oxygen lines can be identified in the

ultraviolet: Two lines at 247.0nm and 247.1nm (2P — 4S), and one
line at 297.2nm (*S — 3P) (Rees, 1989).
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6.3.2 Metal Emissions

Many types of space debris enter the Earth’s atmosphere, e.g., mete-
orites, comets, or asteroidSEI The debris consists of chemical elements
like carbon, silicon, metals, and other trace elements. Some of this
debris can reach the middle atmosphere and emit radiation.

In addition to the permanent layers of magnesium, sodium, calcium,
iron, and silicate ions and neutrals (Fritzenwallner and Kopp), [1998)
thin sporadic layers at altitudes above 90km have been discovered,
(e.g., [Clemeshal,[1995]). The amounts of the precipitating elements in-
crease after meteor showers but small meteorites penetrate the Earth’s
atmosphere continually. These layers therefore exist permanently but
not to the same extent as during strong meteorite showers.

A prominent meteor shower is caused by the Tempel-Tuttle comet,
namely the Leonid meteorites. The diameter of the comet is about
3.5km, with an orbit time around the Sun of 33 years, the Earth
crosses this orbit every year, around the 14*" of November (see, e.g.,
Carbary et al., 2003)).

Attempts to identify the emissions caused by the Leonid were made
in a Sun-normalized SCIAMACHY spectrum six weeks after the Leonid
meteorite in an effort to estimate the contribution of these emissions to
limb measurements (Figure . The tangent height of the presented
measurements is 92 km. The wavelengths of the expected NO-v and
metal emissions have been marked in the figure.

Figure also shows modeled NO-v emissions for several vibra-
tional transitions. The NO-v emissions dominate. Other emissions are
barely detectable except the magnesium lines at 280 nm and 286 nm.

6.3.3 Adjustment by Residuals

Thirteen wavelengths have been selected, avoiding the Fraunhofer
lines and emissions from the airglow and metals. The chosen wave-
lengths have been adjusted by comparing the residuals of the fit algo-

4 Meteorites are only some millimeter large, whereas comets possess a size of a
few kilometers. The size of asteroids reaches hundreds of kilometers.
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Figure 6.7: SCIAMACHY Sun-normalized limb spectrum from 1 January
2004 at 92km tangent height. A corresponding NO-vy emission model is
over-plotted (blue, thick line) where vibrational transitions are denoted.
Data have been averaged over a complete orbit including 31 measurements
(20040101, 00907, 2746). The NO-y model was provided by E. J. Llewellyn.

rithm; the appropriate wavelengths have been found at 250, 252, 254,
264, 267.5, 273.5, 283, 286.5, 290, 295.5, 301, 307, and 310 nm.

6.4 Normalization of the Tangent Heights

The limb radiance profiles (1; ) at the selected wavelengths A; are nor-
malized with respect to the limb radiances at a wavelength dependent
reference tangent height I; ref,

I.
pom =tk 6.1
F Iiref ( )

1 =1,...,13 being the wavelength index and k = 1,...,21 being the
tangent height index.

Generally, the normalization heights are chosen at the center of the
respective sensitivity area. The normalization reduces the systematic
errorsﬂ and removes the need for the calibration of the instrument, at
least in part.

5 The normalization reduces at least the multiplicative errors entirely.
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6.5 Program Structure and Settings

After reading in the measurement data, the retrieval vector ¢ is built
by taking all thirteen normalized limb radiance profiles into one vector.
The vector is converted to a logarithm to ensure a better convergence
of the inversion as the retrieval vector is always positive (Flittner
et al., [2000). Only measurements at tangent heights between 20 km
and 80 km are used for the profile retrieval as comparisons with model
calculations showed that the atmosphere below 20 km and above 80 km
has no impact on the profile retrieval.

The first guess ¥, is derived through the forward model F(Z,). The
apriori profile T, is provided by the United Kingdom Universities
Global Atmospheric Modelling Programme (UGAMP) five-years clima-
tology of observational data sets, i.e., from SME, SBUV, Stratospheric
Aerosol and Gas Experiment (SAGE1I), and several ozone sonde mea-~
surements. SME observations have been used exclusively for the cli-
matology in the mesosphere, in the upper stratosphere mainly SAGE 11
and SBUV observations have been employed. The UGAMP climatology
is resolved monthly and provided on a 5° latitudinal and longitudinal
grid.

Air densities are generated from a chemical transport model (McLin-
den et al.,2000) as a function of latitude and month with temperatures
and ozone columns from a combination of several models and mea-
surements (Nagatani and Rosenfield} 1993} [McPeters, [1993)). Aerosols
have not been taken into account in the profile retrieval. The albedo is
set to 0.5, as this parameter has almost no influence on the retrieval.

The measurement covariance matrix is a diagonal matrix with co-
variances of 10 %, and the covariance of the apriori climatology is
estimated at 65 %ﬁ The total covariance matrices »§¢+1 are derived

iteratively (Equation ([5.24])).

6 See also the assignment of the apriori covariance matrix through Equa-

tion (5.13)).
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The initial weighting functions K are derived analytically (Equa-
tion ([5.5))) and the initial fit is given by

B =, + 81 K§ Sy (G~ Fa) + 8 (Ta — Ta) - (6.2)

The Newton iteration scheme proceeds, until the x2 criterion
terminates the iteration. Usually, the algorithm stops after three
or four iteration steps, but this depends on the predefined value of the
required fit accuracy.

6.6 Results
6.6.1 Weighting Functions

Figure shows the weighting functions at each wavelength from a
sample profile retrieval. The weighting functions at short wavelength
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Figure 6.8: Weighting functions at every wavelength from a sample profile
retrieval (20030312, 05387, 1244, 7). They show the sensitivity to ozone
between 30 km and 70km with continuous coverage.
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indicate a larger sensitivity at higher altitudes, whereas the radiances
at longer wavelengths are more sensitive to ozone at lower altitudes.
The sensitivity range covers altitudes between 30km and 70km, and
the coverage is almost evenly distributed.

Most of the information originates from altitudes above the kneem
The information content below the respective profile knee decreases
rapidly with decreasing altitudes, whereas the information content
above the knee decreases more slowly towards higher altitudes.

The respective weighting functions are eventually used for the fi-
nal adjustment of the normalization altitudes for the respective limb
radiance profiles.

6.6.2 Fits and Residuals

Figure shows fits of modeled and measured limb radiance profiles
for each wavelength from a sample profile retrieval.

The respective residuals are also shown. Most of the radiance pro-
files agree within 5 % of the model. Only the radiance profile at 250 nm
is not matched well by the model, in contrast to the 267.5nm radi-
ance profile. The left figure in shows the averaged residuals for
the same profile retrieval. The displayed residuals are not weighted by
the sensitivity, but the mean residual of less than 1% is a good result
for modeling backscattered radiation in the atmosphere.

Other sample retrievals show quite different fits to their respective
radiance profiles, but on the average show a good match between
model and measurement.

Figure shows residuals as expressed by x2, Xi, and x? from
a sample profile fit. While X; and x?2 exhibit some oscillations, x?2
converges continuouslyﬂ

7 The limb radiance profiles and the location of the respective knees are displayed

on page
8 X2 is the determining truncation criteria for the iteration scheme.
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Figure 6.9: Fits of modeled and measured limb radiance profiles for each of
the thirteen wavelengths, taken from a sample profile retrieval (20030312,
10945, 1521, 3). The dots denote the measurement and the solid lines the
model. The limb radiances are normalized by radiances at a certain altitude,
this is denoted by a dashed line and by an altitude specification in the
respective figure. In the right panel of the figures the respective residuals
are shown.
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Figure 6.10: X:2y7 x2, and x? from a sample profile retrieval (20040303, 10492,
0113, 16). Bottom left: Deviation of two consecutive profiles during the
iteration process as a function of the iteration number. The figures show a
rapid convergence with only a few iteration steps.

6.6.3 Averaging Kernels

The right panel in Figure[6.11]shows the averaging kernels for a sample
profile retrieval. The vertical resolution as given by the FWHMﬂ is also
shown.

The averaging kernels do not peak at the abscissa with value one.
This is due to the fact that the radiative transfer model uses a
smaller altitude resolution than the measurement sampling, which
is about 3.5km in contrast to the predefined model grid of 1km.

Below 40 km and above 70 km, measurements have only a partial or
small impact on the profile retrieval. This indicates the limits of the
retrieval technique. The vertical resolution as given by the FWHM is
about 3km to 4 km.

9 See Section H for the definition of the FwHM.
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Figure 6.11: Left: Fit of the modeled to the measured radiances for four
wavelengths. Data were taken from a profile retrieval from a measure-
ment on 3 March 2004 (10492, 0113, 16). The residual is averaged over
all wavelengths. Right: Averaging kernel functions of a sample profile re-
trieval (20030312, 05387, 1244, 7). Also shown is the vertical resolution of
the retrieved profile as given by the FwHM.

6.6.4 Profiles

Figure[6.12]shows four sample ozone profiles and the respective a priori
profiles. Below 35km, the retrieved profiles converge to the a priori
profiles, which is not the case around 80km. This is probably due
to variable ozone concentrations around 90 km that are difficult to fit.
The technique has no sensitivity above the third ozone maximum, and
the retrieved and a priori profiles converge again.
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Figure 6.12: Four sample ozone profiles from 12 March 2003 (05387, 1244, 7)
(left top), 1 February 2004 (10058, 4644, 25) (right top), and 2 February
2004 (10062, 1586, 22 and 10068, 4682, 22) (bottom left and right). The
dashed line represents the employed apriori profile. It will be shown later

in ChapterEIthat the a priori profile has almost no influence on the retrieval.






7 Sensitivity Studies

This section discusses the most important error sources in the evalu-
ated inversion. The true statistical error may be smaller in general as
the presented studies treat only worst case scenarios. Thus the results
of this section must not be confused with overall statistical errors. The
underlying version of the profile retrieval employed for these sensitiv-
ity studies is VERSION 2.25.

7.1 Albedo

The contribution of the reflected photons to limb measurements below
310nm is less than 1% (see Figure [4.3). Thus no significant impact of
the albedo on the profile retrieval is expected.

SCIAMACHY measurements at the smallest possible solar zenith an-
gle, about 30°, display the worst case scenario and are therefore used
for this first brief study. The left panel of Figure shows the differ-
ence between two retrieved ozone profiles with total and no surface
reﬂectionﬂ The solar zenith angle of the sample SCIAMACHY mea-
surement is 35°. The largest differences are about 2.5 % at an altitude
of 35km and tend to zero at higher altitudes. The retrieved profile
converges to the apriori below an altitude of 35km. The differences
below 35km and above 50 km altitude are negligible.

The error of the inversion introduced by an incorrect albedo can
therefore be assumed to be maximum at 35km and in general less

1 These are pre-adjusted in the radiative transfer model, respectively.

79
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than 2.5 %. This value agrees with results of von Savigny| (2002)) who
determined maximum errors of about 2% for altitudes above 30 kmE|

7.2 Scattering Modes

The contribution of twice scattered and surface reflected photons to
the total ultraviolet limb radiances at 60 km altitude was already es-
timated to be of only 5% (see Figure on page . The small
contribution is due to the strong absorption of radiation by ozone
in the Hartley bands. Additionally, multiple scattering in the upper
atmosphere decreases due to the strong absorption.

To estimate the impact of neglecting multiple scattering on the re-
sults of the profile retrieval technique, two profile retrievals of the same
SCIAMACHY measurement were performed with and without double
scatteringﬂ The right panel in Figure shows the differences in the
retrieved profiles.

The maximum difference reaches 3% at 35km, but the differences
almost vanish at 45km. Errors below 35km decrease again due to
small sensitivity of the retrieval technique.

7.3 Aerosols

Von Savigny| (2002)) carried out an analysis of the impact of aerosols
on ozone profile retrievals between 15km and 40km from OSIRIS
limb measurements. Different multiples of the employed Polar Ozone
and Aerosol Experiment (POAM I11) aerosol extinction profiles (Lucke
et al., [1999) were assumed in their study. [Von Savigny| (2002) states
that the impact of the aerosols on the retrieved ozone profiles above
30 km vanishes and that errors introduced by a five times overestimate
of the aerosol climatology profiles are less than 5% at this altitude.

2 Sensitivity studies of a stratospheric ozone profile retrieval from limb scatter
measurements from the OSIRIS instrument
3 Pre-adjusted in the radiative transfer model
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Figure 7.1: Left: Change of a sample profile retrieval of a measurement
at a solar zenith angle of 35° (20030312, 05387, 1244, 7) due to a change
of the albedo from A = 0 to 1. For this study, multiple scattering and
reflection were used in the radiative transfer model, this is not the case for
the commonly presented profile retrieval. Right: Differences of two profile
retrievals of the same measurement caused by neglecting multiple scattering
and reflection. The measurement is the same as that used in the study of
the impact of the albedo, and the solar zenith angle is again 35°. Maximum
differences occur at about 35 km. Below 35 km, differences decrease due to
the decreased sensitivity of the inversion.

The PoAMIII observations of aerosol extinction profiles exhibit a
strong exponential decrease with increasing altitude. Thus an en-
hanced aerosol abundance in the upper atmosphere can be excluded.
However, comparisons of retrieved profiles both with and without
aerosols in the radiative transfer model indicate that there is no im-
pact of aerosols on the inversionﬁ

7.4 A Priori Ozone Profiles

A priori profiles are used for regularization of the inversion. If the
a priori is far away from the true ozone profile, the iterative fit of the
inversion converges slowly or may even diverge. If the regularization
on the other hand is too strong, i.e., the a priori covariances are too

4 The tiny ice crystals of the noctilucent clouds are also aerosols, and they are a
large source of aerosols in the mesosphere (see Section . Due to the massive
scattering properties of ice crystals, the measurements show strong perturba-
tions and are not suitable for a profile inversion.
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small, then the information from the measurements is not considered
in an appropriate way and the retrieved profiles contain too much
information from the apriori climatology (Section .

A Dbrief study was carried out to estimate the impact of the applied
a priori profile on the profile retrieval.
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Figure 7.2: Left: For a given ozone profile Xirue, modeled radiances were
used for the retrieval of an ozone profile Xyetrievea With the a priori profile
Xstart. This apriori profile is 50 % lower than the true profile Xue. In the
right panel the deviation of the retrieved and the true profile X¢yue are shown
(in percent) for an apriori profile that is 50 % lower than the true profile.
The inversion converges to the true profile, i.e., the climatology, with an
accuracy below 4 %. Right: Deviation of a retrieved profile caused by the
use of cross sections that have been measured at 273 K rather than 293 K.

The left panel of Figure shows the differences between two pro-
files that have been retrieved from the same SCIAMACHY measurement
but with a different a prior: profile. The retrieved results indicate that
the inversion is almost independent of the a priori profile, even if the
apriori profile differs by 50 % from the true profile. To quantify the
impact of the apriori profiles, a maximum variability of 50 % of the
ozone climatology was assumed in the study. The right side in the
left Figure [7.2] shows an induced variability in the retrieved results of
less than 4 %. The curve progression is similar to that of the curves
obtained from the sensitivity studies with respect to albedo and the
neglect of multiple scattering.
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7.5 Temperature and Background Density

Temperature changes in the atmosphere are caused by direct heating
by the Sun through absorption of mainly infrared radiation, chemical
heating, e.g., by ozone absorption, and by transport of air masses.
The temperature variability in the upper atmosphere caused by the
11 year solar cycle was estimated to be less than 3 K (McCormack and
Hood, [1996)), and seasonal temperature variability at 50 km are in the
range of 30 K (Nagatani and Rosenfield, [1993)). The mean latitudinal
variability is less than 20 K, and diurnal changes are between 5K to
9K at 60 km (Hoxit and Henryl, |1973)). Thus the maximum variability
of the temperature used for the following sensitivity study was set
to 20 K.

The temperaturd’] affects the inversion in two ways. The first is
due to the temperature sensitivity of the ozone cross sections (see
Section [3.4]). The second effect is through the derivation of the air
densities from the ideal gas law.

The applied GOME FM cross sections are tabulated for tempera-
tures from 202 K to a maximum of 323 K in steps of 20 K. The right
panel of Figure shows the differences in retrieved profiles caused
by using a different table of cross sections. At higher altitudes, no
large impact of the temperature specification is observable, whereas
at lower altitudes deviations of up to 4 % are apparent. This is due to
the fact that the atmosphere at lower altitudes receives more radia-
tion at lower wavelengths, and the corresponding ozone cross sections
at these wavelengths exhibit a stronger temperature dependence. In
contrast, the weaker dependence of the cross sections at shorter wave-
lengths causes a relatively weaker sensitivity of the inversion at higher
altitudes. The deviations also decrease at altitudes below 40 km, where
the inversion becomes less sensitive due to the lack of measurement
information.

To estimate the temperature dependence due to air density vari-
ability, the accuracy of the densities was estimated at 5 %. The effect

5 The temperature climatology employed in the evaluated inversion is provided
by a compilation from several monthly and latitudinal resolved models and
observations (Nagatani and Rosenfield) |1993).
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caused by a decrease of the air density is illustrated in the left panel
of Figure
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Figure 7.3: Left: Deviations due to a decrease of the air density of 5 %. Right:
Deviation of a retrieved sample profile caused by changing the measurement
specification of the solar zenith angle at 84° by 2°.

The errors due to inaccurate specified densities are quite small.
They reach only 2% at 40 km and decrease towards lower and higher
altitudes, again due to the decreasing sensitivity of the profile retrieval.

7.6 Pointing Errors

One of the largest error sources for SCIAMACHY measurements are tan-
gent height errors. The design of the SCIAMACHY instrument provides
an accuracy of 0.061° for the elevation angle (Schwab et al.l [1996),
this corresponds to about 3.4 km at the tangent pointEI Thus the com-
monly noted uncertainty of the tangent height is within the designed
and expected error specification and the tangent height problem is a
problem of the instrument design. The instrument itself works within
the expected errors. However, some additional problems caused by
an inaccurate orbit propagator model of the spacecraft Envisat (see

6 All instruments on board Envisat are affected by the inaccuracy of Envisat’s
attitude. For every instrument an own tangent height retrieval is performed,
e.g., in terms of GOMOS, where this altitude is deducted from the location of the
stars. MIPAS measurements are also affected by incorrect tangent heights, but
with an opposite sign than SciIAMACHY. They employ retrieved pressure profiles
to fit the correct tangent heights (von Clarmann et al.| |2003)).
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Section have been solved, e.g., an inconsistent coordinate sys-
tem for the on-board and on-ground program codes. Other problems
are known, but not yet solved. Compared to other instruments, e.g.,
OSIRIS, SCIAMACHY’s tangent height inaccuracy is quite large. [Von
Savigny| (2002)) quantified the error in the tangent height attitude of
the OSIRIS instrument to be less than 200 m and concluded that the
induced error in the retrieved ozone profiles is negligiblem

It has already been shown, that the background density does not
have a large impact on the retrieved profiles. Therefore, the tangent
height error should only cause a vertical shift of the ozone profiles.
Sample profile retrievals showed that the inversion algorithm some-
times diverges due to a large tangent height error. Therefore this error
is difficult to estimate and may lead to unrealistic ozone profiles.

A sensitivity study at a sample profile retrieval was carried out
by comparing profiles retrieved from measurements that are adjusted
with a tangent height error of 2.5km (left panel in Figure and
0.5km (right panel in Figure . A tangent height change, e.g.,
of 2.5km, causes an error in the retrieved profiles of about 80 % be-
tween 45 km and 55 km altitude.

70 T T T 70
TH shift of -2.5 km (modeled) TH shift of 0.5 km (modeled)

60 [ | 60 F B
E E
S s0F E 3 F E
g -] 50
g g

40F B 40F |

30 . . . 30

-100 -50 0 50 100 -20 -10 0 10 20
([O:lnizs - [OD) / O] [%] ([O4Jos - [O:]) / [O4] [%]

Figure 7.4: Modeled errors due to a tangent height shift of —2.5km (left)
and 0.5km (right)

7 These errors are now known to be about 1km (private communications with C.
von Savigny).
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The increasing error at higher altitudes is due to a decreasing ozone
scale height at higher altitudes. When TRUE is applied, the tangent
heights can be determined to within 0.5 km, usually with a precision
of 0.3km (von Savigny et all |2004). A residual error of 0.5 km leads
to errors in the retrieved profiles up to 20 % above 60 km, and is still
the largest error source.

7.7 Solar Zenith Angles

A complete SCIAMACHY limb measurement consists of a vertical and
a horizontal scan. This horizontal scan lasts about 1.5s and covers
960 km horizontally at the tangent pointﬂ The angles at the tangent
point in the SCIAMACHY measurement data are stated for the left
side, for the right side, and for the center of the swath. The center
angle specification in the SCIAMACHY measurement data is taken for
the inversion.

The solar zenith angle, as well as the solar azimuth angle, varies
by about 2° along the swath. The solar zenith angle has a significant
impact on the retrieved ozone concentrations, in contrast to the solar
azimuth angle. The different impact of both angles is due to the fact
that air masses only vary strongly with the solar zenith angle, but not
with the solar azimuth angleﬂ

The induced differences of the retrieved profiles from measurements
at a solar zenith angle of 50° (Figure are less than 0.7 %, and
the differences for measurements at 84° are between 9% and 14 %,
depending on the altitude. A solar zenith angle of 84° for the study
is chosen because it represents a worst case scenario.

8 See Section for the geometry at SCIAMACHY limb measurements.
9 The small impact of the solar azimuth angle variability of 2° has been demon-
strated, e.g., in inversions of stratospheric ozone profiles (von Savigny) 2002).
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7.8 Spatial Stray Light

Van Soest| (2005)) investigated stray light at tangent heights above
65 km that originates from outside SCIAMACHY’s field of vieWE This
effect was already observed in measurements with OSIRIS where the
contribution of the spatial stray light to the expected radiances reaches
440 % at 70 km tangent height and 700 nm wavelength (Llewellyn and
Gattinger) [1998)). [Llewellyn and Gattinger| (1998) found the observed
stray light contribution to the in-field signal at 400 nm to be 18 % at
40km tangent height and 65 % at 70 km tangent height.

For an estimate of the stray light contribution at SCIAMACHY mea-
surements, van Soest| (2005)) assumed the stray light to be due to
scattered light from outside the field of view. Actually, they neglected
emissions as a possible source. [Van Soest| (2005) demonstrates that
radiances at longer wavelengths also exhibit larger stray light contri-
butions and concludes that the presume of spectral fingerprints in the
stray light indicates that it originates partly from the lower part of
limbs of the atmosphere. There was no indication that the stray light
is due to holes in the instrument. However, the first channel of ScIA-
MACHY was not supposed to be affected as strongly as other channels.
The second channel, at 70 km tangent height, exhibits stray light con-
tributions approximately five to ten times larger than the expected
signal.

In this section, the effect of SCIAMACHY’s stray light on the inver-
sion is investigated. As a first step, the contribution of stray light to
the expected radiance determined from the radiative transfer model
SCIARAYS, on basis of a sample measurement, is estimated. The stray
light at 310nm is shown in the left panel of Figure The stray
light contribution at 78 km reaches 120 %. Stray light contributions at
other wavelengths that are employed in the inversion can be seen in
Figure[6.9 on page[74] The right panel of Figure[7.5]shows the induced
deviation of retrieved profiles due to these increased radiances.

Although the contribution of the stray light is quite significant,
i.e., 120 % or more of the in-field signal, the impact of this addition

10 This stray light is sometimes named ‘baffle scattering’.
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Figure 7.5: Left: Simulated and measured radiances at 310 nm which indi-
cate a significant contribution of the stray light above 65 km. The stray light
is assumed to be the difference of the measured and the modeled radiances.
Right: Induced differences of retrieved ozone profiles due to the estimated
stray light.

scattering on the profile retrieval is quite small due to the decreasing
sensitivity of the inversion technique. The induced errors never ex-
ceed 1%, at least at altitudes below 75 km. Above 75km, the impact
of the large stray light contributions is significant, but the decreasing
sensitivity prohibits a diverging fit. In sum, it can be stated that stray
light has no large impact on the inversion below 65 km. Above 65 km,
the impact is quite large but is not important for the inversion used
here, thanks to the strongly decreasing sensitivity of the retrieval tech-
nique.
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7.9 Summary

Table[7.1] presents an overview of the results from the sensitivity stud-
ies. As already mentioned in the introduction to this chapter, the
stated specifications are not statistical errors. They are rather a cal-
culated estimate.

Albedo, multiple scattering, and the choice of the aprior: profile
are not important for the inversion. Since cross sections and the back-
ground densities are temperature dependent, their inaccurate spec-
ification leads to errors of less than 4%. Due to their wavelength
dependence in general this error decreases towards higher altitudes.
In particular, the small impact of the a priori is a satisfactory proof
of the capability of the evaluated methodology.

Table 7.1: Summary of the sensitivity studies in %

Altitude [km] 35 39 45 51 57 65
Albedd’] 20 1.0 01 <00l <00l <0.01
Scattering mode| 23 08 02 <002 <002 <0.02
ApTior 50 1.0 3.0 2.5 3.0 7.0
Cross sectionsﬂ 4.0 5.1 4.0 2.5 0.2 0.1
Background densityf] 1.6 1.9 18 0.9 0.1 0.2
Pointing error{/] 50 9.6 155 135 16.5 19.0
Solar zenith anghﬂ 14.0 11.0 10.5 12.5 13.2 9.0
Total Error (1o) 165 157 195  18.8 21.3 22.2

aA=0 — A=1 bNegl. twice scatt. ¢50% d20K e5% f0.5km ¢g84°—86°






8 Validation

In this section, comparisons of the retrieved ozone profiles with ozone
profiles from MipAs, HALOE, and the Radiometer for Atmospheric
Measurements (RAM) observations are presented.

Mipas profiles for the year 2003 are used to validate the retrieved
ozone profiles up to 50 km. In general, collocated profiles agree within
10% to 15 %, with the tendency of being to overestimate at altitudes
between 40km and 50km, and there is a small systematic overesti-
mation at 46 km in the tropics and mid-latitudes. The origin of the
deviations is most likely due to the tangent height misregistration of
the SCIAMACHY measurements.

HALOE profiles had to be photochemically corrected to match the
conditions at the corresponding SCIAMACHY measurement. A statis-
tical report of the error propagation due to the modeling is given.
Monthly averaged comparisons between HALOE and SCIAMACHY pro-
files in 2004 show a slight overestimate between 40km and 50km.
Above 50km collocated profiles agree fairly well with each other, al-
though recent published findings show that the HALOE VERSION 1.9
overestimates the true ozone concentration above 50 km.

Ozone profile measurements with the ground-based instrument RAM
are used to make a statistical study of coincident profiles between
35km and 55 km above Spitsbergen. A disadvantage of ozone profiles
from the RAM instrument is their relatively poor vertical resolution,
but the comparisons agree quite well. It was also determined that
there is a slight overestimate between 40 km and 50 km altitude, but
the effect is less than 10 %.

These first validation results show that the profiles retrieved from
SCIAMACHY agree quite well but there is a tending to be too high, by
about 10% to 15 %, in the altitude range between 40km and 50 km.

91
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More validations are needed to draw a reliable conclusion about the
profile quality above 50 km as the comparisons with HALOE profiles are
strongly affected by the correction of the HALOE ozone concentration
to the local time of the corresponding SCIAMACHY measurements.

8.1 Validation with MIPAS Profiles

The ozone profiles used for the first comparison were retrieved from
measurements with the MIPAS instrumentEI and that were processed
at the Institut fiir Meteorologie und Klimaforschung (IMK) (von Clar-
mann et all [2001} |2003, and references therein). For this profile re-
trieval from mid-infrared measurements, an analysis is made with a set
of confined spectral regions, so called micro windows, between 8.6 pm
and 14 pm. The selection of the micro windows depends on the al-
titude, the location, and meteorological conditions. Least Square fits
were applied to match up to ten emission lines (Glatthor et al. [2005]).

The current MipAs (IMK) ozone profiles provide an altitude cov-
erage from 20km to 68 km and have been compared to stratospheric
SCIAMACHY (von Savigny et al., 2005b) and Gomos (Kyrola et al.l
2004) observations for one month (Bracher et all [2005). In terms
of stratospheric SCIAMACHY ozone profiles, the concentrations agree
within 10 % in the altitude range from 22 km to 35 km, and for about
8 km above this altitude range are within 20 %. For GoMOS the agree-
ment of the compared profiles, up to an altitude of 60 km, is within
5% to 10%. MipAs and Poam 1 (Lumpe et al) [2003)) ozone pro-
files between 20km and 50km show agreement within 10% (Steck
et al., 2006)). |Steck et al| (2006 showed further comparisons with
several LIght Detection And Ranging (LIDAR) and ozone sonde mea-
surements. In general the MIPAS ozone profiles from IMK are well
validated between 20km and 50 km and agree with the observations
from all compared instruments, there is a slight underestimate be-
tween 40 km and 50 km.

MipraAs’s field of view is 30 km horizontally and 3 km vertically, while

1 See Appendix |A|for a description of the MIPAS instrument.
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SCIAMACHY’s horizontal field of view is about 960 km across track,
about 500 km along track and about 3km vertically. Thus the SCIA-
MACHY profiles are an average over a wide horizontal range. As the
number of coincident SCIAMACHY and MIPAS profiles is very large,
both instruments are on the same spacecraft Envisat, the spatial ra-
dius of the coincident observations can be chosen to be quite small,
100 km or 200 km. Although this criterion is quite narrow, the number
of collocations is still large enough for statistics that require at least
several tens or hundreds of collocations. An additional restrictive con-
dition is that the difference of the respective solar zenith angles is less
than 2°. This ensures that only profiles that are obtained at nearly the
same local time are compared. This is important at higher altitudes
due to the diurnal variation of the ozone concentrations.

MipAS ozone data for 2003 were used for comprehensive compar-
isons since they are the only available dataE| SCIAMACHY measure-
ments were affected by a large tangent height error in 2003, even after
the application of the tangent height retrieval TRUE. Although this
error limits the validation statistics, the agreement of the collocated
Mi1PAS and SCIAMACHY ozone profiles is within about 10 %.

8.1.1 Monthly Averages

Figure shows the averaged differences between collocated ScCIA-
MACHY and MIPAS ozone profiles for different months in 2003. Due
to the SCIAMACHY data gap no comparisons are shown between June
and August. The collocation radius is 200 km and the number of col-
located profiles varies between 14 and 365 per month.

In general, the mean agreement is within 10 %. An overestimate
above 45 km and an slight underestimate below 40 km can be seen in
some months. The slight overestimate above 45km is in agreement
with the above noted underestimate of the MipAs (IMK) profiles in
comparison to POAM, LIDAR and ozone sonde observations (Steck
et al., |2006). The SCIAMACHY ozone profiles appear to be more re-

2 The MipPAS instrument provided measurements only until December 2003 when
the mounting of one mirror of the Fourier transform spectrometer was blocked.
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Figure 8.1: Statistics for monthly averaged comparisons with collocated
ozone profiles from Mrpas (IMK) in 2003. The solid lines indicate the mean
differences and the dashed lines the respective standard deviations.
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alistic than the MIPAS profiles in this altitude range. The standard
deviation is less than 10 % to 15 % which is a fairly good value con-
sidering the wide swath associated with the SCTAMACHY field of view.

8.1.2 Dependence on the Solar Zenith Angle

Figure shows the monthly averaged comparisons of collocated
SciAMACHY and M1pas profiles for different solar zenith angles. Rel-
atively poor profile retrievals at larger solar zenith angles, i.e., at less
sunlight, are expectedﬁ However, comparisons of the profiles from the
measurements reveal the opposite behaviorﬂ

Deviations are larger at higher altitudes. A possible explanation for
this is the relatively large profile error induced by the tangent height
offsets at higher altitude due to the decreasing ozone scale height. The
standard deviations increase at larger solar zenith angles, in agreement
with the finding of a better inversion fit at smaller solar zenith angles.

A slight systematic overestimate at 46 km altitude for small solar
zenith angles is observable, but this is mostly in the tropics and at
mid-latitudes. This could be due to the fact that the measurements
for the tangent height retrieval TRUE are taken from the tropics but
the full reason for this is still unknown.

8.1.3 Dependence on the Latitude

To determine a possible latitudinally dependent systematic error in
the profile retrieval, monthly averaged comparisons have been made
for five different latitude bands (Figure and Figure |8.4). Due to a
lack of collocations in some latitude bands the collocation radius has
been expanded to 500 km, which lowers the agreement.

Relatively large differences are observable in the southern polar re-

3 This is more or less true depending on the direction of the field of view with
respect to the Sun. There are many other aspects but in general this statement is
correct. At least profile retrievals above 85° solar zenith angle lead to unrealistic
ozone profiles.

4 Although even here the averaged differences are within 10 %.
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Figure 8.4: Statistics for monthly averaged comparisons with ozone profiles
from Mipas (IMK) in the northern mid latitude (top) and in the northern
polar region (bottom).

gion above 45km and increasing differences at higher altitude can be
seen due to the relatively large effect of the tangent height offset. The
comparisons are not as good as those shown in Figures and
This could be due to the fact that the tangent height offsets are de-
rived only once on each orbi and therefore have a different quality
at different measurement locations. Another puzzle is the irregularity
of the comparisons at 46 km, which is only significant in the mid-
latitudes and tropics, but a possible relation to the tangent height
retrieval is still unclear.
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Figure 8.5: First set of eight sample comparisons of coincident SCIAMACHY
and Mrpas (IMK) profiles within a collocation radius of 100km and a
maximum solar zenith angle difference of 2°. Examples have been chosen

arbitrarily.
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Figure 8.6: Second set of eight sample comparisons of coincident SCIA-
MACHY and MIpAS (IMK) profiles within a collocation radius of 100 km and
a maximum solar zenith angle difference of 2°. Examples have been chosen

arbitrarily.
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8.1.4 Sample Profile Comparisons

Figure[8.5)and Figure[8.6]show some comparisons of coincident sample
ozone profiles within a collocation radius of 100 km. The differences
of the corresponding solar zenith angles are denoted in the caption of
the figure.

8.2 Comparisons with HALOE Profiles
8.2.1 HALOE on UARS

HALOE (Russell et al.l [1993)) is one of the most cited instruments for
polar ozone observations. The popularity of HALOE is due to the pub-
lic interest in current global observations of the polar ozone decrease
in general, but it is also due to the fact that HALOE provided one of
the first reliable global observations of ozone distributionsﬁ

HALOE on board the Upper Atmosphere Research Satellite (UARS)
was launched in September 1991, into a 585 km circular orbit with 57°
inclination, and was switched off on 31 December 2005. Solar occulta-
tion measurements over an altitude range between 15km and 130 km
provide a vertical resolution of 2.3km with a coverage from about
80° S to 80° N during the course of the year. Spatially highly resolved
measurements have been made in the polar region. About 30 occul-
tation measurements occurred each day at sunrise and sunset in both
hemispheres, respectively.

HALOE ozone profile retrievals and validations were quite success-
ful (Bruhl et al., [1996)); 9.6 pm ozone absorption lines were employed
for the profile retrievals. [Briihl et al.| (1996) validated these measure-
ments with numerous sounder, including ozone sondes, LIDARs, bal-
loons, rocketsondes, and other satellites; the HALOE ozone profiles

5 Strictly speaking up to six measurements, in the latitude band between 20° N
and 20° S are taken in TRUE and are averaged to one offset value for the whole
orbit.

6 The public interest has become considerable since |[Farman et al.| discovered
a deep total ozone minimum over Halley Bay in the beginning of the 1980s
(Farman et al., [1985)).
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between 16 km to 38 km agree to within 5% but with a tendency for a
low estimate. These findings have also been confirmed by validations
against the POAM and MLs observations (Rusch et al., [1997)).

The current retrieval VERSION 1.9 provides ozone profiles up to 70 km.
Validations of HALOE profiles up to 50 km are in excellent agreement
with SAGEII ozone measurements, but there is a large systematic
overestimate of up to 15% or 20% above 50km (Nazarayan et al.,
2005). The impact of twilight gradients on this inversion was demon-
strated a few months after the SAGEI validation study (Natara-
jan et al., 2005)). Solar occultation measurements face difficulties if
sharp gradients are present in the species concentrations near sunrise
and sunset conditionsﬂ photochemically induced variations introduce
asymmetries in the species distribution along the line of sight. Thus
correction factors were routinely derived from photochemical model
calculations and were applied to a number of sample inversions. With
this, [Natarajan et al.| (2005) proved that the neglect of mesospheric
twilight variations in ozone leads to more than 20 % overestimation
at an altitude of 61 km. Additionally, strong differences in the photo-
chemical correction factors for sunrise and sunset measurements were
found. However, the findings indicate that for the HALOE VERSION 1.9
ozone profiles there is in general an overestimate above 50 km.

8.2.2 Photochemical Correction
of Solar Occultation Observations

The local time differences between HALOE and SCIAMACHY measure-
ments are usually considerable. Since HALOE measurements were per-
formed during sunrise and sunset, they are affected by the strong diur-
nal variation of ozone. SCIAMACHY measurements are mostly made at
about 10:00 LT in the morningﬁ Collocated HALOE and SCIAMACHY

7 Solar occultation measurements are performed at a solar zenith angle of 90°
which corresponds to the absolute minimum of ozone concentrations, as seen in
Figure

8 See also Figurefor the SCIAMACHY overflight times. Measurements with other
local times are also possible.
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observations are mainly between 70° N and 70°S with more occur-
rences at higher latitudes. To compare solar occultation observations
with limb observations from SCIAMACHY, the local times of the mea-
surements have to be approximately the same. For the present vali-
dation study, HALOE profiles have been converted to the solar zenith
angle of the corresponding SCIAMACHY measurement using a photo-
chemical model.

Figure [8.7] shows an example of the differences of ozone concentra-
tions due to a shift of the solar zenith angle from the solar zenith
angle of the HALOE measurement to that of the corresponding ScCIA-

70

60

50

Altitude [km]

-100 0 100 200 300 400
([O:]umsoemon[Oslnoe) [O:lasce [%]
Figure 8.7: Relative differences between a HALOE sample ozone profile —
photochemically corrected to 74° — and the original HALOE profile taken at

a solar zenith angle of 90°. The HALOE measurement was taken on 6 March
2003 at 18:33 UTcC.

MACHY measurement. The ozone concentrations at 74° from a sample
HALOE measurement were derived from a one dimensional version of
SLiMcAT (Chipperfield, [1999)). The photochemically corrected profile
exhibits differences of up to 20 % below 60 km and up to several hun-
dred percent above 60km. Since the ozone concentrations are lowest
at a 90° solar zenith angleﬂ the higher ozone concentrations above
60 km are as expected. Below 60 km the ozone concentrations during

9 See the diurnal variability of ozone concentrations in Figure especially the
ozone concentration at about 10:00 Lt.
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daytime are in general higher than at sunrise and sunset. However, the
model derives the ozone concentrations corresponding to the same so-
lar zenith angle, an angle at which the SCIAMACHY measurement was
performed with a certain error. This error must now be estimated.

For this purpose, an investigation of the error propagation due to
error sources in the model was made. The four most important model
parameters were varied to infer the corresponding model results of
ozone concentrations. These parameters are the initial ozone profiles,
water vapor proﬁlesm and also the temperature and pressure pro-
files[™]

Figure [B:8] shows the differences in ozone concentration caused by
the assumed variation of one of the aforementioned parameters. The
accuracy of the initial ozone and water profiles have been estimated to
be 10 %, temperature 10 K, and pressure 1 %. The impact of both neg-
ative as well as positive change of the respective parameter is shown.

Changes of the initial ozone profile cause smaller errors at higher
altitude in contrast to the changes due to HoO and temperature. In
contrast to that, HO,, which is mainly produced by HO, plays a ma-
jor role in determining the chemistry of the mesosphere. Temperature
has a large impact on the model as most of the reaction rates are
temperature dependent.

Table [B.1l shows an overview of the error sources in the model. The
1 o propagation error of the model is between 10.7% and 17.5%. An
additional dependence on the solar zenith angle is not considered here,
and therefore Table is only an estimate.

Uncertainty in the original HALOE profiles as well as the model er-
rors in Table result in the total reasonable uncertainty (1o prop-
agation was considered) for the modeled HALOE profiles (Table .

10 Water profiles were also taken from collocated HALOE measurements.
11 See a description of the SLIMCAT model for the origin of the different parameters
(Chipperfield} [1999)).
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Figure 8.8: Error propagation due to a change of O3 (10 %), H2O (+10 %),
temperature (£10K), and pressure (+1 %) due to a solar zenith angle cor-
rection from 90° to 74°. The dashed line indicates the difference due to

a negative change of the parameter, whereas the solid line indicates the

changes due to a positive change of the respective model parameter. Cour-

tesy of H. Winkler.

Table 8.1: Summary of the error sources in the model used for the photo-

chemical corrections in percent. Only the changes due to a negative change

of the respective model parameter are shown in this table.

Altitude [km] 35 39 45 51 57 65
O3 (—10%) —8.7 7.3 -3.8 —-1.5 —0.6 —-0.7
H,0 (—10%) <0.1 0.2 1.0 1.9 2.6 3.9
Temperature (—10K) 6.1 8.3 12.7 15.4 16.7 17.0
Pressure (—1 %) -1.1 -1.1 —-14 -17 -1.38 -1.8
Total Error (10) 10.7 11.1 13.4 15.7 17.0 17.5
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Table 8.2: Summary of uncertainties for SCIAMACHY and HALOE ozone pro-
files in percent. The uncertainty of the HALOE profiles is estimated.

Altitude [km] 35 39 45 51 57 65
SCIAMACHY profiles 165 157 195 188  21.3 222
HALOE profiles 100 100 120 120 150  15.0
Model’] 107 111 134 157 170 175

Total Error (HALOE) 14.6 14.9 18.0 19.7 22.6 23.1

a On basis of negative changes of the respective model parameters.

8.2.3 Validation Results

Figure [B.9] shows three monthly averaged comparisons for the year
2004. The collocation radius is 200 km. The figures also show the stan-
dard deviations calculated from the comparisons, these are fairly large
but reasonable due to the large uncertainty in the solar zenith angle
corrected HALOE profiles. The comparisons show a general agreement
within 20 % but with the tendency to be low at higher altitude. A
slight overestimate of about 20 % is observable near 45km. The com-
parisons between 50 km and 70 km show both an overestimate (July)
as well as an underestimate (August and December). The latter is
in agreement with the findings of Natarajan et al. (2005 that the
HALOE VERSION 1.9 ozone profiles overestimate the ozone concentra-
tions above 50km by up to 20 %. Figure and Figure show
some arbitrarily selected profile comparisons.

Although the comparisons with HALOE profiles do not provide ex-
cellent agreement with the SCIAMACHY profiles, they are within the
expected uncertainties. The slight overestimate of SCIAMACHY ozone
profiles between 40 km and 50km as well as that of the HALOE pro-
files at higher altitude, as reported by Nazarayan et al. (2005) and
Natarajan et al.| (2005), can be seen. Considering the fairly large un-
certainties due to the modeled correction of the solar zenith angle of
the respective HALOE measurement, the compared profiles are in very
good agreement.
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Figure 8.10: First set of eight sample profile comparisons retrieved from
SCIAMACHY VERSION 2.25 and HALOE profiles VERSION 1.9.
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Figure 8.11: Sample comparisons of SCIAMACHY VERSION 2.25 and HALOE
VERSION 1.9 profiles.
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8.3 Validation with RAM Profiles

This section deals with validation results from the ground based Ra-
diometer for Atmospheric Measurements (RAM) (Palm et al.| 2005,
and references therein) at Ny Alesund. RAM is a millimeter-wave ra-
diometer tuned to the frequency of an ozone transition line at 142 GHz
with a bandwidth of about 1 GHz and a spectral resolution of 1.3 MHz.
Spectral measurements over Ny Alesund, Svalbard (78° N, 11° E) have
been taken every thirty minutes since November 1994. Ozone profiles
are retrieved using an Optimal Estimation inversion scheme. Retrieved
ozone profiles provide a vertical coverage between 15km and 55km
with a vertical resolution between 8 km and 20 km.

RAM retrieved ozone profiles are well validated by several ozone
sondes in the stratosphere between 18 km and 24 km with a deviation
smaller than 10 %, and with LIDAR instruments between 16 km and
34km with a maximum deviation of 11% (Palm et al., 2005). MLs
observations of ozone are used for validation between 20 km and 55 km,
these show an agreement within 10 % (Langer], [1999).

A disadvantage of the ozone profiles retrieved from the RAM instru-
ment is the poor vertical resolution between 8 km and 20 km. SCIA-
MACHY profiles have therefore been convolved with the averaging ker-
nel functions of the RAM ozone profile retrieval for comparisonsE

Figure[8.12]shows a statistical comparison of seven collocated SC1A-
MACHY and RAM measurements within a radius of 500 km. The com-
parisons show good agreement. Only between 40km and 50 km are
the concentrations retrieved from SCIAMACHY 10 % larger than those
from the RAM instrument. The standard deviation is about 20 %.

12 A detailed description of this mathematical calculation of the RAM profiles can
be found in [Palm et al.| (2005).
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Figure 8.12: Statistical comparison of SCIAMACHY and RAM profiles over

Spitsbergen

8.4 Conclusion of the Validation Studies

In general the global and monthly averaged comparisons of VER-
SION 2.25 ozone profiles from SCIAMACHY measurements with those
from Mipas (IMK) and HALOE (VERSION 1.9), and the RAM profiles
over Spitsbergen show a good agreement between 35km and 50 km,
mostly within 10 % to 15 %. Slight systematic overestimates have been
found in the altitude range 40 km and 50 km in comparison with the
observations from other instruments. A systematic overestimate, with
increasing altitude and an irregularity at 46 km, has been found in
tropical and mid-latitude regions; this is probably due to the ‘knee’
tangent height error caused by the decreasing ozone scale height.
Validations with HALOE profiles between 50 km and 70 km show a
general agreement that are within 10% when recent findings of an
overestimate of the HALOE VERSION 1.9 profiles are considered. Due
to the need for photochemical corrections for the HALOE ozone profiles

no further conclusions can be drawn.
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9 First Analysis
of Sciamacuy Observations

As a first application of the retrieved ozone profiles the morphology
of ozone in the upper stratosphere and lower mesosphere region is
presented in this sectionE The vertical distribution of ozone is exem-
plified by global maps that show the upwelling tropical stratospheric
ozone and a strongly radiation-driven ozone variation in the lower
mesosphere.

Maps of global ozone concentrations show the extent of the seasonal
variation. Besides the tropical stratospheric ozone maxima in the re-
spective summer hemisphere a contemporaneous maximum in south-
ern winterﬂ was found. Finally, the year-on-year ozone distribution
in 2002, 2004, and 2005 reveals the relative small annual variation of
ozone concentrations in the upper stratosphere and lower mesosphere.

9.1 Availability of Retrieved Profiles

Figure [9.1] shows the current number of retrieved profiles from Scra-
MACHY limb measurements for every month until the end of October
2005. Large measurement data sets have been available since be-
ginning of 2004. Along the scheduled fourteen orbits per day, each

1 It is one of SCIAMACHY’s benefits to provide global maps of trace gas concentra-
tions at almost the same local time, which is a prerequisite for the observation
of variations in gas concentrations.

2 ‘Southern winter’ denotes the coldest months in the southern hemisphere, i.e.,
technically between 21 June to 23 September, and southern summer denotes
the warmest months in the southern hemisphere, i.e., between 22 December and
21 March. The northern hemisphere is denoted similarly.
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Profile Data Availability
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Figure 9.1: Current number of retrieved ozone profiles from SCIAMACHY
measurements for every month up to the end of October 2005. Large data
sets have been available since 2004. The data gap between June and August
2003 is caused by a broken calibration processing chain.

consisting of about 35 measurements, approximately 15000 measure-
ments each have been made each month. An incorrect assignment of
measurements and respective orbits causes a repeated listing of the
same measurement. The number of reported observations may there-
fore reach 20000 in a single month, e.g., in March 2005. A data gap
from June until August 2003 was caused by a broken data processing
chain from level 0 to level 1 data format, which translates the raw
binary data into calibrated dataﬂ With the exception of May, a large
data set is available in 2004 and in 2005. The large number of retrieved
ozone profiles provides an excellent global coverage (see the coverage
with retrieved ozone profiles in January 2004 in Figure .

Figure [9.2] also shows a data gap that is caused by the so-called
South Atlantic anomaly, where a large change in the Earth’s magnetic
field occurs. This anomaly affects the electronic instruments in space
and also impacts Envisat. Perturbed SCIAMACHY measurements have
been rejected by an upstream algorithm that checks the shape of the
limb radiance profiles, e.g., for negative radiances.

3 For a description of the calibration processes see [Lichtenberg et al.| (2005).
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| JAN. 2004, 8382 meas.
; :

Figure 9.2: Distribution of retrieved ozone profiles in January 2004. A dot
indicates the location of a retrieved ozone profile. The observations cover the
northern and southern pole regions, respectively, depending on the season.
Above the South Atlantic no profiles are available due to measurements
affected by the local magnetic field anomaly. Affected measurements have
not been evaluated.

9.2 Global Vertical Distribution

Figurel9.3|shows contours of the retrieved ozone concentrations in Jan-
uary 2004 at various altitudes between 35 km and 65 km. The data set
includes 8382 measurements that are linearly Delaunay-triangulated
(Akimal [1978) and then linearly interpolated on to a 5° spaced lati-
tude and longitude grid. A variable color bar is used for scaling.

Upwelling tropical ozone causes a maximum between the equator
and 30°S at 35km and 40km. In both polar regions low ozone con-
centrations are observed, but the effect in the northern polar region
is larger. At 45km and 50 km no large global latitudinal gradients of
the ozone concentrations are observed. Even the ozone concentrations
in the polar regions have almost the same order of magnitude.

This distribution changes dramatically at 55, 60, and 65km. The
ozone concentrations in the southern hemisphere decrease and increase
in the northern polar region. In the southern polar regions ozone con-
centrations differ by several hundred percent at 65 km.

The ozone distribution displays the general photochemistry of ozone
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Figure 9.3: Global monthly mean ozone
concentrations in January 2004 for dif-
ferent altitudes. For spherical grid-
ding of the irregularly gridded measure-
ments, a Delaunay triangulation and
thereafter a linear interpolation on to a
5° x 5° latitude and longitude grid were
used. Obviously artificial structures oc-
cur above the South Atlantic due to
the magnetic field anomalies and related
measurement gaps. Note the variable
color scale for the ozone concentrations.
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and oxygen at different altitudes. The photochemical equilibrium is
fixed by the different relation of the radiation in the Schumann-Runge
bands and continuuHEI and in the ozone absorption bandsEI Oxygen
photolysis in the Schumann-Runge spectral range produces atomic
oxygen and is, therefore, responsible for ozone production. Ozone pho-
tolysis in the ozone absorption bands dissociates ozone and does not
change the amount of odd oxygen. At lower altitudes relatively large
amounts of ozone is dissociated. Radiation in the Schumann-Runge
bands is absorbed at higher altitudes. The lifetime of ozone is short
at higher altitudes where ozone is strongly photolyzed by short wave
radiation.

9.3 Seasonal Variability

Figure and Figure show the change of ozone concentrations
at 40km for each month of the year 2004. A fixed color bar is used
in this representation to distinguish the absolute differences in the
ozone concentrations. May 2005 is currently missing due to a lack of
measurements (see Figure on page .

The tropical maximum due to upwelling ozone during southern sum-
mer is not as apparent as during northern summer, where a secondary
maximum during southern winter also occurs. This secondary maxi-
mum is located below Africa and drifts towards Australia extending
from 30° S to 65° S in October. The establishment of this winter max-
imum is known as the ‘collar effect’[fl Ozone rich air is moved from
the tropics to high latitudes, where it collides with the polar vortex
(Schoeberl and Hartmann), 1991)E| Inside the vortex descent rates are

4 Molecular oxygen is dissociated strongly in the Schumann-Runge continuum
between 135nm and 176 nm and the Schumann-Runge bands between 176 nm
and 192.6 nm.

5 The ozone absorption band consists of mainly the Hartley, the Huggins, and the
Chappuis bands.

6 The effect is named so due to the fact that the ozone is accumulated all around
the polar vortex and observations look like a collar.

7 The polar vortex is a persistent, large-scale cyclone located near the Earth’s
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Figure 9.4: Global monthly mean ozone concentrations at 40 km from January 2004
to September 2004. The northern and southern summer ozone maxima as well as
the southern winter maximum is clearly observable where the northern summer
maximum is more distinctive in comparison to the southern. See the continuation

of the time series in 2004 in Figure
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weak and ozone mixing ratios are mainly determined by chemical ef-
fects (Rosenfield et al., [1994).

vi
m

In summary, it can be stated that the upwelling tropical ozone pro-
des a maximum in the summer hemisphere but the extent of this
aximum in the northern summer is much stronger although a sec-

ondary maximum also appears in the southern mid-latitudes. This

se

cond maximum drifts south- and eastwards, before it vanishes in

northern winter Bl

poles, in the middle and upper troposphere and the stratosphere. The vortex is

most powerful in the hemisphere’s winter, when the temperature gradient is the
steepest, and diminishes or can disappear in the summer. The Antarctic polar
vortex is more pronounced and persistent than the Arctic one. The Arctic vortex
is elongated in shape, with two centers, one roughly over Baffin Island in Canada
and the other over northeast Siberia. The chemistry of the Antarctic polar vortex
has created severe ozone depletion. The nitric acid in polar stratospheric clouds
reacts with chlorofluorocarbons to form chlorine, which also destroys ozone.
These clouds can only form at temperatures below about —80° C, so the warmer
Arctic region does usually not have an ozone hole.

Actually, the vortex rotates about every 22 days to a very variable extent. In
the presented observations only monthly averaged observations are shown.
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9.4 Yearly Variability

The simultaneous appearance of two maxima at 40 km in the northern
summer and southern winter is also observed in 2005 (see Figure
where ozone concentration contours for August 2002, 2004, and 2005
are shown). In 2002, only a broadening of the maximum in southern
summer maximum (December 2004) can be seen. A small secondary
maximum is just observed around Madagascar. The collar effect seems
to occur every year, but with a different extent.
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10 Ozone Depletion During the
Solar Storm Oct./Nov. 2003

This section treats the massive ozone depletion caused by solar particle
precipitation in October and November 2003 as seen in the retrieved
SCIAMACHY ozone profiles. The ozone depletion during the ‘Halloween
storm’, which was one of the strongest solar storms ever observed, is
both an excellent quality test of the retrieved ozone proﬁlesﬂ and an
example of the exciting interaction between the Sun and the Earth.

In general Sections[T0.1]to[I0.3|follow the publication of[Rohen et al.
(2005) and are therefore also based on the efforts of the coauthors of
this paper. Corresponding parts will be denoted.

10.1 Introduction to Solar Proton Events

The Sun drives the photochemistry of the atmosphere through vari-
ations in the solar radiance on different time scales, e.g., the eleven
year solar cycle, which has been shown to cause variations in the to-

1 The observations show that even under exceptional conditions such as a bom-
bardment with highly energetic solar particles, both the Envisat spacecraft and
the instruments on board are capable to perform reliable measurements. This is
a benefit from the large size of the spacecraft and the robustness of the instru-
ments. Observations under extreme conditions such as during a solar proton
event are also a challenge for the retrieval technique. Such rapidly changing
ozone concentrations in the upper stratosphere and lower mesosphere are usu-
ally rare. Additionally, limitations of the radiative transfer model can be tested,
or the capability of the technique to provide real ozone concentration profiles,
even if the true profiles are far apart from the apriori profiles. The shape of
the profiles under solar proton event conditions is also quite different and are,
therefore, a challenge for the profile retrieval.

123
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tal ozone column (Jackman et all 1996), the occurrence frequency

and brightness of noctilucent clouds (Thomas and Olivero, [1989) and

many other atmospheric parameters. The Sun also affects the terres-
trial atmosphere through more intermittent events such as coronal
mass ejections that enhance the precipitation of highly energetic par-
ticles (protons, electrons, and ions) into the mesosphere and upper
stratosphere (Weeks et all [1972; |Crutzen et al. [1975; Baker} 2000).
These charged particles do not penetrate the atmosphere at all lati-

tudes, but are guided by the Earth’s magnetic field lines and there-
fore enter the middle atmosphere in the polar cap regions mainly at
geomagnetic latitudes above 60°. The penetration depth and the ion
production rates are a function of the proton energies. Protons with
energies of about 1 MeV reach the mesopause, 10 MeV protons reach
about 65km, and protons with 100 MeV get down to about 30km
to 35 km 2001).

During a solar proton eventEl the precipitating highly energetic pro-
tons ionize the major atmospheric constituents N; (58.5 % partition-
ing of total ionization), N* (18.5%), OF (15.4%), and OF (7.6%)
(Solomon and Crutzenl [1981). The transformation of all initial ions

to intermediate water clusters (Swider and Kenesha, [1973; [Solomon)|
land Crutzen) 1981} |Jackman and McPeters, [2004)), as well as further
clustering and dissociative recombination of these water clusters pro-
duce the main HO, constituents H and OH.

NO is a result of Ny dissociation and a series of interchange and
recombination reactions involving nitrogen and its ions
. The net effect is the production of atomic nitrogen which is
oxidized to nitric oxide. Ozone is destroyed through the well known

HO, and NO, cycles. The HO, catalytic cycle is very efficient in
the mesosphere and upper stratosphere, above about 40 km, while the

NO, cycle is most efficient in the middle stratosphere 1997;
1985)), see also Section

To describe the effect of the solar proton event induced ozone deple-
tion, the sources and sinks of HO, and NO, under normal conditions
are briefly summarized. HO, is normally produced by photolysis of

2 An often used acronym of solar proton event is SPE.
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water vapor, and the reaction of atomic oxygen in the D state with
water vapor, and it is rapidly destroyed through

The largest natural source of stratospheric NO, the main driver of the
NO, cycle, is the reaction of nitrous oxide with atomic oxygen in the
D state, which is produced by photolysis of ozone

O('D) + N0 — 2NO. (10.2)
The depletion of NO is due to photolysis,

NO+hv —-N+0O v < 191nm, (10.3)
or the reaction with atomic nitrogen by

N+NO —=N3;+0. (10.4)

Due to the optical thickness of the atmosphere for radiation at wave-
lengths below 191 nm, photolysis of NO is mainly active at altitudes
above about 50 km. The ozone depletion through HO,, closely follows
the ionization nearly instantaneously and is rapidly reduced again,
after the enhanced proton fluxes cease (Solomon and Crutzen, 1981)).
In contrast, the NO, induced depletion destroys ozone for several
months or years by conserved NO, sinking down into the stratosphere
(Crutzen et al. [1975; Randall et al., |2005)).

In the summer hemisphere the solar proton event induced deple-
tion of ozone is less apparent due to the photolyzed water vapor and
therefore more ambient HO,. With continuous solar illumination and
hence ozone production, the solar proton event depleted ozone can re-
cover quickly. Also, NO, is depleted faster in the summer hemisphere
(see Equation ) and so leads to an enhancement in the ozone
concentrations.

Although the catalytic ozone destruction can reach 50 % or more
in the mesosphere and upper stratosphere, the impact on the total
ozone column, and therefore on the ultraviolet irradiance at the sur-
face associated even with strong solar proton events, is less than 1%
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to 2% (Jackman et al., 2005a). Apart from the production of HO,
and NO,, solar proton events were previously speculated to lead to

an enhanced stratospheric aerosol loading caused by ion nucleation of

sulphate aerosol particles (Shumilov et al. |1996).

MipPAs observations showed the establishment of a high altitude
(35km to 45km) HNOg layer between 20 November 2003 and early
January 2004, this is caused by NO, produced during the solar proton
event in Oct./Nov. 2003 (Orsolini et al.l 2005). HNOg is photolyzed
to yield OH in the upper stratosphere and mesosphere (Solomon and
|Crutzen), [1981)). |Orsolini et al.| (2005)) also showed a confinement of
these phenomena to the polar vortex regions.

According to [Jackman et al| (2005a) the Oct. 28/29 solar proton
event was the fourth largest solar proton event within the past four
decades in terms of the total amount of produced NO, (3.4 x 1033
molecules NO,). The largest solar proton event ever measured oc-
curred in October 1989 (6.7 x 103 molecules NO, ), followed by the
events on August 1972 (3.6 x 1032 molecules NO, ), and on 14 July 2000
(3.5x 1033 molecules NO, ). |Seppéli et al. (2004) published the first re-
sults on ozone depletion and production of NOy due to the Oct./Nov.

2003 solar proton events retrieved from GOMOS. The study focuses
on northern hemisphere observations during nighttime.
presented zonally averaged ozone and nitrogen dioxide pro-
files at geographic latitudes in the northern hemisphere between 70°
and 75° and compared them with results from a non solar proton
event forcing model.

The long-term effects of this solar proton event on NOy and Oz con-
centrations between March and July 2004 as seen by numerous satel-
lite instruments like Mi1PAS, HALOE, SAGE11I, POAMIII and OSIRIS
have already been shown (Randall et al., 2005). Randall et al| (2005
showed that the NO, enhancements and Os reductions from Jan-

uary 2004 up to July 2004 can be attributed to a combination of the
effects of the solar proton event in Oct./Nov. 2003 and an exception-
ally strong vortex. HALOE and SBUV 2 satellite observations of Oj
and changes of NO, (NO and NOg) during the Halloween storm and
model simulations of O3, NO,, and OH in both hemispheres are pre-
sented in the work of Jackman et al.| (2005b). [Jackman et al.| (2005b)
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predicted OH enhancements of 100 % and measured ozone depletions
of greater than 70 % and a NO, induced long term ozone depletion for
over eight months beyond the solar proton event in Oct./Nov. 2003.

10.2 Modeling Effects
of Solar Proton Events

The effect of highly energetic solar protons on the chemical compo-
sition of the middle atmosphere is modeled in two steps. In the first
step atmospheric ionization rates are calculated from measured pro-
ton fluxes. In the second step those ionization rates are used in a
photochemical model of the neutral atmosphere. The derivation of
the ionization rates was performed at the University of Osnabriick by
Dr. M.-B. Kallenrode and J. Schréter; the modeling was performed at
the Tup by M. Sinnhuber.

10.2.1 Atmospheric Ionization

Tonization rates for precipitating protons are calculated with a Monte-
Carlo code based on the Giga bit European Academic NeTwork4
(GEANT4) toolkit (Agostinelli et al., 2003)). First, the energy spec-
tra of precipitating protons in the range from 1 MeV to 500 MeV are
retrieved from the Geostationary Operational Environmental Satel-
lite 11 (GOES-11) data. These serve as input for a Monte Carlo simu-
lation, which calculates energy losses for a standard atmosphere con-
sisting of N, O, Og, Ny and Ar. Ion pair production rates are deter-
mined for the assumption of an average ionization energy of 35eV
(Porter et all [1976). The considered energy range is discretized into
109 equidistant energy steps on a logarithmic scale, and the precipi-
tation angles in nine equidistant steps from 0° to 80°. Both scales are
logarithmic. Particle precipitation and subsequent ionization is as-
sumed to occur homogeneously throughout the entire magnetic polar
cap and the ionization rates are determined for precipitating protons
only, since reliable electron data were not available.
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The error in ionization rates due to the neglect of the electrons is
less than 10 %. The maximum contribution of electrons to the total
ionization for two solar flares in 1989 is located at an altitude between
50km to 70km, never exceeds 30 % and is less than 10 % on average
(Schréter et al., 2005). The contribution is very different for gradual
(and electron-poor) or impulsive (and electron-rich) flares. Since the

Halloween storm originated in a gradual flare and was accompanied
by a strong shock, the event can be classified as electron-poor.
Figure shows the calculated ionization rates for the northern
polar cap during the solar proton event in Oct./Nov. 2003. The ion-
ization of the atmosphere from 24 to 27 October (marked with (1)
in Figure is associated with high ionization rates in the upper
mesosphere and mesopause region, but does not cause significant ion-
ization below 70 km. On 27 October a first weak and short ionization
down to about 40km follows (2). On 28 October the first major sus-
taining ionization of the middle atmosphere begins (3), reaches the
lower stratosphere at about 15km and lasts for several days. It is fol-
lowed by two ionization periods between 3 and 7 November (4 and
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Figure 10.1: Atmospheric ionization rate profiles from GEANT4 in the north-
ern hemisphere. Hourly resolved rates are used for the photochemical calcu-
lations. The marks on the abscissa denote 00:00 UTC of the particular day.
The vertical resolution is approximately 3.5km. Data have been provided
by M.-B. Kallenrode (University of Osnabriick).
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5). Finally a smaller event occurred between 20 November and 25
November down to 60km (6). The ionization rates used by |Jackman
et al. (2005b) derived with the methodology described by |Vitt and
Jackman| (1996)) agree almost exactly with these calculated ionization
rates.

10.2.2 Photochemical Model

To consider the geographic distribution and the variability of the so-
lar zenith angles of the SCIAMACHY measurements, a combination of
a two dimensional chemistry transport model and a one dimensional
model is used. The calculations have been performed by M. Sinnhu-
ber (IUuP, Bremen). The chemistry codes of both models are based on
SLIMCAT (Chipperfield, |1999)). The two dimensional and one dimen-
sional model use the same set of chemical reactions, the same reaction
rates and the same implementation of ionization driven NO, and HO,,
production. The two dimensional model uses a time saving family ap-
proach for short-lived species, while the one dimensional model is used
to model the diurnal variability of trace gases, and does not use a
family approach. The formation of NO, and HO, due to atmospheric
ionization is calculated with an empirical algorithm (Porter et al.|
1976; Solomon and Crutzen, (1981)), and is similar to the approach of
Jackman et al.[(2005b)); 1.25 NO, molecules are produced per ion pair
in total. 55 % are produced as NO, 45 % are produced as ground-state
N, which can be a sink for NO, via the reaction of N and NO. Up to
two HO, molecules are produced per ion pair, decreasing with increas-
ing altitude and atmospheric ionization (Jackman et al., [2005b)). The
two dimensional model combines the chemistry code with the THIN
AIR metrological code (Kinnersley, [1996)) that calculates temperature,
pressure and wind speed on isentropic surfaces from the ground up
to 100 km. Vertical transport across the isentropes is calculated from
heating rates. The model has a horizontal resolution of 9.5° extend-
ing from 85.3° S to 85.3° N in 19 evenly spaced latitude bands, and a
vertical resolution of about 3 km. 24 different model runs were carried
out with the two dimensional model on different longitude bands from
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the Greenwich meridian once around the globe in 15° steps. Ionization
is considered only in areas where the geomagnetic latitude is larger
than 60°. Different model runs for different longitudinal segments are
necessary because of the large displacement of the southern geomag-
netic polar cap. For model boxes containing the edge of the polar cap,
ionization is scaled by the ratio of the polar cap area within this box
to the total box area. This might lead to an imprecise estimation of
the ionization effect in areas at the edge of the polar cap, a possible
error source that could only be avoided by significantly increasing the
spatial resolution of the model boxes.

Model results from the two dimensional model are used to initial-
ize a one dimensional model run with the solar zenith angle of each
SCIAMACHY measurement. In the one dimensional model, ionization
is again considered for all measurements at a magnetic latitude above
60°. The one dimensional model runs are initialized one day before the
measurement, and run for two days. Model results are then output for
the time corresponding to the SCIAMACHY measurement.

10.3 Results
10.3.1 Response to Proton Fluxes

Figure[10.2]shows the time series of zonally averaged ozone changes for
an altitude of 54.4km in the northern hemisphere above 60° geomag-
netic latitude from 23 October to 24 November 2003. The model re-
sults and the GOES-11 proton flux with energies of 15 MeV to 40 MeV
which are mainly responsible for the atmospheric ionization at this
altitude (Reid, [2001) are also shown. The reference period for Fig-
ure and all following figures in this section is 20 to 24 Octo-
ber 2003.

The proton flux and the ozone depletion rates at this altitude are
mostly anti-correlated. Deviations of proton fluxes and the measured
ozone depletion rates, e.g., on 1 November, are possibly due to the
sampling of the measurements. Model simulations reproduce the de-
pletion qualitatively well, but underestimate the amount of depletion
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Figure 10.2: Ozone depletion rates above 60°N geomagnetic latitude
(crosses), model results (stars), and GOES-11 15MeV to 40 MeV proton
flux (blue crosses). The altitude is 54.4km and the observation and model
data are daily and zonally averaged. The reference period for this picture
and for all following figures in this chapter is from 20 to 24 October 2003.

by about 20 % to 30 %. This is most likely due to incorrect ionization
calculations and applications of the model and will be discussed later.

The largest signatures occur from 28 to 30 October and from 3 to 4
November. On 10 November the measured ozone recovery decreases;
this is obviously not caused by the proton precipitation directly but
more likely by the sampling of the measurements. The variation of
about 10 % as seen in the measured ozone changes after 10 November
is caused by errors associated with the imprecise attitude pointing of
Envisat Pl

The time series of ozone depletion rates agrees qualitatively with
observations of Gomos (Seppéla et all, 2004) and SBUV 2
2005D). Both noticed maximum depletion rates of up to 60 %
in the northern hemisphere in the lower mesosphere; it will be shown
later that this is in agreement with SCIAMACHY observations.

3 See discussion in Section



132 10 OzONE DEPLETION DURING THE SOLAR STORM OcT./Nov. 2003

10.3.2 Interhemispheric Differences

Figures and show a global perspective of the change of ozone
concentrations relative to the reference period 20 to 24 October at an
altitude of 49km in both hemispheres. In the northern hemisphere
changes from 29 October to 6 November relative to the reference pe-
riod are shown. For the representation of the ozone changes in the
southern hemisphere the shorter time period 29 to 30 October is cho-
sen. The depletion of ozone in the southern hemisphere does not last as
long as in the northern hemisphere, so averaging many days together
would dilute the observed loss.

The ozone profiles for the reference period and the ozone profiles
for the solar proton event time periods are interpolated on to a grid of
2.5° latitude and 10° longitude steps using a Delaunay triangulation.
Also shown are isolines of different magnetic latitudes ¢mag. These are
determined from the magnetic inclination I for 2003, calculated with
the Wmm 2000 (World Magnetic Model 2000) (Macmillan and Quinn,
2000) and using the relation @mag = arctan(3 tanI) (Prélls, 2003, p.
224 ﬁ)ﬂ This relation for ¢mag provides a better representation than
the standard magnetic coordinates based on a magnetic dipole field,
because near the polar cap the actual Earth’s magnetic field is not
well represented by a pure dipole field.

The error in the ozone changes represented in Figure differs
from the error in the retrieved profiles as estimated by Table on
page[89] The normalization of ozone concentrations with respect to the
concentrations before the solar proton event reduces the systematic
errors since a large number of profiles are averaged by the triangula-
tion. On the other hand, the maximum statistical error is larger by a
factor of v/2. Thus the maximum error of the changes is assumed to
be larger than the error of the retrieved profiles.

The solar proton events cause ozone losses of several tens of percent
in both hemispheres. In the northern hemisphere the area of ozone de-
pletion coincides generally with the geographic polar cap rather than
with the magnetic polar cap. The confinement to the polar vortex can

5 The magnetic inclination is defined as the angle between the tangential plane
and the magnetic field vector.
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Figure 10.3: Change of ozone concentrations at 49 km altitude in the north-
ern hemisphere in a global perspective. The figure shows the changes of
ozone concentrations in a period from 28 October to 5 November relative
to a reference period from 20 to 24 October. A Delaunay triangulation of
the reference data set and the data set during the solar proton event and a
following linear interpolation on a 2.5° latitude times 10° longitude grid is
used. The white area depicts places with no observations from SCIAMACHY.
The black dots indicate the locations of the limb measurements between
28 October and 5 NovemberEl The black solid lines are the Earth’s mag-
netic latitudes at 60 km derived with the WnM 2000 model
. The Delaunay triangulation produces changes even at loca-
tions, where no measurements were taken, e.g., over Scandinavia. This could
also be due to large ozone changes during the reference time period, which
also contribute to the depicted changes. Evidently the ozone depletion is
confined to the geographic and geomagnetic poles.
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Figure 10.4: Change of ozone concentrations at 49 km in the southern hemi-
sphere between 29 and 30 October. Settings and descriptions are the same

as in Figure

also be seen in long term observations (Randall et al., 2005; Orsolini

2005)). Perhaps strong winds cause a zonal mixing of the air
masses at the edge of the vortex within the first week after the first

event, and are therefore the reason for the confinement of the ozone
loss to the geographical pole. This issue is still puzzling.

The ozone loss in the southern hemisphere is mainly confined to
the region at high magnetic latitudes. Additional depletion of ozone
occurs around the geographic South Pole due to a larger solar zenith
angle and therefore enhanced ozone depletion through photolysis and
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Equation . An anomaly in the Earth’s magnetic field is located
above the South Atlantic, where ozone depletion is also observed even
outside the geographic polar cap. This depletion is in agreement with
the observations of [Jackman et al.| (2005b)).

The observed ozone depletion at 49 km is significantly different in
the northern and the southern polar stratopause, this was also ob-
served by [Jackman et al. (2005b)). In the northern hemisphere max-
imum ozone depletion rates of 50 % or more occur at 49 km. In con-
trast, the magnitude of the ozone depletion as well as the spatial
extent is smaller in the sunlit southern hemisphere. This is a conse-
quence of smaller solar zenith angles in the southern hemisphere, i.e.,
stronger solar illumination, which leads to photolysis of the ambient
H50O and higher ambient HO, concentrations that are not produced
by the solar proton event. Therefore the effect of HO, production due
to the solar proton event is not as large as in the darker hemisphere.
Additionally, the solar proton event depleted ozone in the southern
hemisphere recovers quickly because of the continuous solar illumina-
tion and photolysis of molecular oxygen for ozone production. NO,
is depleted faster through photolysis above about 50 km, which
also enhances the recovery of ozone. In contrast, in the winter hemi-
sphere HoO as well as NO are protected from the sunlight and ozone
depletion is stronger and lasts for a longer time.

The observations of this interhemispheric difference, the shape of
the ozone depletion area and the magnitude of the depletion rates
agree quite well with the calculations of |[Jackman et al.| (2005b)). |Sep-
pala et al.|(2004)) provide a good agreement in terms of the spatial ex-
tent of the ozone depletion area. They also found that the center of the
depletion in the northern hemisphere is above the pole and elongated
towards Russia and North America. Almost no depletion was observed
above Europe. SBUV observations (Jackman et al., 2005b)) and the ob-
servations shown in this section show that the ozone depletion in the
southern hemisphere is mainly located poleward of Australia.



136 10 OzONE DEPLETION DURING THE SOLAR STORM OcT./Nov. 2003

10.3.3 Global Model Predictions

Figure shows the measured and modeled changes of the zonally
averaged ozone concentration before and during the solar proton event
relative to the mentioned reference period from 20 to 24 October for

each day.
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Figure 10.5: Measured and modeled change of ozone concentrations during
the Halloween storm as a function of the altitude and latitude. The mea-
surements and models show the significant ozone depletion during the solar
proton event.

The model predicts the general morphology of ozone depletion and
recovery fairly well, although it slightly underestimates the ozone
changes, as already seen in Figure [10.2] on page On 29 Octo-
ber the model dramatically overestimates the depletion. A separation
of the ozone depletion on 3 November at about 50km is observed,
indicating the regimes of HO, and NO,. In the southern hemisphere
the model again predicts the temporally varying morphology of the
ozone depletion fairly well. Only isolated ozone changes near 70° differ
from the measurements.

The general underestimation may be caused by incorrect calculated
ionization rates or due to the transfer of these rates on to a geographic
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grid for the model calculations (see Section . Other possible
reasons for the underestimate may be the omission of the ionization
by the solar electrons or simply because of the fact that the spatial
distribution of the calculated ionization used in the model is not as
homogeneous as assumed.

The overestimate on 29 October is most likely due to the fact that
the production of HO, due to ionization is calculated with empirical
algorithms in the model; the amount of available water vapor is not
limited. This is particularly important during events with large HO,
production. HO, is not present in the atmosphere to the extent that
the model predicts.

The isolated ozone changes in the southern hemisphere at about
70° are caused by the separation of the southern geographic and mag-
netic poles, which leads to incorrect ionization rates at the edge of
the auroral oval. Previous model runs showed that using only zonally
averaged ionization rate profiles is insufficient for modeling the solar
proton event effect, particularly in the southern hemisphere where the
magnetic polar cap is not coincident with the geographic polar cap.
Therefore meridional bins have been introduced and these improve the
model results significantly; differences in the model results of ozone
loss at the edge of the auroral oval without this longitudinal binning
are larger than 50 %.

Ozone Depletion Time Series

Figure shows time series of ozone concentration changes between
24 October and 27 November in both hemispheres in the magnetic
pole areas. The ozone depletion in the southern hemisphere is weaker
than in the northern hemisphere, where the ozone depletion during the
first large event from 28 to 30 October exceeds 50 %. The second large
event produces ozone depletion with two maxima at 45km and 55 km.
These maxima can be seen again in the model results and in the south-
ern hemisphere measurements during the first event. Ozone recovers
quickly above 50 km in both hemispheres after the second large event
whereas an ozone loss of about 10 % continues for several weeks after
the events below 50 km.
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Figure 10.6: Ozone change in both hemispheres above 60° magnetic latitude.
Below each representation of the measurements the corresponding model
results are shown. Retrieved profiles and model results are daily and zonally
averaged.

The interhemispheric difference is well captured by the model, as
well as the fast recovery of ozone at higher altitudes due to the short
lifetime of HO, and photolytic production of ozone. At lower altitudes
the recovery of ozone is well captured by the model. The model also
shows the regime change at about 50 km between ozone loss driven by
short-lived HO, and by long-lived NO,. The modeled long-term ozone
recovery is only slightly faster than that seen in the observations.
This again is most likely due to underestimated ionization rates (see
Section and Section [10.3.3)).

The establishment of two maxima is due to the already recovered
ozone in the boundary region and the renewed ionization in the HO,
region. In the southern hemisphere the model does not show these
maxima, this most likely due to the incorrect HO, production during
large events as discussed in the previous section.
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Additionally, an enhancement of ozone can be observed in both
hemispheres above 45 km on 26 November in the northern hemisphere
and from 22 to 27 November in the southern hemisphere. This was

also seen by [Seppala et al.| (2004) and is a seasonal effect.

10.3.4 HO, and NO, Regimes

In a HO, dominated regime and for a horizontally homogeneous pro-
ton precipitation, the solar proton event induced ozone change is larger

at larger solar zenith angles (Solomon et al., [1983). This is due to the

fact that at higher solar zenith angles the solar proton event induced
HO, production is larger relative to the HO, production from HoO
photolysis (Solomon and Crutzen}|1981)). In contrast, the NO,, induced
ozone loss is relatively large at even low solar zenith angles. The NO,

catalytic cycle is more efficient due to enhanced production of atomic
oxygen by photolysis (see Equation (10.2)).

Figure shows the change of the measured ozone concentrations
from 29 to 30 October above 70° S geomagnetic latitude as a function
of the solar zenith angle for different altitudes.
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Figure 10.7: Ozone change from 29 to 30 October above 70° S geomagnetic
latitude as a function of the solar zenith angle. Averaged measurements are
shown from 36 km to 63 km.
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Figure 10.8: Ozone depletion rates at different altitudes in the northern
hemisphere on 29 and 30 October across the border of the auroral oval.
Averages of the ozone changes within 10° latitude bins have been taken.

Ozone is depleted mainly through NO, at lower altitudes and small
solar zenith angles. Less ozone is depleted during the solar proton
event with increasing solar zenith angle. At higher altitudes, more
ozone is depleted with increasing solar zenith angles during the solar
proton event. The dependence of the ozone depletion on the solar
zenith angle cannot be separated from the dependence on the magnetic
latitude. Although this weakens the effects shown in Figure [I0.7] the
dependence on the geomagnetic latitude can not explain the different
behavior of the ozone change at different altitudes.

10.3.5 Vertical and Horizontal Extent
of the Ozone Depletion

The model calculations presume a vertical edge to the ionization at
60° magnetic latitude. Incorrect assumptions for the shape of the ion-
ization area are a potential error source for modeling the ozone loss.
In Figure|10.8 ozone losses are shown across the border of the auroral
oval.

Ozone losses are not significant at low geomagnetic latitudes. They
increase over a certain geomagnetic latitude range, and then stay more
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or less constant at high geomagnetic latitudes. At higher altitude the
transition from low to high ozone change occurs in a relatively small
geomagnetic area around 50° N to 60° N geomagnetic latitude. With
decreasing altitudes, the transition region gets larger and the transi-
tion is less sharp. At lower altitudes ozone losses occur at geomagnetic
latitudes of 40° N to 50° N.

Although these findings can not be evaluated quantitatively because
of the correlation of magnetic latitude and the solar zenith angle, sig-
nificant ozone depletion is found at geomagnetic latitudes between
40° N and 50° N. Neither vertical transport of NO, can be a reason,
due to the slow vertical motion of the air masses, nor the gyro radii
of the incident protons, which increase at lower altitudes only up to
about 1000 km. The most likely reason is that the edge of the ioniza-
tion is not as sharp as assumed in most of the models.

10.4 Infrared Atmospheric Band
Emissions

Observations of Infrared Atmospheric band limb emission ratesﬂ dur-
ing the solar proton event in October and November 2003 are shown in
this section and indicate another novel way to observe solar storms]]

10.4.1 SCIAMACHY Infrared Atmospheric Band
Spectra

Figure m shows a modeled emission spectrum (Degensteinl [1999)
and a sample SCIAMACHY spectrum in the Infrared Atmospheric
bands at an altitude of 55 km.

Jones and Harrison! (1958) detected the Infrared Atmospheric band
emissions in rocket measurements. Evans et al| (1968)) and [Llewellyn
et al.| (1973)) showed the first limb emission rate profiles and made clear

6 The limb emission rate is the integrated emission rate along the line of sight in
limb viewing geometry (the rate is called non-inverted).
7 See also the introduction of the Infrared Atmospheric band in Section
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Figure 10.9: Left: Modeled Oz(a'A; — X*%;) spectrum around 1.27 pm
which exhibits the P- and R-branches in the rotational-
vibrational spectrum, and the centered @-branch. Courtesy of D. Degen-
stein. Right: Sample Oz(a'A; — X%, ) emissions as measured by ScIa-
MACHY at 55km tangent height. Due to a spectral resolution of about
0.21 nm the spectrum is fairly smooth, but shows similar branch structures
like in the modeled spectrum (left panel).

that the main source of Oz(alA, — X?’Eg ) emissions in the upper
atmosphere is ozone dissociation in the Hartley bands, i.e.,

O3 + hv — Oz(a’Ag) + O(*D). (10.5)

[Mlynczak and Olander|(1995) reviewed the sources and sinks of the In-
frared Atmospheric band limb emission rates, whose losses can roughly

be summarized by

0s(a'Ag) — OQ(XSEQ) +hv (1.27pm) (10.6)
and secondly quenching

O2(a'Ag) + M — 02(XS;) + M, (10.7)

mainly by the most abundant atmospheric trace gas moleculesEl Re-
liable ozone profiles and columns have been induced from Infrared
Atmospheric band limb emission rate measurements, (e.g.,
[and Witt] [1977; [Weeks et al.l [1978; [Thomas et al., [1983} [Evans et al.
. Although the general reaction schemes are well known, the po-
tential errors in the key rate constants are still large; they range from

8 Mainly Oz and N»
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five to more than several hundreds percent (Mlynczak and Olander]
. The Einstein A coeflicients for the spontaneous emission in
Equation retrieved from several measurements and compiled in
the HITRAN spectroscopic database (Rothman et all 1998) differ by
a factor of two, and recently derived rate coefficients from
land Olander| (1995) are smaller by a factor of 1.75 than, e.g., from
Badger et al.| (1965).
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Figure 10.10: Non-inverted altitude limb emission profile of
O2(a'Ag — X3Eg) limb emission rates in a spectral range between
1.2685 pm and 1.2695 um. The peak is mainly caused by the decreasing
(ozone) density at higher tangent heights (and therefore smaller amounts
of the O2(a’Ag) state of Oz), the increasing quenching, and the increas-
ingly absorbed radiation in the Hartley bands at lower altitudes. The
measurement was taken on 20 October 2003 (08563, 1328, 10).

Figure shows a non-altitude inverted Infrared Atmospheric
band limb emission profile from a sample SCIAMACHY measurement
on 20 October 2003. The profile peaks at about 50 km what is caused
by the decreasing air and ozone density at higher altitudes and by the
increased quenching and the decreasing ultraviolet radiation at lower
altitudes.
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10.4.2 Infrared Atmospheric Band
Limb Emission Rates

The limb emission rates exhibit a significant decrease during the solar
proton event as for the presented ozone concentration in Section [10.3
because the Infrared Atmospheric band emissions are mainly excited
through the photolysis of ozone.

Figure shows the ratio of the integrated limb emission rates
in the spectral range between 1267 nm and 1271 nm during the solar
proton event in October and November 2003 relative to the reference
time period between 20 and 24 October 2003. About 500 spectra for
each day have been averaged. The retrieved emission profiles are not
altitude inverted and the measurements show therefore bends, espe-
cially at lower tangent heights.

A clear connection to the solar proton event is observable. The
decrease starts on 28 October with decreasing emission rates of up
to 30 %. On 29 October depletion maxima between 60 km and 70 km
are observable in both hemispheres. Especially in the southern hemi-
sphere the emission rates recover until 2 November when the second

event (see Figure [10.1]) starts.
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Figure 10.11: Change of Infrared Atmospheric band limb emission rates
during the solar proton event in October and November 2003 relative to a
reference period of 20 to 24 October 2003. All available spectra on a par-
ticular day have been taken for this representation, i.e., about 500 spectra
on each day. The shown observations are zonally averaged into 10° lati-
tude bins between 85° S and 75° N. The measurements show a significant
decrease of Oz(a'Ag — X?2;) limb emission rates at the same altitude and
time similar to the depletion of ozone as shown in Figure
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10.5 Summary

In this chapter the ozone depletion as retrieved from SCIAMACHY mea-
surements during the solar proton events in October and November
2003 was shown. The depletion rates are in agreement with the loca-
tion and arrival of the incident solar proton fluxes, and the calculated
ionization rates. The depletion in the northern hemisphere is restricted
more closely to the geographical pole whereas the southern hemisphere
depletion is confined to the geomagnetic polar region. Depletion rates
reach 60 % or more in the northern hemisphere and 40 % in the south-
ern hemisphere. The interhemispheric difference is caused by different
water vapor amounts. Model runs show that the HO, production is
overestimated for large events while the NO, production is slightly
underestimated. Time series of observations indicate the extent and
temporal order of the ozone depletion. The border of the HO, and
NO, regimes at about 50km is clearly distinguished. The establish-
ment of two simultaneous depletion maxima in both hemispheres has
been identified, these are caused by temporally and spatially changing
HO, and NO, regimes during the proton events, respectively.

In a second part observations of Infrared Atmospheric band limb
emission rates during the solar proton event were presented. They
show a similar temporal change of the emission rates as those observed
for the ozone depletion rates. These emission rates may provide a novel
way to study solar proton events.



11 Conclusions and Outlook

This thesis documents the evaluation of a novel retrieval technique
to infer ozone concentration profiles in the upper stratosphere and
lower mesosphere from SCIAMACHY limb scatter measurements in the
Hartley bands. A second focus has been on the observation of ozone
distributions and the ozone depletion by highly energetic solar protons
during the solar storm between 26 October and 6 November 2003.

A retrieval technique (current VERSION 2.25) has been developed
successfully, and comprehensive sensitivity and validation studies have
been performed. These studies show that the technique provides reli-
able ozone concentration profiles between altitudes of 35 km and 65 km.
Although the technique itself has an accuracy of better than 10 %,
the error in the tangent height specification leads to total inaccura-
cies between 15 % and 20 %. Even so, comparison with well validated
observations for other instruments up to an altitude of 50 km shows
an agreement for the collocated profiles that is generally within 10 %,
and within at least 20% above this altitude. A slight overestimate
between 40 km and 50 km has been found and an increasing deviation
with increasing altitude due to the tangent height offset. The retrieved
ozone profiles have also been validated between 50 and 65 km with a
mean agreement of 20 %. More validations need to be performed in
the future since the comparisons with HALOE ozone profiles provide
only partial validation as there is some uncertainty in solar zenith
angle correction.

The morphology of ozone in the upper stratosphere and lower meso-
sphere has been displayed by global concentration contours. Apart
from the tropical ozone maxima during the northern and southern
summers a south tropical ozone accumulates in the winter due to a
strong polar vortex what is known as the collar effect.
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The retrieved profiles have been used to display the ozone depletion
during the strong solar proton storms in October and November 2003.
These show that the main chemical processes are well understood
although comparisons with models show deviations that are mainly
caused by incorrect settings. The observations can also be used to
determine other parameters, such as the extent and change of the
magnetic field due to extraterrestrial events, or to infer the ionization
rates.

This work shows the feasibility of providing reliable information on
ozone up to 70km through the technique of using limb scatter mea-
surements in the Hartley bands. The common way to infer ozone pro-
files at lower altitudes is the use of the Chappuis bands, and the oxygen
Infrared Atmospheric band transitions at higher altitudes. It will be
the task of future work to combine these retrieval techniques and to
provide overall SCIAMACHY distributions between 15km and 92 km
altitude.

The retrieved ozone data allow an investigation of numerous at-
mospheric properties, e.g., the ‘collar effect’ and the correlation of
the Infrared Atmospheric band transitions at solar proton event. It
should also be mentioned that an additional ozone enhancement at
70km altitude was observed that indicates a novel geophysical fea-
ture during solar proton precipitation.
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A Mipras and GomMmos on Envisat

The instrument Michelson Interferometer for Passive Atmospheric
Sounding (Mi1pas), directly opposite to the flight direction of En-
visat, scans the limb of the Earth for tangent heights ranging from
5km to 160km in 3km steps with an instantaneous field of view of
0.045° x 1.8°, which is about 3 km x 30 km at the tangent point. A typ-
ical vertical scan lasts about 75s, corresponding to a forward motion
of the spacecraft of about 460 km. As it is for SCIAMACHY limb mea-
surements, the tangent point is about 3000 km away from the location
directly underneath the satelliteEI Due to the related measurement
technique and geometry, MiPAS was used for validation campaigns
with SCIAMACHY ozone profiles.

The second spectrometer on Envisat, the Global Ozone Monitoring
by Occultation of Stars (GoMOS) instrument (Bertaux et al., 1991}
Esal 2001)) measures the ultraviolet radiation from 250 nm to 675 nm
reflected from the stars, and in two small infrared bands. The spec-
tral resolution is between 0.2nm and 1.2nm. Besides the two spec-
trometers, GOMOS consists of two fast photometers that monitor the
input signal scintillations and turbulences. Up to forty stars are ob-
served along one orbit, and thus a good global coverage is achieved.
Measurements can in principal made in daylight, but due to stray
light contamination, only nighttime observations are currently used
for inversions. Since disturbing light sources are avoided very accu-
rate ozone profiles have been retrieved (Bracher et al., |2005]).

1 This point is called the sub-satellite point.
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B Description of the
Aerosol Extinction

Mie theory (Miel [1908) describes the scattering properties of particles
whose size is large compared to the wavelength of the incident radia-
tion, and strictly speaking, this theory is only valid for spherical and
di-electrical particles in the far field. Mie theory is only an estimation
for many atmospheric applications. The Mie size parameter
27r

8= - (B.1)
is a coarse parameter that determines if the theory is applicable.
r denotes the radius of the scattering particle and A\ the incident
wavelength. The main contribution for § < 1 is Rayleigh scatter-
ing. Atmospheric molecular diameters are typically three magnitudes
smaller than the visible wavelength. This scattering is described by
the Rayleigh formalism. However, in the microwave region, rain drops
are also Rayleigh scatterers. The Mie formalism becomes important at
B > 0.05. The scattering coefficient shows an oscillatory dependence
on § and depends on other particle properties (Wallace and Hobbs|,
1977). The aerosol extinction can be modeled with a parametrization
(Hess et al., [1998)),

Kai = 0L, A7 (B.2)

where typical values are «; € [—0.5,2]. o} is the aerosol extinction
at A = 1pm. The sum of the aerosol scattering coefficients and the
aerosol absorption coefficients yields the aerosol extinction coefficient
Kq; for each aerosol type i.

The angular distribution (;(y) is also described by the Mie theory.
The Henyey-Greenstein phase function is a common approximation
(Sobolev, [1975]),
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1—g2
i = , B.3
)= e (B3

where v denotes the scattering angle and g is an asymmetry factor in
the range [—1,1].

In general the absorption by aerosols in the stratosphere is much
weaker than scattering and in this case the extinction coefficient is
approximated by the scattering coefficient alone,

Rai = Ogqj - (B4)

The total aerosol extinction coefficient x, is the sum of the individual
extinction coeflicients,

N
Ra Z N Oqi 9 (B5)
i=1

and the effective aerosol scattering phase function ( is the average of
all individual aerosol scattering phase functions (; weighted with their
corresponding scattering coefficients,

N
¢ = izt %aiGi (B.6)

ZzNzl Oai

The Rayleigh phase function (4.8)) and the aerosol phase function (B.3|)
cannot be added together directly. All possible scattering processes
have to be taken into account for a summation (Kaiser} 2001)).
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D Acronyms

Acronyms Meanings

AATSR Advanced Along Track Scanning Radiometer

ASAR Advanced Synthetic Aperture Radar

BMBF BundesMinisterium fiir Bildung und Forschung

CET Central European Time

CRISTA CRyogenic Infrared Spectrometers and Telescopes for
the Atmosphere

DLr Deutsches Zentrum fiir Luft- und Raumfahrt

DoRris Doppler Orbitography and Radiopositioning Integrated
by Satellite

Envisat Environmental satellite

ERrs 2 FEuropean Remote Sensing satellite 2

Esa European Space Agency

Fm Flight Model

FwaMm Full Width at Half Maximum

GEANT4 Giga bit European Academic NeTwork 4

GOEs-11 Geostationary Operational Environmental Satellite 11

GOME Global Ozone Monitoring Experiment

GoMOSs Global Ozone Monitoring by Occultation of Stars

HALOE Halogen Occultation Experiment

MK Institut fiir Meteorologie und Klimaforschung

LIDAR Light Detection And Ranging

LORE Limb Ozone Retrieval Experiment

LRR Laser RetroReflector

Lr Local Time

MERIS MEdium Resolution Imaging Specrometer

MipAs Michelson Interferometer for Passive Atmospheric
Sounding

MLs Microwave Limb Sounder

MwR MicroWave Radiometer
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continued

Acronyms Meanings

Nasa National Aeronautics and Space Administration

NSERC National Sciences and Engineering Research Council

OSIRIS Optical Spectograph and Infra-Red Imaging System

Poam Polar Ozone and Aerosol Measurement

Ra-2 Radar Altimeter 2

Ram Radiometer for Atmospheric Measurements

RsaAs Rayleigh Scattering Attitude Sensor

SAGE Stratospheric Aerosol and Gas Experiment

SBUV Solar Backscatter UltraViolet

SCIAMACHY SCanning Imaging Absorption spectroMeter of Atmos-
pheric CHartographY

SLIMCAT Single Layer Isentropic Model of Chemistry And
Transport

SME Solar Mesosphere Explorer

SOLSE Shuttle Ozone Limb Scattering Experiment

TRUE Tangent height Retrieval by Ultraviolet-B Exploitation

UARS Upper Atmosphere Research Satellite

UcamP Universities Global Atmospheric Modelling Programme

Utc Universal Time Coordinated

VK Vegard-Kaplan

WwMM 2000 World Magnetic Model 2000

WMo World Meteorological Organization
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