Appendix A

A new approach to derive the BrO absorption of the Fraunhofer spectrum from the
comparison of ground based and satellite data

In contrast to satellite observations the Fraunhofer spectrum used for ground based DOAS
measurements contains BrO absorption features, because usually no extraterrestrial spectrum
measured with the same instrument is available. Commonly a spectrum measured at low SZA
is used as Fraunhofer spectrum which contains only small atmospheric absorptions. However,
to derive the total SCD from the DOAS analysis, the BrO SCD of the Fraunhofer spectrum
(SCDgef) has to be added to the retrieved difference in the SCDs of the measured spectrum
and the Fraunhofer spectrum:

SCDyot = SCDyitr + SCDRget (A1)

Here we present a new method for the determination of SCDges. Especially for species which
are mainly located in the lower stratosphere and with a pronounced diurnal variation (like e.g.
BrO and OCIO) this method is more accurate than the methods usually used.

Up to now mainly two methods have been used (see e.g. Otten et al. [1998]) for the
determination of SCDgef:

A) The use of a moonlight spectrum as Fraunhofer spectrum. Since during night all BrO is
expected to be converted into reservoir species the BrO absorption of a moonlight spectrum is
negligible. However, this method is subject to two large uncertainties: First, because of the
low light intensity the fitting error is relatively large. Second, because of the large Ring effect
also strong systematic errors can occur.

B) The Langley-plot method which is based on the calculation of AMFs. From Equation 5.1 it
directly follows:

SCD(SZA) = VCD - AMF(SZA) (A2)
Combining Equations A1 and A2 we derive:
SCDgit(SZA) = VCD - AMF(SZA) - SCDget (A3)

Thus, we expect a linear relation between the measured SCDyi(SZA) and the calculated
AMF(SZA) for a data set covering different SZA (e.g. measured during a day). If the
measured SCDyier (SZA) is plotted as a function of the calculated AMF(SZA) we can derive
VCD from the slope and SCDg¢f from the y-intersect of the graph. This graph is referred to as
Langley plot. Two prerequisites must be fulfilled for the application of the Langley plot
method: First, the VCD must be constant for different SZA; second, the AMF must be
appropriate for the measurements. For BrO both requirements are not fulfilled. In particular,
because of the lack of knowledge about the BrO concentration profile large uncertainties
result for the AMF calculation (see section 5).

This can be seen in Figure Al. Using AMFs for slightly different profile heights leads to
significantly different SCDge.
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Figure A1 Determination of SCDg.s for ground based measurements of BrO using the Langley
plot method. Applying AMFs for only slightly different profile heights leads to significantly
different results in SCDg,y.

The new method developed within this PhD-thesis is based on a comparison of ground based
and satellite BrO observations. Such a comparison was performed for a period of about 3
months with the ground based measurements at Kiruna for the daily GOME overpass(see
section 6.4.1). During this period the SZA for the satellite’s overpass changed from about 90°

to about 70°.

SCD BrO ground based and satellite measurements at Kiruna
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Figure A2 SCD BrO from ground based and satellite observations for the period from
January to March 1997 at Kiruna. At the beginning the SZA is about 90° at the end about

70°.
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Air mass factors for different profile heights
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Figure A3 BrO AMFs for satellite and ground based observations calculated for different
atmospheric BrO profiles. In the lower panel the ratio of both sets of the AMF's is shown.
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Figure A4 Comparison of the ratio of the ground based and satellite AMFs and the ratio of
the measured BrO SCDs.

In Figure A2 the comparison of the BrO SCDs for both data sets is shown. While the long-
term decrease of the measured SCDs is due to the changing SZA there are many short time
variations which can be found similarly in both data sets. However, there is also a systematic
difference of both measurements: At the beginning of the period (for large SZA) the BrO
SCDs from the ground based observation are larger, at the end of the period (for small SZA)
they are smaller than the BrO SCDs from satellite measurements. This systematic behaviour
can be explained by the different atmospheric radiative transport for satellite and ground based
measurements. In Figure A3 AMFs calculated for ground based and satellite observations are
shown. The calculations were performed for BrO profiles with a Gaussian shape (FWHM: 7.5
km) and different heights of the concentration maximum. Also displayed is the ratio of the
ground based AMFs and the satellite AMFs for the different BrO profiles. It is found that for
all BrO profiles this ratio depends systematically on the SZA: For large SZAs the AMFs for
ground based observations are enhanced compared to satellite observations, for small SZAs
vice versa.

In Figure A4 the ratios of the AMFs are compared to the ratios of the measurements from
ground and satellite plotted as a function of the SZA.

It can be seen that the measurements fit the AMF calculations well. Towards large SZA the
scatter of the ratio of the measurements decreases, thus it is possible to derive information
about the most probable profile height of the atmospheric BrO concentration during the period
of the measurements. From Figure A4 it turns out that the best agreement is achieved for an
assumed height of the BrO concentration maximum of about 14 km. This is in good
agreement with BrO balloon measurements made during the same period at Kiruna [Pundt et
al., 1998; Harder et al., 1998].
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For small SZAs the ratio of the measured BrO SCDs depends strongly on the assumed value
for the SCDys BrO of the Fraunhofer spectrum, because the total SCD BrO is small. For the
measurements shown in Figures A1 and A4, the SCDg,r derived from the Langley plot for the
BrO profile maximum at 16 km (SCDg¢f = 2.4 10" molec/cm?) was used.

Figure AS presents the same comparison as in Figure A4 but with different (total) BrO SCDs
for the ground based measurements according to the different SCDges derived from the
Langley plots for the BrO profile maximum at 14 km and 18 km, respectively. It is found that
this comparison is very sensitive to the assumed values for SCDger. With this method the
SCDgs was determined as (2.4+0.2)-10"* molec/cm?. Compared to the Langley plot method
the uncertainty is reduced by about a factor of three to four. The SCDg¢s determined with the
new method was used for the ground based BrO data shown in section 6.4.
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Figure A5 Determination of the BrO absorption of the Fraunhofer spectrum (SCDg.y for
ground based measurements from the comparison to satellite observations. If the different
values for SCDger derived from the Langley plot method are used (Figure A2) to calculate the
ground based BrO SCDs the derived ratios of ground based and satellite BrO SCD differ
significantly from the ratios of the AMFs.

177



Appendix B
Publications
An overview of the author’s publications is given in the reference list.

The author also contributed to several further articles:

Friess, U., M.P. Chipperfield, H. Harder, C. Otten, U. Platt, J. Pyle, T. Wagner, and K.
Pfeilsticker, Intercomparison of measured and modelled BrO slant column amounts for
the Arctic winter and spring 1994/95, Geophys. Res. Lett., in print, 1999.

Marquard, L.C., T. Wagner, and U. Platt, Improved Air Mass Factor Concepts for Scattered
Radiation Differential Optical Absorption Spectroscopy of Atmospheric Species, J.
Geophys. Res., revised 1999.

Otten, C., F. Ferlemann, U. Platt, T. Wagner, and K. Pfeilsticker, Groundbased DOAS
UV/visible measurements at Kiruna (Sweden) during the SESAME winters 1993/94 and
1994/95, J. of Atm. Chem., 30, 141-162, 1998.

Pfeilsticker, K., F. Erle, O. Funk, L. Marquard, T. Wagner, and U. Platt, Optical path
modifications due to tropospheric clouds: Implications for zenith sky measurements of
stratospheric gases, J. Geophys. Res., 103, 25323-25335, 1998.

Platt, U., L. Marquard, T. Wagner, and D. Perner, Corrections for zenith scattered light
DOAS, Geophys. Res. Lett., 24, 1759-1762, 1997.

Van Roozendael, S.R. Alliwell, P.V. Johnston, A. Richter, M. Van Roozendael, T. Wagner,
D.W.Arlander, J.P. Burrows, D.J. Fish, R.L. Jones, K. Karlsen TOrnkvist, J.-C.
Lambert, K.Pfeilsticker and I.Pundt, Analysis for BrO in zenith-sky spectra - an
intercomparison exercise for analysis improvement, fo be submitted to JGR, 1999b.

178



Danksagung

An dieser Stelle mochte ich mich bei all denjenigen bedanken, die mich wéhrend der letzten
Jahre begleitet und zum Gelingen dieser Arbeit beigetragen haben.

Herrn Prof. Dr. Ulrich Platt danke ich fiir das interessante Thema. Von besonderer Bedeutung
waren fiir mich seine Ideen und Phantasie sowie die grofle Freiheit, die er mir bei der
Durchfiihrung dieser Arbeit gewihrte.

Herrn Prof. Dr. Konrad Mauersberger danke ich fiir die interessierte Begutachtung dieser
Arbeit.

Den Mitgliedern meiner Arbeitsgruppe danke ich dafiir, daB ich mich in ihrer Gegenwart
wihrend der letzten Jahre wohl fithlen konnte und daf3 sie mir in vielen fachlichen
Fragen stets Ansprechpartner waren. Insbesondere erwihnt seien Cornelius Oftten,
Miriam von Konig, Eric Scheer, Thomas Etzkorn, Rainer Volkamer, Lutz Marquard,
Frank Erle, Andreas Zahn, Frieder Ferlemann, Klaus Pfeilsticker, Jochen Stutz, Eul-
Soon Kim, Hartwig Harder, Udo Friess und Thorsten Agemar.

Mit Carsten Leue und Eckhard Lehrer verband mich das Thema meiner Arbeit auf besondere
Weise. Eckhard hatte stets ein offenes Ohr fiir Fragen beziiglich der tropospirischen
Chemie. Carsten danke ich fiir seine kompetente und stets hilfsbereite Art, die eine
enge, fiir mich als ganz besonders fruchtbar empfundene Zusammenarbeit ermoglichte.

Thanks to many colleagues from other institutes for interesting discussions: in particular
Andreas Richter, Irene Pundt, Michel van Roozendael, Karin Kreher, Ilse Aben, and
Carl-Fredrik Enell. The fruitful collaboration with Irene Pundt was a great experience to
me. Many thanks to Karin Kreher and Irene Pundt for their very constructive
corrections. I enjoyed the discussions with Andreas Richter and Michel van Roozendael.

Sonja Burgos-Vela danke ich fiir Ihre umfangreiche Englischkorrektur der Arbeit.

Ein herzliches Dankeschon gilt meinen Eltern Hans und Lucia Wagner, die mein Studium
stets unterstiitzten und mit Interesse verfolgten.

179



