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Abstract

This study exploits nadir spectral measurements in 325-335 nm range to infer total col-
umn ozone (TCO) from the Global Ozone Monitoring Experiment (GOME) and SCan-
ing Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY)
instruments.TCO from these two instruments retrieved using the Weighting Function
Differential Optical Absorption Spectroscopy (WF-DOAS) are presented. Unlike in stan-
dard DOAS where the fitting procedure results in ozone slant column which needs to
be converted into vertical column (TCO) by using air mass factor (AMF), in our novel
approach direct retrieval of vertical column amounts of ozone is possible by fitting ver-
tically integrated ozone weighting function to the sun-normalized radiances. Other im-
plementations include proper modelling of the Ring effect including Raman correction
for ozone absorption, the implicit use of the effective albedo and effective scene height
accounting for cloud effects, and an ozone temperature correction. The new algorithm
has been extensively validated with ground-based Dobson and BrewerTCO measure-
ments. In general, the agreement betweenGOME WF-DOAS and ground stations data is
very good and the validation shows that the retrieval accuracy ofWF-DOAS is within the
uncertainty of current ground-based instruments. Better agreements are observed in the
comparison with Brewer measurements than with Dobson measurements. This may be
explained to a large extent by the neglect of ozone temperature correction in the stan-
dard retrieval for Dobson and Brewer. Temperature correction has a larger effect on the
Dobson results. The accuracy ofWF-DOAS retrievals makesGOME data very attractive
for evaluating the ground-based network data. Eight years ofGOME data are used to
assess the quality of theWOUDC-archived Brewer data. It is shown that monitoring of
Brewer data quality and identification of problems in Brewer instruments are possible.
This method can also be applied to other ground-based instruments.

Despite improvement withWF-DOAS, somewhat larger differences between satellite
TCO and ground based measurements remain at high latitudes under low sun conditions.
The persistentTCO differences are due in part to profile shape sensitivity of satellite
TCO retrieval algorithms. Improved ozone and temperature profile climatologies, which
is prepared and presented in this thesis, will lead to improved satellite ozone measure-
ments. The effect of ozone and temperature profiles onTCO retrievals is explored. The
study demonstrates that an improved and updated ozone and temperature climatologi-
cal profiles can reduce the systematic errors in the retrievedGOME TCO, in particular at
high solar zenith angles.

For SCIAMACHY application, the only change of algorithm is for calculating the ref-
erence spectra online in each iteration during retrievals rather than using look-up tables.
ScaledSCIAMACHY FM ozone cross-section and wavelength pre-shifted by 0.016 nm,



2 Abstract

as determined from our comprehensive investigation performed in this thesis, is used
for the calculation of reference spectra and the Ring spectra. Improved cloud products
and the new ozone and temperature profile climatologies are used. Quality of the re-
trievedTCO is assessed by correlative measurements fromGOME and selected Brewer
spectrophotometers. In general a good agreement is achieved apart from a scan angle
dependent offset of about -1% to -2%. The reason for the offset is not understood but
part of the offset might be related to the calibration errors in the level 1 data. Never-
theless, combined data set fromGOME and SCIAMACHY as retrieved fromWF-DOAS

algorithm presented in this thesis will be valuable for long-term ozone studies.
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1 Introduction and Motivation

1.1 Current understanding of atmospheric ozone

The aeronomy and meteorology of atmospheric ozone have been studied for more than
one and half century but coordinated research did not start before the 1950s [e.g.Dob-
son, 1968;Wayne, 2000]. Substantial progress in the scientific understanding of ozone
has been a result from intense research mainly over the last thirty years.

G.M.B. Dobson established the main features of atmospheric total column ozone
(TCO) distribution in the first few years of regular observations that were initiated in
the 1920s [Dobson, 1968]. Global information on the distribution ofTCO has been pro-
vided by space-based instruments since 1970s. Information on the vertical profile of
ozone concentration were derived by Umkehr observations using the ultraviolet spec-
trophotometer since 1920s, measured in situ by ozonesondes since 1960s, and retrieved
from space-based spectrometers since 1970s. Based on the accumulated data sets and
their analysis, we now have a reasonable understanding of the global distribution of
atmospheric ozone and its long-term behavior. The most important feature of theTCO

distribution is a strong latitudinal gradient of total ozone with lower values over the
tropics and higher values at mid and high latitudes. The latitudinal gradient ofTCO has
a pronounced annual cycle, with maximum in spring and minimum in fall. The ampli-
tude of the annual cycle is a function of latitude with a maximum at about 60◦ north
and south and minimum over the tropics. Obvious explanation for this feature is that
ozone gets transported from the tropical source region to extra-tropics. Such transport
is possible due to a rather long life time of ozone in the lower stratosphere and sec-
ondly to the Brewer-Dobson circulation that transports ozone from the photochemical
production region in the tropics into higher latitudes [Randel et al., 2002;Weber et al.,
2003]. The origin of this circulation and its seasonal cycle are well understood [Holton
et al., 1995], however the exact ascent mechanism in the tropics [e.g.Plumb, 1996] and
dilution of tropical air mass from mid latitudes [Avallone and Prather, 1996] are still
difficult to quantify.

In addition to the annual cycle,TCO variation occurs on shorter timescales. For ex-
ample, theTCO variations are highly correlated with synoptic scale meteorological dis-
turbances [Dobson, 1968;Wirth, 1993]. Ozone at a location is observed to decrease
with the passage of cold fronts and increase with the passage of warm fronts. Persistent
TCO variability have been related to the quasi-biennial oscillation (QBO) [e.g.Baldwin
et al., 2001;Steinbrecht et al., 2003], solar variability [e.g.Jackman et al., 2000;Zerefos
et al., 1997], El Nĩno Southern Oscillation (ENSO) [e.g.Shiotani, 1992;Zerefos et al.,
1997], and volcanic eruption [e.g.Chandra, 1993].

The distribution of ozone is governed by a complex interaction of dynamical, chem-
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ical, and radiative processes. Dynamical processes affect ozone abundance firstly,
through temperature and secondly, through transport and mixing. These two aspects
are however related. Ozone changes are found to be correlated with lower stratospheric
temperatures [Miller et al., 1992;Wirth, 1993;Petzoldt et al., 1994], with tropopause
height [Hoinka et al., 1996;Steinbrecht et al., 1998;Birner et al., 2002], and with isen-
tropic potential vorticity near the tropopause [Allaart et al., 1993]. In the extra-tropical
lower stratosphere where the transport timescales is shorter than the chemical lifetime
of odd oxygen, the ozone distribution is largely influenced by the residual circulation
(Brewer-Dobson circulation) on the one hand and isentropic transport and mixing on the
other. Both of these processes are driven by wave activity that is generated in the tro-
posphere [Fusco and Salby, 1999;Randel et al., 2002;Weber et al., 2003]. The tropical
branch of the residual circulation plays a very important role in determining the global
structure of stratospheric transport and mixing. However, it is one of the most poorly
understood region of the atmosphere. We have gained sound understanding on lati-
tudinal temperature structure, mean meridional mass circulation, and the hemispheric
asymmetry in the strength and variability of the mass circulation. This understanding,
however, is more qualitative and the prediction ability of the phenomena still remains
poor [Garcia and Boville, 1994;Shepherd et al., 1996].

The basic outline of the chemistry controlling atmospheric ozone is known. Oxygen
only Chapmann mechanism, ozone loss processes resulting from catalytic O3 cycles,
heterogeneous chemical processes, other various reaction mechanisms relevant to a par-
ticular altitude, e.g. the tropospheric ozone formation and loss processes, are well es-
tablished. Improved laboratory measurements of rate coefficients for various reactions
are now available [DeMore et al., 1997]. There are various types of atmospheric chem-
istry models ranging from box to three-dimensional (3D) [e.g.Chipperfield, 1999] that
link measurements and theory. Many advanced models do quite well in reproducing the
general behavior of ozone in the atmosphere. Nevertheless, there appears to be some
discrepancies between model results and measurements, for example, in the stratopause
region and in the amount of ozone loss. Models will benefit from more laboratory works
and improved representation of transport. The latter can be achieved by incorporating
high qualityTCO data from ground-based and satellite measurements into the model as
feed back.

Besides the natural factors described above, there are also anthropogenic factors that
are responsible for global ozone changes. The enhanced levels of anthropogenic chlo-
rine and bromine in the stratosphere perturb the ozone layer. After the discovery of the
ozone hole in Antarctica [Farman et al., 1985], many studies have been done on trend
analyses and the ozone decline over Antarctica, Arctic, and mid latitudes regions have
been observed. No significant trend is evident in the tropics [WMO, 2003]. However,
in recent years an increase in high latitude ozone has been observed. There is still some
debate on if this may be a sign of recovery as a consequence of the reduction in Chlo-
rofluorocarbons (CFCs) or if this is due to circulation changes [Newchurch et al., 2003;
Dhomse et al., 2006].

A TCO decline is accompanied by increases in the solarUV irradiance at the earth’s
surface [Kerr and McElroy, 1993, see for example]. The link between ozone decline
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and irradiance were studied by various authors [Stamnes et al., 1991;Eck et al., 1995;
Bojkov et al., 1995a]. Researches have also intensified on the effects of increased levels
of UV radiation on human health and terrestrial and aquatic ecosystems. The importance
of exposure to solarUV radiation as a risk factor for melanoma has been confirmed [e.g.
Beitner et al., 1990;White et al., 1994]. Besides skin cancer, otherUV effects include
eye damage, immune suppression, and infectious diseases [e.g.van der Leun and de
Gruijl , 1993]. Some research have been reported on the impact of increased surface
solarUV radiation on terrestrial, freshwater, and marine ecosystems as a result of thin-
ning ozone layer [e.g.Runeckles and Krupa, 1994;Williamson et al., 1994]. Forming
a serious threat to the global environment lead to a successful collaboration between
scientists and policymakers introduced the Montreal protocol with the aim of halting
further increases in ambient levels ofUV. As a result of the Montreal Protocol and
its amendments, atmospheric concentrations ofCFCs started to decline. The question
remains if a corresponding slow down in the ozone decline has been observed. This
requires continued monitoring of the ozone layer in the next decade.

1.2 Total column ozone monitoring instruments

Ozone measuring instruments have played an important role in our current level of un-
derstanding of atmospheric ozone. Two principal methods exist that are either based on
the chemical method or the spectroscopic method. The chemical method is applicable
for in-situ measurements. For example, the vertical distribution of ozone is measured
by using the Electrochemical Concentration Cell (ECC) ozonesonde [Komhyr, 1969]. In
this thesis, the focus will be onUV spectroscopic methods of measuringTCO amount in
the atmosphere.

1.2.1 Ground-based measurements

Several ground-based instruments have been devoted to measureTCO. The Dobson
spectrophotometer developed by G.M.B Dobson [Dobson, 1968] in the 1920s forms the
primary standard instruments for ground-based measurements [Bernhard et al., 2005].
About 100 Dobson instruments are in operation worldwide.TCO can be calculated from
the direct sun, zenith sky, or focused moon observations. Direct sun measurements are
more accurate (accuracy of 1% for well-maintained Dobson instrument). Automated
Brewer spectrophotometers [Kerr et al., 1981] are commercially available since 1982.
There are about 130 instruments operating worldwide at present. The retrieval accu-
racy of a properly calibrated Brewer is approximately± 1%, and the precision is better
than± 1%. Brewer spectrophotometers perform simultaneous measurement of SO2

column amount, which is an important interfering absorber forTCO measurement. The
Filter ozonometers [seeBojkov et al., 1994] M-83 and M-124 are another important
ozone observing system with about 47 instruments mostly in the Russian Federation.
Although less accurate, these filter instruments provide valuable data from a region
which occupies almost one third of the landmass in the northern hemisphere. Differen-
tial Optical Absorption Spectroscopy (DOAS) [Noxon, 1975;Platt et al., 1979] applied
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to UV-visible zenith-sky observations performed at twilight allows the measurement of
column amounts of ozone and other trace constituents like NO2, H2O, OClO, etc. The
DOAS retrieval technique consists in studying narrow absorption features after removal
of the broad band signal arising for example from scattering processes. Employing these
technique, long-term routine measurements are made by Systéme d’Analyse par Obser-
vation Źenithale (SAOZ) [Pommereau and Goutail, 1988] and otherUV-visible DOAS

spectrometers since 1980’s. These spectrometers have an accuracy of about 3-5% for
TCO measurements [Lambert et al., 1999]. The Fourier transform infrared spectrome-
ters, lidars and millimeter-wave radiometers have also been used.

StationTCO data have been used to assess ozone changes at a specific site [e.g.Stae-
helin et al., 1998]. For example,TCO measurements at Arosa, Switzerland by Dobson
spectrophotometer represents the longest record ofTCO from ground-based instruments.
Time series ofTCO smoothed over a month and that smoothed over a year are shown in
Figure 1.1. In addition to a strong seasonal cycle, a decreasing trend inTCO is percepti-
ble from the figure. Ground-basedTCO data are also used to validate satellite retrievals
[e.g. Weber et al., 2005] and to assess long-term calibration stability of satellite mea-
surements. These data, particularly from Dobson and Brewer instruments, are more
reliable and stable. These instruments are unevenly distributed with a majority of them
being in the northern mid latitude region. Because of uneven distribution with latitude
of the ground-based instruments and longitudinal inhomogeneity in the ozone field,
long-term global ozone variations and trends estimated exclusively from ground-based
data are not sufficient [Bojkov and Fioletov, 1995b]. Combining both ground-based and
satellite data are therefore required to assess global trends in ozone [Bojkov and Fiole-
tov, 1995b;Fioletov et al., 2002]. Since satellite and ground-based measurements have
complementary strengths, operation of existing ground-basedTCO stations needs to be
continued and additional stations should be established. Moreover, a well-established
and well-maintained data quality program, as presently carried out by the World Mete-
orological Organization (WMO) for Dobson instruments [Staehelin et al., 2003], is also
required for all kind of instruments.

1.2.2 Satellite measurements

First determinations of ozone from back scattered ultraviolet radiation in 1966 were
carried out from theUSSR COSMOSsatellite [Rawcliffe and Elliot, 1966]. Routine and
long-term mapping of the global distribution of atmospheric ozone from space began in
1978 with the Total Ozone Mapping Spectrometer (TOMS) and the Solar Backscattered
Ultraviolet (SBUV) radiometer [Heath et al., 1975] aboard Nimbus 7.TOMS instru-
ments aboard Nimbus 7 (1979-92), Meteor (1992-94),ADEOS (1996-97), and Earth
Probe (1996-present) from theTOMS series,SBUV instruments aboard Nimbus 7 (1979-
90),NOAA-9 (1985-97),NOAA-11 (1989-95),NOAA-14 (1995-98), andNOAA-16 (2000-
present) from theSBUV series. The intent of theSBUV series is to create a continuous
satellite-measured record of both total column and vertical profiles of ozone. TheTOMS

instruments are dedicated to total column measurement. Launched in April 1995 on
boardERS-2 environmental satellite, the hyperspectral Global Ozone Monitoring Exper-
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Figure 1.1:Time series ofTCO measured by the Dobson instrument at Arosa, Switzer-
land from 1931 to 2005. Data are given as monthly averaged (gray) and year
averaged (black) values. Yearly area weighted zonal meanTCO data from
TOMS-series,SBUV-series, andGOME instruments are also shown.

iment (GOME) [Burrows et al., 1999a] provides a global picture of atmospheric ozone
and other relevant trace species like NO2, BrO, OClO, SO2, and HCHO. The higher
spectral resolution (0.2–0.4 nm for wavelengths between 240 nm and 790 nm) and bet-
ter signal-to-noise ratio ofGOME compared to other instruments mentioned above en-
ables ozone profile retrieval down to the upper troposphere [Munro et al., 1998;Hoogen
et al., 1999a, b;Lamsal et al., 2004]. It has been followed up by the SCanning Imag-
ing Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) [Burrows
et al., 1995;Bovensmann et al., 1999;Kamp and Dobber, 2000] launched in 2002. It is
a unique satellite instrument capable of measuring transmitted, reflected, and scattered
sunlight in nadir, limb, and occultation mode.SCIAMACHY observations yield, in ad-
dition to TCO information of various tropospheric and stratospheric constituents. The
Ozone Monitoring Instrument (OMI) launched in 2004 and other instruments in prepara-
tion like GOME-2 (launch in 2006) will be valuable components of the global observing
system for atmospheric ozone.

Satellite instruments have a limited lifetime, typically five years. Changes in op-
erational satellites, interruption in the observation record, and data inhomogeneity put
major difficulties in assessing long-term globalTCO variations. These problems of satel-
lite measurements ofTCO is illustrated in Figure 1.1, which showsTCO time series from
TOMS-series,SBUV-series, andGOME instruments for a latitude band from mid latitude.
It should be noted that part of the discrepancy in satelliteTCO is related to the differ-
ence in latitude bands considered for zonal averaging. As expected, area weighted zonal
meanTCO from satellite instruments do not agree withTCO value from Arosa alone. In
order to develop a continuous data record, ozone data from various sensors need to be
integrated. A consistent merging of data from different instruments often becomes a
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key problem mainly due to uncertainty in instrument calibration and errors in the data
reduction algorithm. The data quality is examined through correlative surface, airborne,
and satellite measurements on global scale as validation activities, which is the basis
of integrating data from various instruments. For instruments having overlap in their
observation period, e.g.SBUV instruments, the relative biases during overlap between
the instrument records are used to adjust all the data sets and to create a cohesive data
set [Planet et al., 2001;Miller et al., 2002]. In another case, the difference between
satellite- and ground-based measurements is used to adjust the data from different satel-
lite instruments [Bodeker et al., 2001]. This kind of adjustment may introduce error in
the derived data due to possible biases in the ground-based measurements.

Quality of ozone data obtained from multiple satellites will benefit from proper cali-
bration and improved retrieval algorithms for various satellite instruments. An accurate
data record results in a reliable ozone trend analysis and improves climate change stud-
ies.

1.3 Ground-based total ozone retrieval

In this section only a brief summary of theTCO retrieval from Dobson and Brewer in-
struments is given. This will be important for characterization of the quality of ground-
based and satelliteTCO data.

Measurement of both Dobson and Brewer instruments are based on sun photometry.
The TCO is derived employing the ozone absorption features of solar light in the Hug-
gins band, in particular in the wavelength region of 305 to 340 nm. For the Dobson
instrument theTCO is determined by measurement of the relative intensities, not the
absolute ones, at two pairs of wavelengths [Komhyr, 1980;Staehelin et al., 2003]. The
following wavelength pairs are presently used: A-305.5/325.4 nm, C-311.5/332.4 nm,
and D-317.6/339.8 nm. The wavelength pairs are chosen from one wavelength that is
relatively unaffected by ozone absorption and another that is strongly absorbed. Stan-
dard measurements use AD-pairs. When the sun is lower in the sky the C-pair can be
combined with the D-pair.

The basic formula to calculate theTCO using AD-pairs is given by:

TCO =
(

NA

µA
− ND

µD

)
10

α̃AD
−ACOR

m
µAD

, (1.1)

where
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β̃AD

α̃AD
1000

P
Po

. (1.2)

The subscripts in Equations 1.1 and 1.2 indicate the name of wavelength pair. N for
example is defined as

log
Io

I′o
− log

I
I′

. (1.3)
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The ratio (of intensity of shorter and longer wavelengths in a pair) in the first term
is determined by the Langley Plot method. Dobson measurement provides the ratio
as given by the second term.µ and m represent the optical air mass for ozone layer
and the relative optical air mass, respectively. The difference in Rayleigh scattering
coefficient for two wavelengths is denoted byβ̃ and that for ozone absorption coefficient
is represented bỹα. P and Po are the pressures of measuring station and mean sea level,
respectively.

The Brewer spectrophotometer determines theTCO by measuring the direct beam,
using a prism that points directly to the sun. The spectrophotometer measures routinely
at 306.3, 310.1, 313.5, 316.8, and 320.0 nm. TheTCO is determined on the basis of
relative intensities at these wavelengths.

TheTCO can be calculated as follows:

TCO =
MS5−0.5MS6−1.7MS7−B1

A1×M2
, (1.4)

where, MS5 =I310.1
I316.8

, MS6 = I313.5
I316.8

, MS7 = I320.1
I316.8

, A1 = differential ozone absorption
coefficient, B1 = extraterrestrial constant, and M2 is the optical air mass. The measure-
ment at 306.3 nm is used for simultaneous determination of SO2.

α̃ in Equations 1.1 and 1.2 and A1 in Equation 1.4 are assumed to be tempera-
ture independent and the absorption cross section at a fixed stratospheric temperature
of -46.3◦ C is employed in the standard algorithm. But, ozone absorption in the Hug-
gins band depends on temperature [Komhyr et al., 1993;Burrows et al., 1999b]. The
wavelengths used in the Dobson spectrophotometry, in particular the D-pair, are more
temperature sensitive than those used in Brewer. Omission of temperature correction
in the operational retrieval algorithm may lead to systematic error of up to 4% in the
Dobson data [Bernhard et al., 2005] and to smaller errors in the Brewer data [Kerr,
2002].

Filter-based ozonometer is based on the same principle as the Dobson spectropho-
tometer and the differential absorption of ultraviolet radiation in the 300-350 nm is
used. However, theM-83 and M-124 instruments use two broadband filters of 22 nm
(291-312 nm) and 15 nm (319-334 nm) and measure the relative attenuation of the solar
ultraviolet irradiances either in direct sun or zenith geometry [Chanin et al., 1998].

The zenith-skyUV-visible spectrometry uses the Chappius band of ozone in the vis-
ible. The spectrometer exploits theDOAS technique [Noxon, 1975;Platt et al., 1979].
The reference spectra are taken at low solar zenith angle. Least-squares fitting of the
observed spectra to the reference ozone absorption spectra measured in the laboratory
allows the slant column S of ozone to be derived. The vertical column V is then obtained
by using the following relationship:

V =
S+R
AMF

, (1.5)

where R is the amount of absorber in the reference spectrum andAMF is the air mass
factor. TheAMF is calculated by the radiative transfer model [e.g.Solomon et al., 1987]



14 1 Introduction

1.4 Standard DOAS satellite total ozone retrieval

GOME represents the first successful application of theDOAS technique to space-borne
passive remote sensing instruments [Burrows et al., 1999a]. DOAS derived column
amount of various minor trace gases from theGOME spectral measurements have been
successful [Wagner and Platt, 1998;Eisinger and Burrows, 1998;Chance et al., 2000;
Valks et al., 2002;Richter and Burrows, 2002].

Details of theDOAS method are given inPlatt [1994] and its treatment inGOME

application is found inSpurr et al.[2005]. In brief, the standardDOAS algorithm de-
rives a slant column density Si by least square fitting a linear combination of reference
absorption cross-section spectraσ of trace gases i and a Ring reference spectrum to the
measured optical densityτs, which is the ratio of the earthshine radiance I(λ ) and solar
irradiance F(λ ). Mathematically,

−ln
I(λ )
F(λ )

'∑σi(λ ) ·Si +σRing(λ ) ·SRing−
n

∑
k=0

akλ
k (1.6)

The term on the left side of Equation 1.6 is the measured slant optical density. The
first term on the right side of the equation defines the absorption of ozone and other
interfering gases such as NO2 and BrO in the spectral region 325-335 nm, the fitting
window usually considered for theGOME TCO retrieval. The absorption cross-sections
are altitude and temperature dependent. The Ring effect [Grainger and Ring, 1962;
Vountas et al., 1998] is treated as an effective absorber (second term). It arises from
Raman scattering and needs to be accounted for. The last term in Equation 1.6 is a low
order polynomial, usually of second order, to be subtracted from the measured optical
depth in order to remove the broadband spectral structure resulting from Rayleigh and
Mie scattering and the slowly varying components of the molecular absorption. The
value of Si is obtained by a linear least square fit of

‖ τs(λ )−∑σi(λ ) ·Si −σRing(λ ) ·SRing+
n

∑
k=0

akλ
k ‖2. (1.7)

Relative spectral alignment is often dealt with by applying shift and squeeze param-
eters to the wavelength grid of reference F(λ ) and I(λ ) spectra. This requires the appli-
cation of a nonlinear least squares method.

Once the Si have been determined, the conversion to the desired vertical column den-
sities Vi is the next step. This requires a division of Si by a suitable air mass factor Ai .
Based on the information of measurement geometry, albedo, and profile shape of the
desired gas, the air mass factor is determined by radiative transfer calculations. For an
optically thin atmosphere, the air mass factor is nearly wavelength independent. How-
ever, atmospheric ozone absorption in 325-335 nm range shows significant wavelength
dependence. Since a single air mass factor cannot account for the large wavelength
dependency, a choice of a suitable reference wavelength is often a serious problem.
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For clear sky spectral measurements, the vertical column is a simple ratio of slant
column to the air mass factor Aclear. For cloudy scenarios, air mass factor computation
is based on the independent pixel approximation with

V i =
Si + f×GVC×Acloud

(1− f)Aclear+ fA cloud
, (1.8)

where Acloud is the air mass factor for the atmosphere down to the cloud-top height.
Part of the ozone below cloud that is not detected is called the ghost vertical column
(GVC) and is estimated by integrating a climatological profile below retrieved cloud-
top height. The cloud information can be derived from the spectral analysis ofGOME

measurements in the O2 A-band near 760 nm [e.g.Koelemeijer et al., 2001].

1.5 GOME operational total column ozone: GDP
versions

The German Processing and Archiving Facility (D-PAF) has been routinely retrieving
GOME TCO with the so-calledGOME Data Processor (GDP). Since its first release in
1996 asGDP version 2.0, the level 1 to 2 processing ofGDP has undergone three major
upgrades, all employing theDOAS-type algorithm. Main motivation after eachGDP up-
grade was to improve the quality of ozone products. Versions 2.7 and 3.0 were released
in 2000 and 2002 after validation campaigns held in 1999 and 2002, respectively. Each
upgrade was followed by a set of activities consisting of assessment of data quality,
identification of errors, correction of algorithm, and verification of the improvement.
These studies concluded that theGDP upgrade from version 2.7 to 3.0 lead to a bet-
ter agreement ofGOME with ground-basedTCO data. The improvements were mainly
driven by the (1) implementation of theGOME-measured flight model cross-sections
[Burrows et al., 1999b], (2) use of two O3 reference cross-sections at different tem-
perature to retrieve slant column [Richter and Burrows, 2002], (3) implementation of
pre-shifted O3 cross-section, (4) use of undersampling correction reference spectrum
[Slijkhuis et al., 1999], (5) use of theoretical Ring Fraunhofer spectrum derived from
a folding of Raman cross-sections with a high-resolution solar spectrum [Chance and
Spurr, 1997], (6) implementation of the newAMF, which were determined iteratively
using a neural network trained on column-classified ozone profiles [Wellemeyer et al.,
1997], and (7) use of cloud database derived fromGOME spectra [Koelemeijer et al.,
2001].

The performance of theGDP V3.0 TCO product has been characterized by compar-
ison with ground-based measurements,TOMS total ozone, and ozone retrievals from
independentDOAS algorithms [Lambert et al., 2002b]. From the comparison, it was
evident that the average agreement ofGDP V3.0 with ground-based correlative measure-
ments was within -3% to +1% in the tropics,±3% in mid latitudes, and -3% to 10% in
high latitudes. At higher latitudes, the average deviation ofGOME from ground-based
data did not exceed±2-4% for SZA (solar zenith angle) below 70◦. No long-term drift
was observed in the data quality, despite instrumental degradation which were observed
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in GDP V2.7 andTOMS V7 total ozone. TheGDP V3.0 upgrade resulted in the reductions
of 30-50% in amplitude of theGOME TCO dependence on theSZA as compared to its
predecessor version. The dependence onTCO amount had almost disappeared.

1.6 Algorithmic problems identified in GDP V3.0

Improvements inGOME total ozone products following the upgrade ofGDP from ver-
sion 2.7 to 3.0 are reported inLambert et al.[2002b]. Validation results also revealed
some biases and regional discrepancies, in particular at high latitudes and highSZA,
and for high and low ozone amounts. The main conclusions fromLambert et al.[1999],
Lambert et al.[2002b],Bramstedt et al.[2003], andLambert et al.[2004] are as fol-
lowing:

1. TCO from GDP V3.0 showed a systematic offsets of about -2% with respect to
Brewer and Dobson measurements. The relative difference betweenGDP V3.0

and ground-basedTCO showed meridional dependence. Large differences of up
to -6% were observed in the southern polar region.

2. While GDP V3.0 data showed long-term stability, seasonal variation of bias of up
to 2% is evident with respect to the ground-based data. Comparison ofGDP V3.0

TCO with three Alpine Dobson instruments revealed negligible offset in summer-
time and an offset of about 3% in late fall and early winter.

3. Although theGDP upgrade from version 2.7 to 3.0 could reduce the amplitude of
SZA dependence almost by 50% on average, such dependence, however, was not
completely removed.

4. Low ozone values were overestimated byGDP V2.7 by 10-20%. The version 3.0
upgrade reduced this to 5%. Though small,TCO dependence persisted inGDP

V3.0.

5. Ground-basedTCO is underestimated byGDP V3.0 by 2% to 4% over desert areas
with high surface albedo.

6. A large discrepancy existed betweenGDP V3.0 and TOMS V7 TCO. TOMS V7

TCO overestimated ground-based measurements by about 2% and in the southern
hemisphere the bias increased to 6%. This hemispheric bias was removed in the
latest version (TOMS V8).

A study carried out as a part of the delta validation exercise identified a number of
DOAS-related error sources which may affect the accuracy of theTCO products [Roozen-
dael et al., 2003]. One of the important issues is the inclusion of the molecular Ring.
Raman scattered light is not only responsible for the Ring structures, but it also perturbs
the molecular absorption features. The neglect of molecular Ring effect in the Ring cor-
rection scheme used byGDP V3.0 results in a systematic bias inTCO. Another important
issue which is often raised as the limitation ofGOME DOASretrieval in the 325-335 nm
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spectral region is the use of a single air mass factor computed at 325 nm in order to
convert the slant column density to vertical column density [Burrows et al., 1999a]. Ac-
cording toRoozendael et al.[2003], air mass factor calculated at 325.5 nm will reduce
the size of this bias at elevatedSZA. Also, in GDP V3.0, a shift of 0.012 nm was ap-
plied to theGOME Flight Model-98 cross-section. Following the recommendation from
Roozendael et al.[2003], the shift was reviewed to be 0.017 nm.

1.7 Objectives and Contents

1.7.1 Main goals of the work

The main goals of this work are:

1. To develop and validate a newTCO retrieval algorithm (WF-DOAS) that avoids the
assumptions inherent to the standardDOAS approach, with the purpose of creating
trend quality (relative accuracy better than 1%) data set forGOME.

2. To prepare an updated and atmospheric dynamics oriented climatology of ozone
and temperature profiles with the purpose of improvingTCO and ozone profile
retrievals fromGOME, SCIAMACHY, or any other satellte measurements.

3. To investigate the impact of ozone and temperature climatologies (a priori) on
TCO and ozone profile retrievals.

4. To adapt theWF-DOAS algorithm toSCIAMACHY and to validate theSCIAMACHY

TCO retrievals.

1.7.2 Thesis contents

With the limitations mentioned in Section 1.6,GDP V3.0 clearly does not meet the accu-
racy requirements of ozone data to be used for long-term ozone trend monitoring. The
most critical part of the standardDOAS type GDP algorithm is its assumption that the
mean optical path of scattered photons can be considered as independent of the wave-
length within the fitting window of 325-335 nm. As such, a constantAMF is used to
convert the slant column into vertical column. But, theAMF exhibits dependence on
wavelength and solar zenith angle [Rozanov et al., 1998]. To surmount this problem,
a new retrieval algorithm, called Weighting Function Differential Optical Absorption
Spectroscopy (WF-DOAS), has been developed and is described in Chapter 3. This
algorithm is based on approximating the logarithm of the measured sun-normalized ra-
diance by a corresponding linearized model quantity plus a low order polynomial. The
fit parameter isTCO and noAMF conversion is needed. Near global validation ofWF-
DOAS TCOby using various ground based instruments introduced in Section 1.2 is also
presented. Consideration of accuracies and uncertainties in ground-based data and dis-
crepancies in data quality from various types of instrument suggests that the accuracy
of GOME WF-DOAS TCO lies within the accuracy of a well-maintained ground based
instrument. In particular,WF-DOAS results show better agreement with Brewer data.
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Following the demonstration of high qualityGOME data fromWF-DOAS, this data
can be used to detect calibration problem and estimate biases in the ground-based data.
In particular, this is relevant for Brewer network, which currently lacks a data quality
program that theWMO organizes for Dobson. This is the content of Chapter 4. TheWF-
DOAS TCOdata will also be compared with the latest version ofTOMS andSBUV/SBUV2

measurements.
Through simulated radiances (inWF-DOAS) or AMF (in standardDOAS) errors ina

priori (e.g. ozone and temperature profiles) inevitably introduce retrieval errors. In-
vestigation ofWF-DOAS related errors has revealed errors of up to 5% due to incorrect
climatological ozone and temperature profile shapes [Coldewey-Egbers et al., 2005].
Other independent studies [Wellemeyer et al., 1997;Lambert et al., 2002b;Bhartia,
2003] have also reported similar errors froma priori. Such errors could be minimized
by adopting improved climatologies. A new ozone column classified climatology of
ozone and temperature profile has been prepared which is presented in Chapter 5. This
chapter also provides evidences on how the new climatology could improve the accu-
racy of GOME ozone profile retrieved by using the optimal estimation method. Ozone
and temperature profile sensitivity ofGOME TCO retrieved byWF-DOAS method is dis-
cussed in Chapter 6.

The main motivation for the development of the new algorithmWF-DOAS was driven
by the requirement of a stable scientific algorithm common to a new generation sensors:
GOME, SCIAMACHY, and futureGOME instruments on theMETOP satellites. Applica-
tion of WF-DOAS for SCIAMACHY TCO retrieval is presented in Chapter 7 and conclu-
sion is given in Chapter 8.



2 GOME, SCIAMACHY, and
SCIATRAN

This chapter introduces briefly the two satellite-based passive remote sensingUV-Vis-
NIR spectrometersGOME and SCIAMACHY and a radiative transfer modelSCIATRAN

that have been used in this study. TheSCIATRAN model was developed at the Institute of
Remote Sensing (ife), University of Bremen, Germany for fast and accurate simulation
of radiance spectra as measured by these spectrometers.

2.1 Spectrometers

2.1.1 GOME

GOME, an ultraviolet/visible nadir viewing spectrometer, is the first of a series of Eu-
ropean satellite instruments dedicated to the measurement of global ozone and other
relevant trace gases. Launched in April 1995 on board the Second European Remote
Sensing Satellite,ERS-2, it is still operational.

High spectral dispersion of light in theGOME instrument is achieved by the combi-
nation of a quartz prism and diffraction gratings. The spectra in the range of 240 to
790 nm are recorded simultaneously from four channels at spectral resolution varying
between 0.2 nm (UV, channel 1) and 0.4 nm (Vis, channel 4). When light entersGOME

via the nadir scan mirror, it is focused into the entrance slit of the spectrometer by a
telescope formed by two cylindrical mirrors. Light is first dispersed by a pre-disperser
prism creating an intermediate spectrum. The band-separator prism and subsequent mir-
rors direct the light into the four channels where the light is dispersed by a diffraction
grating. The light is sensed by four linear Reticon Si-diode arrays with 1024 spectral
elements each. In order to reduce the dark current and improve the signal-to-noise the
diode arrays are maintained at 235 K by Peltier coolers that are connected to passive
deep space radiators.

The diffraction gratings and pre-disperser prism are polarisation sensitive. In order
to correct for the effects, the polarisation fraction of the incoming light is determined
by three broadband detectors, the Polarisation Monitoring Devices (PMDs). These mea-
surements are applicable in polarisation correction for the level 1 spectra and also for
cloud detection. GOME also has a Pt/Cr/Ne hollow cathode gas discharge lamp for
in-flight wavelength calibration and a diffuser plate for daily determination of solar ir-
radiance, which is essential for trace gas retrieval.

TheERS-2 is a sun-synchronous polar orbiting satellite having a local equator cross-
ing time in descending node at 10.30AM . The satellite moves at a speed of 7 km/s at
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Table 2.1:Retrieval of various products fromGOME

Product selected window [nm] references
Ozone total column 326.6-335 [Coldewey-Egbers et al., 2005]

325-335 [Spurr et al., 2004]
Ozone profile 290-345 [Hoogen et al., 1999a]

290-313 [Hasekamp and Landgraf, 2001]
Water vapor column 580-605 [Lang et al., 2003]

585-710 [Noël et al., 1999]
NO2 column 423-451 [Martin et al., 2002]

425-450 [Richter and Burrows, 2002]
HCHO column 337.35-356.12 [Chance et al., 2000]
SO2 column 315.5-327.0 [Eisinger and Burrows, 1998]
OClO column 357.0-381.5 [Wittrock et al., 1999]

a mean altitude of 785 km and completes an orbit in 100 minutes. During the illumi-
nated part of the orbit,GOME performs across-track nadir observation by scanning the
earth surface from east to west. One across-track consists of three forward scans and
one backscan with 1.5 s integration time each. Each forward scan has a footprint size
of 320×40 km2 thereby making maximum swath of 960 km width. Such measurement
pattern results in a global coverage at the equator in three days. For improved sound-
ing of polar latitudes during springtime, the scan mirror is also positioned at about 47◦.
ERS-2 is in the night side of the earth for half of the time. During this phaseGOME car-
ries out several sequences of dark current andLED measurements (pixel-to-pixel gain).
Various temperature sensors spread over the entire focal plane assembly monitor the
in-orbit temperature variations. Once a month, the internal calibration lamp is switched
on over an entire orbit. During this sequence a series of lamp measurements with and
without the solar diffuser permits the investigation of long term degradation of the dif-
fuser and to obtain an update of the wavelength calibration as a function of instrument
temperature.

The ground segment of theGDP comprises the Level 0 (raw data) to 1 (calibrated
data) and Level 1 to 2 processing. The Level 0 to 1 processing includes a correction
for leakage current, stray light, pixel-to-pixel gain followed by the wavelength and ra-
diometric calibrations. The second part of the processing, i.e. Level 2, carries out the
geophysical retrieval of atmospheric constituents. The main operational Level 2 data
products are the total column ozone and nitrogen dioxide.

The information contained in the backscattered radiances measured byGOME has
been exploited and the results have been published in various publications (See Ta-
ble 2.1). Besides ozone and nitrogen dioxide, the total column amount of BrO, SO2,
HCHO, OClO, and water vapor have been derived. Because of larger spectral range and
higher spectral resolution, the retrieval of these trace gases employ theDOAS technique.
The height resolved profiles, e.g. O3 profile, are derived by optimal estimation method
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[Rodgers, 2000]. Table 2.1 shows a summary of data products derived fromGOME

spectral measurements. For the trace gas retrieval from these measurements, the pres-
ence of cloud should be taken into account. Cloud top height, cloud fraction, and cloud
optical thickness (cloud properties) have been derived from the spectral reflectance mea-
surements in the spectral range of 758-778 nm [Koelemeijer et al., 2001;Rozanov and
Kokhanovsky, 2004]. Joiner et al.[2004] has inferred the Lambert-Equivalent Reflec-
tivity ( LER) pressure from the measurements in 355-400 nm range.GOME data have
also been applied to obtain the aerosol optical thickness by using 1 nm windows cen-
tered at 380 nm, 440 nm, 463 nm, 495 nm, 555 nm, 670 nm [Kusmierczyk-Michulec and
de Leeuw, 2005].

2.1.2 SCIAMACHY

Launched in March 2002,SCIAMACHY, a successor ofGOME, is one of the instru-
ments on board European Space Agency’s (ESA) ENVIronmental SATellite (ENVISAT).
The SCIAMACHY is funded by Germany and the Netherlands with some contribution
from Belgium.SCIAMACHY measures the extraterrestrial solar irradiance and the radi-
ance reflected, transmitted and scattered from the earth’s atmosphere and surface. The
main objective of the mission is to improve our understanding of physical and chemi-
cal processes in the atmosphere. More details on mission objectives and measurement
strategies can be found in [Bovensmann et al., 1999].

The design ofSCIAMACHY instrument is described in detail inKamp and Dobber
[2000] andBurrows et al.[1995]. Briefly, SCIAMACHY is a UV-Visible-NIR grating
spectrometer comprising of eight simultaneously operating spectral channels covering
the wavelength range of 240-1750 nm (channels 1-6), 1940-2040 nm (channel 7), and
2260-2400 nm (channel 8). The spectral resolution lies between 0.2 nm and 1.5 nm.
Light enters the telescope via two scanner modules. These modules are known as the
Elevation Scanner Module (ESM) and Azimuth Scanner Module (ASM). The beam is
collimated and directed onto a entrance slit. After the slit, the beam is passed through
a pre-dispersing prism thereby forming an intermediate spectrum. Reflective optics are
used to separate the spectrum into four parts: 240-314 nm, 314-405 nm, 405-1750 nm,
and 1940-2380 nm. The first two parts are directed to the channels 1 and 2, respectively.
Light from remaining two parts are further separated into other channels by dichroic
mirrors. A grating located in each channel further disperses the light, which is then
focused onto eight arrays of detectors consisting of 1024 pixels each.

To minimize dark current noise, the infrared, andUV and visible light detectors are
cooled down to 150 K and 200 K, respectively, by a passive radiant cooler. Since the
reflecting properties of gratings, which are used to create the spectra, are polarisation-
dependent, the intensity calibration ofSCIAMACHY has to consider the polarisation ef-
fect. SixPMDs measure the polarisation parallel to the spectrometer slit, generated by a
Brewster reflection at the back of the pre-dispersing prism. OnePMD measures polarisa-
tion at 45◦ direction which is extracted from the part of the light in 405-1750 nm.SCIA-
MACHY is also equipped with a Pt/Cr/Ne hollow cathode, aUV-optimized tungsten-
halogen lamp, a calibrated on-board diffuser, and an extra reference mirror for the pur-
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Figure 2.1:Limb/nadir matching ofSCIAMACHY. This features enablesSCIAMACHY

to observe the same atmospheric volume first in limb and then after about
7 minutes in nadir geometry. By using this limb/nadir matching three-
dimensional information about the atmosphere can be obtained (courtesy
Stefan Nöel, University of Bremen).

pose of in-flight calibration and instrument performance monitoring.
ENVISAT is also launched in a sun-synchronous near polar orbit (inclination angle

of 97.8◦). ENVISAT andERS-2 are flying in the same orbit only 30 minutes apart, but
in slightly different altitudes.SCIAMACHY performs measurements in nadir, limb, and
solar/lunar occultation viewing geometries. The nadir measurements ofSCIAMACHY in
the UV-vis are similar to that ofGOME. In this mode, the atmospheric volume beneath
the spacecraft is observed. The nadir mirror scans a swath of 960 km width from east
to west for 4 s in a direction perpendicular to the satellite flight direction. The forward
scan is followed by a quick (1 s) backward scan. For major constituents, the forward
scan corresponds to 16 ground pixels each of 30×60 km2 whereas the backward scan
comprises of 4 ground pixels. In the limb mode, the instrument observes the atmosphere
tangentially to the earth’s surface some 3000 km ahead of the sub-satellite nadir point.
Both azimuth and nadir mirrors are employed, the azimuth mirror scans in an azimuth
direction and the nadir mirror scans through different tangent heights ranging from -3
to 100 km in steps of about 3.3 km. The azimuth mirror scans a swath of size 960 km
in 1.5 s in 4 typical limb integration times each (i.e 0.375 s) corresponding to a hori-
zontal resolution of 240 km. A complete limb scan consists of 34 elevation steps. In
nominal operation, limb and nadir viewing is alternated in such a way that the same air
parcels are first probed in limb and eight minutes later in nadir geometry. These fea-
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tures of theSCIAMACHY measurements are depicted in Figure 2.1. This unique feature
of SCIAMACHY allows it to monitor trace gases in the troposphere from space for the
first time. The tropospheric amount can be derived by subtracting stratospheric column
(as retrieved from limb measurements) from total column (as retrieved from nadir mea-
surements), a technique suggested byFishman et al.[1990] who derived tropospheric
O3 by subtractingSAGE stratospheric O3 columns from TOMS total O3 columns. Oc-
cultation measurements are performed in a similar manner to the limb mode but with the
sun/moon in the instrument’s field of view. Solar occultation performed once in each
orbit during sunrise are limited beyond 65◦ latitude in the northern hemisphere. Occa-
sionally, there is the additional opportunity for lunar occultation depending on the lunar
phase. Lunar occultation is possible for about a week and provides a latitude coverage
from 30◦S to 90◦S. After solar occultation, the full disc solar irradiance measurement
above the atmosphere is performed. Besides these measurements, various calibration
measurements are performed on a regular basis.

The German Remote Sensing Data Center plays a major role in the design, implemen-
tation and operation of theSCIAMACHY ground processors (SGPs). The raw data from
theSCIAMACHY instrument are sent fromENVISAT to the receiving stations, where the
reformatted data are stored as level 0 data. TheSGPcomprises the processing of level
0 to 1 and level 1 to 2 data. Level 1 data is further split up in level 1b and level 1c
data. Level 1b data is uncalibrated but it contains all necessary information for full cal-
ibration. Level 1c data is the data obtained by full or partial calibration. Level 2 data
contains the geophysical products like total column or profiles of atmospheric gases.
Level 1b to 2 processing is available at Near-Real-Time (NRT) and Offline (OL) levels.
At present, theNRT products include the column amount of O3, NO2 and BrO, and
cloud fraction. TheOL products contain O3 and NO2 profiles generated fromSCIA-
MACHY limb spectra. Various institutes have developed algorithms for the retrieval of
O3, NO2, BrO, SO2, OClO, HCHO, and H2O columns fromSCIAMACHY UV -visible
nadir spectra. Columns of H2O, CO, CH4, N2O, and CO2 are derived fromNIR nadir
measurements. Other scientific products are the profiles of O3, NO2, BrO, OClO, and
H2O utilizing limb measurements. In addition, algorithms have also been developed for
the cloud and aerosol products. On going retrieval and validation activities forSCIA-
MACHY measurements are summarized inPiters et al.[2005].

2.2 Radiative transfer model SCIATRAN

Inversion ofGOME/SCIAMACHY spectral measurements by an accurate algorithm hav-
ing a precise radiative transfer model allows the retrieval of the trace gas and aerosol
distribution in the atmosphere. The modelSCIATRAN is optimised to be applicable
to SCIAMACHY measurements and measurements made by any other satellite, air-
and balloon-borne, and ground-based sensors operating in the spectral range of 240-
2380 nm.

SCIATRAN is the successor ofGOMETRAN [Rozanov et al., 1997], which was de-
veloped to simulate the solar backscattered radiation in theUV-visible (240-790 nm) as



24 2 GOME, SCIAMACHY, and SCIATRAN

measured byGOME. SCIATRAN uses the finite difference scheme [Rozanov et al., 1997]
for the numerical solution of the monochromatic scalar radiative transfer equation for a
plane-parallel and vertically inhomogenous atmosphere as given by,

µ
dI(z,µ,φ)

dz
=−ε(z)I(z,µ,φ)+

β (z)
4π

2π∫
0

dφ
′

1∫
−1

dµ
′p(z,µ,µ

′,φ ,φ ′)I(z,µ
′,φ ′) (2.1)

The radiance I depends on three spatial coordinates: the altitude z in the atmosphere,
the solar zenith angleθ , and the relative azimuthe angle with respect to the sun direction
φ . µ is the cosine of the zenith angleθ . p denotes the scattering phase function;ε and
β are the total extinction and scattering coefficients, including contributions from all
relevant atmospheric constituents such as molecules, trace gases, aerosols or clouds.

The method is based on an expansion of the radiation field in a Fourier series in az-
imuth, an expansion of the phase function in combined Fourier-Legendre series, split-
ting of the Fourier components of I into upward and downward components at each
atmospheric layer, their recombination to symmetric and antisymmetric sums, and eval-
uation of height derivatives of the sum using finite difference scheme. The Fourier com-
ponents of I are then determined by usingLU decomposition of the resulting matrix. The
radiance measured by the satellite instrument is the sum of the diffuse radiance, which
is obtained by adding all Fourier components, and direct radiance that is reflected at the
earth’s surface into the instrument’s field of view.SCIATRAN enables simultaneous ana-
lytical derivation of weighting functions [Rozanov et al., 1998]. Weighting functions are
derivatives of the top of atmosphere radiance with respect to atmospheric or surface pa-
rameters such as trace gas concentration, albedo, etc. Such altitude resolved weighting
functions are important for the retrieval of atmospheric constituents from spectroscopic
measurements.

Radiative transfer calculation in a plane-parallel atmosphere is also possible by dis-
crete ordinate and finite element method. Plane-parallel mode leads to larger error for
SZA greater than 75◦ and line of sight (LOS) greater than 20◦. For largeSZA, the spheric-
ity of the earth’s atmosphere is considered inSCIATRAN using a pseudo-spherical ap-
proach [Rozanov et al., 2002] whereby the direct radiance is calculated in a spherical
atmosphere, while higher order scattering is calculated for a plane-parallel atmosphere.
SCIATRAN is also capable of calculating the radiation field in a spherical planetary at-
mosphere [Rozanov et al., 2000, 2001]

Absorption due to continuum-absorbers such as O3, NO2, ClO, OClO, BrO, HCHO,
SO2, NO3, and O4 and line-absorbers such as H2O, CO, CH4, and N2O are imple-
mented. These molecular line-absorbers are considered either by using accurate but time
consuming line-by-line approach or by faster correlated-k distribution scheme [Buch-
witz et al., 2000a]. Scattering by air molecules, aerosols, and clouds and absorption
by aerosols and clouds are considered. Parameterization schemes for scattering and
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absorption inside the clouds [Kurosu et al., 1997] and aerosols are included. A radia-
tive transfer scheme which accounts for the Ring effect is implemented [Vountas et al.,
1998]. This includes the filling-in of solar Fraunhofer and gas absorption lines.

The main quantities thatSCIATRAN determines are the top of atmosphere radiance,
weighting functions, air mass factors, actinic fluxes, and upwelling and downwelling
fluxes. Air mass factor is needed for conversion of slant column into vertical column of
trace gases inDOAS type retrieval algorithm. The actinic flux is used for photolysis rate
calculation. An improved version of the modelPHOTOGT [Blindauer et al., 1996] has
been used inSCIATRAN.
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3 GOME WF-DOAS total ozone
retrieval and validation

3.1 Overview

The GOME instrument together with theTOMS since 1979 provide a valuable long-
term data set with near global coverage for ozone trend assessment [Bodeker et al.,
2001;Fioletov et al., 2002]. However, differences in algorithm and instrument design
(for both satellite and ground instruments) can lead to instrumental artifacts in trend
calculation without homogenization of combined data sets [Bodeker et al., 2001]. This
will remain an important issue when the current generation ofTCO satellite instruments
are succeeded by new instruments such asSCIAMACHY/ENVISAT, OMI (launched in
July 2004) and the threeGOME-2 aboardMETOP (first launch 2006) [Bovensmann et al.,
1999;Stammes et al., 1999]

Shortcomings of the operationalTCO retrieval GDP V3.0 were already discussed in
Chapter 1. The approach used byGDP V3.0 assumes that the absorber is weak and
the atmosphere optically thin. Ozone in the Huggins band, however, shows significant
absorption so that this basic assumption is violated. In the first part of this chapter
a more generalized approach, called Weighting FunctionDOAS (WF-DOAS), will be
introduced. It has been first demonstrated to be applicable to trace gas column retrieval
in the near infrared region ofSCIAMACHY [Buchwitz et al., 2000b]. A direct retrieval of
vertical ozone amounts is possible as the slant path wavelength modulation is taken into
account. First results seem to indicate its promising potential [Coldewey-Egbers et al.,
2004]. The second part describes the validation ofWF-DOAS results with ground based
data on a global scale. Comparison of operationalGDP V3.0 (GOME Data Processor)
to ground data are also presented to document the significant improvement achieved by
WF-DOAS over prior data versions.

This algorithm introduces several new features that have not been used in priorTCO

retrievals fromGOME. The variable ozone dependent contribution to the Raman scatter-
ing responsible for the filling-in of molecular absorption is summarized in Section 3.2.3.
The use of a new cloud scheme in combination with an estimation of effective scene
height lead to higher sensitivity to clouds inWF-DOAS. In addition, theGOME retrieved
scene albedo is included in the retrieval. This is discussed in Section 3.2.4. Section 3.2.6
gives a summary of the various error sources that contribute to the overall error of the
retrievedTCO. In Section 3.3.1 comparisons with simultaneous Brewer and Dobson
measurements at Hohenpeissenberg (47.8◦ N, 11.0◦ E) and Hradec Kralove (50.2◦ N,
15.8◦ E) are presented and discussed. This is a very important comparison since many
stations have changed or plan to change from regular Dobson to Brewer observations
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and a good characterization of satellite data with respect to both spectrophotometer
types is critical for long-term trend assessment from both satellite and ground time
series [Staehelin et al., 2003]. The next section shows comparisons with individual
WOUDC stations (Section 3.3.2) followed by Section 3.3.3 summarizing the statistical
analysis involving all stations selected from low to mid latitudes. Most of the validation
statistics at mid latitudes and in tropics rely on ground-based data between 1996 and
1999, but for selected stations the validation has been extended up to 2003 (Lauder and
Hohenpeissenberg) for demonstrating the long-term stability of theGOME data. In a
separate section (Section 3.3.4) the validation results from comparison with polar sta-
tion measurements in both hemispheres from 1996 to 2003 are presented. Conclusion
is given in Section 3.4.

3.2 WF-DOAS algorithm 1

3.2.1 Retrieval principle

WF-DOAS is a linear least squares algorithm which extracts the information ofTCO

amount from its differential absorption features. In this algorithm the logarithm of the
measured intensity Imea

i at wavelengthλi is approximated by a Taylor expansion around
a reference intensity Imod

i plus a low-order polynomial Pi (see Eq. 3.1). The polynomial
compensates all broadband contributions from, for example, surface albedo and aerosol
that affect the radiance.

ln Imea
i (Vt ,~bt) ≈ ln Imod

i (V̄,~̄b)+
∂ ln Imod

i

∂V
|V̄ × (V̂−V̄)+

∂ ln Imod
i

∂T
|T̄ × (T̂− T̄)

+SCDR ·σi,R+SCDU ·σi,U +SCDNO2 ·σi,NO2

+SCDBrO ·σi,BrO +Pi (3.1)

Index t, over-bars (¯), and hats (ˆ) denote the true atmospheric state, model parame-
ters, and fit parameters, respectively.~b contains all atmospheric and surface parameters
that contribute to the intensity.̄V is the reference ozone column andT̄ is the reference
surface temperature corresponding to the reference intensity.V̂ and T̂ are the corre-
sponding fit parameters. Slant column fitting is applied to the Ring effect,σi,R, the
under-sampling correction,σi,U [Slijkhuis et al., 1999], and for the the minor absorbers

NO2 and BrO. ∂ ln Imod
i

∂V and ∂ ln Imod
i

∂T are wavelength dependent ozone and temperature
shift weighting functions, respectively. The latter accounts for temperature dependence
of the ozone absorption.

This algorithm requires a radiative transfer model for the accurate simulation of the
model parameters (i.e. radiance and weighting functions). These parameters are pre-
calculated and stored in a look-up-table (LUT) thereby avoiding time-consuming online

1This section is based on the article: Coldewey-Egbers, M., M. Weber, L. N. Lamsal, R. de Beek,
M. Buchwitz, and J. P. Burrows (2005), Total ozone retrieval fromGOME UV spectral data us-
ing the weighting functionDOAS approach,Atmos. Chem. Phys., 5, 1025-1025, SRef-ID: 1680-
7324/acp/2005-5-1015.
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radiative transfer simulation. The unknown fit parameters are determined by a linear
least squares minimization.

3.2.2 Look-up-table for reference spectra

In the calculation ofWF-DOAS LUT using SCIATRAN (see Section 2.2), the Rayleigh
scattering coefficients are based on theBates[1984] values, the ozone absorption coef-
ficients are based on a temperature parameterization ofGOME FM ozone cross-section
[Burrows et al., 1999b]. A temperature parameterization is commonly used in order
to account for the strong temperature dependence of ozone absorption. To deal with
wavelength mismatching among cross sections and earthshine, the ozone cross section
is pre-shifted by 0.017 nm [Lambert et al., 2002a]. A set of reference spectra, which
are calculated using the pseudo-spherical approximation, includes nearly all possible
atmospheric states. These spectra are a function ofTCO including profile shape, zonal
band,SZA, line-of-sight (LOS), relative azimuth angle (RAZ), surface albedoαs, and
altitude. Ozone and temperature profiles are taken fromTOMS Version 7 climatology
which contains different profile shapes for three latitude belts as a function of theTCO

[Wellemeyer et al., 1997]. A total of 26 profiles are available: 6 profiles at low latitude
(-25◦ to 25◦ N), 10 profiles each at middle (±25◦ to±65◦) and high latitudes (±65◦ to
±90◦). The profiles cover the range of 225-475 DU at low latitude and 125-575 DU at
middle and high latitudes, in steps of 50 DU. Thirty fourSZAs with 5◦ steps in the 15◦ -
70◦ range and 1◦ steps in the 71◦ - 90◦ range, 7LOSs (-34.5◦, -23.0◦, -11.5◦, 0◦, 11.5◦,
23.0◦, 34.5◦) for the reference spectra calculation. Azimuth angles are optimised with
respect toSZA andLOS. The multi-dimensionalLUT has 6 albedos at 0.2 steps and 7
altitudes ranging from 0 to 12 km at 2 km steps. These are not the surface altitudes but
rather effective scene heights that account for clouds. It is a weighted sum of surface
altitude and cloud top height with cloud fraction as weighting factor.

Because of non-linear variation of intensity and weighting functions inSZA, they are
fitted as function of solar zenith angle and wavelength using Chebyshev polynomials.
Instead of using one reference spectrum for the whole pixel, mean values are calculated
by averaging intensities and weighting functions at three different scan angles (begin,
mid, and end of integration) at 1:4:1 ratio.

3.2.3 Ring effect implementation

The Ring effect [Grainger and Ring, 1962;Kattawar et al., 1981;Joiner and Bhartia,
1995;Fish and Jones, 1995;Vountas et al., 1998;de Beek et al., 2001] has to be ade-
quately accounted for in retrievingTCO from UV-visible spectra obtained from space-
borne instrumentations, which includes the filling-in of solar Fraunhofer and gas ab-
sorption lines. In particular, the Ring spectrum has large contribution to the differential
optical depth in the Huggins band. For the Ring effect, rotational Raman scattering by
air (N2 and O2) molecules has a dominant role [Kattawar et al., 1981;Vountas et al.,
1998]. Provided that the instrument can measure the amounts of parallel and perpen-
dicular polarized light, Ring reference spectra can be derived [Solomon et al., 1987].
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Figure 3.1:SCIATRAN modeled Ring spectra using the high latitudeTOMS V7 ozone
profile climatology for a given value ofSZA of 75◦, effective albedo of 0.8,
surface altitude of 0 km and different total ozone (and profile shape) (left
panel). The right panel is for a given ozone scenario but as a function of
altitude/effective height.

GOME andSCIAMACHY instruments do not provide the in-flight cross polarization mea-
surements and hence the method does not apply.Chance and Spurr[1997] calculated
a Ring spectrum directly from a Fraunhofer spectrum.Sioris and Evans[1999] used
model radiances to derive Ring spectra. Detailed investigations of the effect of trace gas
absorption and particle and cloud scattering requires a radiative transfer model which
includes rotational Raman scattering.Vountas et al.[1998] introduced a new method
to derive Ring spectra from multiple scattering radiative transfer calculations in pseudo
spherical mode, using the radiative transfer modelGOMETRAN where the Ring refer-
ence spectrum is computed as the optical depth difference of calculated intensities with
and without the Ring effect.

Derivation of the Ring spectrum from a solar spectrum assumes that the filling-in of
telluric absorption lines (molecular Ring effect) is negligible. Raman scattered light is
not only responsible for the Ring structures but it also perturbs the molecular absorp-
tion features. Since absorption structures also contribute to the Ring spectral signature
their variations have to be taken into account. Otherwise the strong correlation of these
structures with trace gas cross-sections lead to errors in the retrieval.

TheWF-DOAS algorithm employs a sophisticated approach to account for the spectral
variability of the Ring effect. A Ring data base containing spectra was generated using
SCIATRAN for the same atmospheric scenarios as defined for the reference intensities
and weighting functions except that the Ring data base was limited only to nadir viewing
mode.

Figure 3.1 demonstrates the variability of the Ring effect caused by the change in
TCO (and profile shape). Ozone profiles were taken from theTOMS V7 climatology.
The variability is largest near the absorption peaks of ozone. The figure also shows
that the largest contribution to the Raman scattering occurs in the Rayleigh layer near
the surface. Neglect of the Ring effect can result inTCO retrieval errors of up to 10%
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[Coldewey-Egbers et al., 2005].

3.2.4 Auxiliary inputs for WF-DOAS

In WF-DOAS ozone retrieval procedure, subtraction of a smooth polynomial during
spectral fit considerably reduces the influence of generally unknown surface, aerosol,
and cloud reflectance. However, the retrieval is sensitive to the uncertainty in the state
of atmosphere, e.g. cloud, and surface. Therefore, to inferTCO accurately fromGOME

spectral measurements, the presence and properties of these reflecting surfaces have to
be known. The three auxiliary inputs which are explained here are effective albedo,
effective height and ghost vertical column.

Including WF-DOAS, variousTCO retrieval algorithms assume the reflection of light
by a homogeneous surface as Lambertian [for example,Bhartia, 2003]. The Lambert
Equivalent Reflectivity (LER) [Herman and Celarier, 1997], which defines the effective
albedo, is obtained fromGOME sun-normalized radiance at 377.6 nm. This wavelength
was selected since it shows very small variation with respect to the Ring effect that
can be easily corrected for.WF-DOAS utilizes a look-up-table of pre-calculated sun-
normalized radiances usingSCIATRAN/CDI for 26 values ofSZA 17 LOSs, 18RAZs, 7
ground altitudes, and 12 values of surface albedo [Menkhaus et al., 1999]. ThisLUT

allows to determine effective albedo by bi-sectional search for a given set of parameters
and radiances. The use ofLER in the retrieval represents a first order aerosol correction.
Determination ofLER requires effective altitude which is obtained fromFRESCO(Fast
Retrieval Scheme for Clouds from the Oxygen A-Band, [Koelemeijer et al., 2001]). The
FRESCOalgorithm, as its name suggests, exploits earthshine radiance in and around the
oxygen A band fromGOME measurements. Due to oxygen absorption, the spectral top
of atmosphere reflectance has a deep minimum close to wavelength of 760 nm. For
high clouds, for example, this minimum is almost undetectable. These information
contained in the reflectivity inside the O2 A band is used to derive cloud top height,
whereas the information of the reflectivity outside the O2 A band allows us to determine
cloud optical thickness and cloud fraction. Since these three cloud parameters cannot
be derived uniquely from the measured reflectivity (because cloudy scenes possessing
same cloud top height but different cloud optical thicknesses and cloud fractions may
give rise to the same reflectivity),FRESCOinstead retrieves effective cloud fraction and
cloud top height.

The effective height for theGOME ground pixel is a weighted sum of the ground
altitude ho and the retrieved cloud top height hcld weighted by the fractional cloud cover
as given by

heff = f ·hcld +(1− f) ·ho. (3.2)

The albedo effect of clouds in ozone retrieval is accounted for by the use ofLER and
effective height. Another effect, often referred as the ghost column effect, is that they
shield tropospheric ozone from observation. This effect is corrected by estimating the
ghost vertical column (GVC) from climatological vertical ozone profiles. TheGVC is
computed by integrating the profile O3(p) from pressure p(ho) at the surface altitude
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Figure 3.2:Fit results of pixel number 898 inGOME orbit 80706094. TheGOME ob-
served differential optical depth (top-left) and fit residual (top-right). The
lower panels show the magnitude of various terms in theWF-DOAS equa-
tion. Those terms in the decreasing order of their contribution are as follow-
ing: ozone reference (second left), Ring reference (second right), tempera-
ture reference (third left), NO2 reference (third right), BrO reference (fourth
left), and undersampling reference (fourth right). Grey lines show the mod-
eled values and the fit residual has been added to each term to visualize the
relative magnitude of the measurement noise.

ho up to the cloud top pressure p(hcld). Partial cloudiness can be taken into account by
multiplying the integrated partial column with effective cloud fraction f as follows:

GVC = f ·
∫ p(hcld)

p(ho)
O3(p)dp (3.3)

3.2.5 WF-DOAS ozone retrieval

Determination ofTCO from WF-DOAS algorithm is based on the linear least squares
minimization of Eqn. 3.1. A 8.2 nm wide fit window from 326.6 to 335 nm is selected.
To remove the wavelength misregistration, the earthshine spectrum is re-sampled to the
wavelength grid of the solar spectrum by carrying out a shift-and-squeeze of wavelength
axis. The shift-and-squeeze parameters introduce non-linearity to the least squares pro-
cedure which requires an iterative scheme to retrieveTCO. The first step is to find the
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nearest neighbor reference scenario. The first guess most closely matches the climato-
logical ozone column. Linear interpolation between effective albedo, effective altitude
and relative azimuth angle is performed to obtain the closest reference. The nearest
Ring spectrum is selected in the same manner. After the spectral fitting the retrieved
TCO is compared with that of the reference scenario and the fit is repeated if a refer-
ence scenario can be found which is closer to the retrieved value. After the iterations
stops, the ghost vertical column is added to the retrieved column to obtain the finalTCO

amount.
Typical fitting residuals are shown in Figure 3.2. where the differential optical depth

measured and modeled as well as the contribution of the individual terms in theDOAS

equation are shown. BrO has in most cases negligible contributions except for those
region with enhanced tropospheric BrO. TheRMS of the fit residuals is usually on the
order of 0.001 which is about half the typical values achieved inGDP V3.0.

3.2.6 A note on errors

Errors in the derivedTCO from GOME WF-DOAS may originate from measured radiance,
calculated radiance from the radiative transfer model, and retrieval algorithm. These
errors could be either systematic or random. In general, an error in the calibration and
change with time in instrument sensitivity may lead to systematic error. Errors in the
calculated radiance introduce both random and systematic errors in various ways. The
calculated radiances are affected by laboratory data and assumed atmospheric properties
on which radiative transfer model is based. Errors in, for example, ozone absorption
and Rayleigh scattering coefficients will propagate through the algorithm to produce
systematic errors in the derived ozone. Ozone absorption cross sections measured in the
laboratory are provided at a fixed temperature [Burrows et al., 1999b;Bogumil et al.,
2003]. Since the absorptivity of ozone is temperature dependent, the calculated radiance
at climatological temperature, which can depart from the real temperature, produces
random error in the retrieved ozone. Also, assumed climatological vertical distribution
of ozone taken fromTOMS V7 profile shape climatology used to compute the look-up
tables differ from the actual vertical distribution of ozone. Derived total ozone fromWF-
DOAS is not significantly dependent at low and moderateSZA but at highSZA it is highly
profile sensitive. Thesea priori information are identified as the most important error
sources inWF-DOAS which cause the error of 2% forSZA <80 and 5% forSZA >80.
This is discussed in detail in Chapter 6. Random error arises also from ozone variation
in troposphere. Simplified assumption in the derivation of auxiliary parameters like
effective albedo, effective height, and the correction ofTCO in cloudy ground pixels
usingGVC produces both systematic and random errors which can reach up to 3%.

Linear interpolation between reference spectra from the look-up table is liable to add
some error but this error is below 1%. The retrieved total ozone error caused by pseudo-
spherical approximation instead of full-spherical radiative transfer modeling is about
0.3%.

Natural and anthropogenic aerosols in the atmosphere produce error in theWF-DOAS

TCO by their absorption and scattering of radiation. In particular, absorbing aerosols
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absorb Rayleigh scattered radiation and can lead to systematic errors of about -1%
while the error due to non-absorbing aerosols is less than 0.3% [Coldewey-Egbers et al.,
2005].

3.3 Pole-to-pole validation 2

3.3.1 GOME, Brewer, and Dobson triple comparison

The majority of theTCO data obtained from the ground are Dobson spectrophotometer
measurements. The Dobson spectrophotometer is a double monochromator with the
first prism acting as a dispersing element and the second recombining the wavelength
pair on to a photomultiplier. A chopper allows the alternating measurements of the
wavelength pair with a single detector [Dobson, 1931, 1968]. For the standard analysis
(World Meteorological Organisation – Global Atmospheric Watch (WMO-GAW), the
A (305.5/325.5 nm) and D (317.6/339.8 nm) wavelength pairs are used to deriveTCO

[Staehelin et al., 2003]. At low solar elevation the D-pair can be combined with the
C-pair 311.5/332.4 nm. This instrument can be operated in direct-sun and zenith sky
viewing geometry. Most reliable results are obtained in direct-sun (AD pairs) with
a precision of 1% using a diffuser plate. Accuracy may be lower due to systematic
errors, for instance coming from uncertainties in cross-sections (Bass-Paur are used in
the standard retrieval). Under cloudy conditions the error in the zenith-sky results can
rise from 3% up to 7% (low clouds) in zenith sky measurements (R. D. Evans,NOAA,
personal communication). First measurements with the Dobson instruments have been
reported in the twenties [Dobson, 1931] and some of the longest time series are provided
by the Dobson instruments [Staehelin et al., 1998].

Since the early eighties Brewer grating spectrometers have been installed at several
stations [Kerr et al., 1985] and at many stations Dobson instruments have been replaced
by Brewer spectrophotometers or are planned to be replaced. The Brewer is a modi-
fied Ebert type grating spectrometer which can be operated in single (“single Brewer”)
or double monochromator (“double Brewer”) configuration. This instrument uses five
wavelengths in the spectral range 306.3 and 320.1 nm to form several wavelength pairs
for the standard ozone retrieval. Besides ozone, NO2, SO2, and UV-B radiation can
be measured. Particularly SO2 interferes in the ozone retrieval and has to be corrected
for in an urban environment. Particular advantage of the Brewer is its fully automated
operation. Both direct-sun and zenith-sky measurements are possible.

In the standard retrieval, for both Brewer and Dobson instruments, the dependence of
ozone cross-section on temperature is not accounted for unlike in the satellite retrieval.
As discussed by Kerr (2002) atmospheric temperature corrections can be applied to
Brewer retrievals, but most of the stations participating in the ground based network still
rely on the standard retrieval. Based upon Bass-Paur ozone cross-section spectra [Bass
and Paur, 1985] convolved to match Brewer spectral resolution, he found a 0.7%/10 K

2This section has been published as: Weber, M., L. N. Lamsal, M. Coldewey-Egbers, K. Bramsdedt, and
J. P. Burrows (2005), Pole-to-pole validation ofGOME WF-DOAS total ozone with groundbased data,
Atmos. Chem. Phys., 5, 1341-1355, SRef-ID: 1680-7324/acp/2005-5-1341.
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Figure 3.3:Top panel: CollocatedGOME WF-DOAS V1.0 and BrewerTCO from Hohen-
peissenberg. Bottom panel: Differences in percent. Orange points mark
the three month average in the daily differences and bars the 2σ RMS from
taking the mean.

temperature dependence for Brewer standard retrieval [Kerr et al., 1988]. This number
was revised to 0.94%/ 10 K [Kerr, 2002]. Using a different approach based upon Brewer
measurements at Toronto that included ozone temperature retrieval, he found that the
temperature dependence is rather negligible (-0.05% / 10 K) at standard Brewer wave-
lengths. For Dobson instruments the temperature dependence is 1.3%/ 10 K [Komhyr
et al., 1993]. The temperature sensitivities cited here apply mainly to direct-sun mea-
surements.

Only very few stations provide simultaneous measurements from Brewer and Dobson
spectrometers covering an extended period. Two such stations are Hohenpeissenberg
(MOHp), Germany, 47.8◦ N, and Hradec Kralove, Czech Republic, 50.2◦ N. Both sta-
tions in collaboration act as the Regional Dobson Calibration Centre for Europe. They
have been operating a single Brewer and Dobson throughout theGOME period 1995–
2003 and this data set is very valuable in evaluating the newGOME algorithm. Because
of different wavelengths used in all three instrumentsGOME, Brewer, and Dobson re-
sults may differ.

For both stations a maximum collocation radius of 160 km between the centre of the
GOME pixel and station location was allowed and measurements had to take place the
same day. At a given day only the closest match within that radius was taken. Brewer
and Dobson data were provided as daily averages. All Dobson measurements and the
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Figure 3.4:Same as Figure 3.3 but shown for collocatedWF-DOAS and Dobson mea-
surements at Hohenpeissenberg. Only direct-sun measurements from the
Dobson are shown here.

Hradec Kralove Brewer are limited to direct sun measurements that are considered most
reliable. Hohenpeissenberg Brewer data also contain zenith-sky measurements.

Figure 3.3 shows the comparison betweenWF-DOAS V1.0 and Hohenpeissenberg
Brewer as a function of the day in the year (1996–1999). The top panels shows the
annual cycle ofTCO with maximum ozone in spring and minimum in fall, the bottom
panel the difference in percent. TheWF-DOAS results have a bias of 0.4% and a±0.5%
variability over the annual cycle with slightly higher values in winter (JFM) than in
summer/fall.

The comparison of theGOME WF-DOAS V1.0 with the Dobson measurements is
shown in Figure 3.4. TheRMS scatter in the differences are similar for both Brewer and
Dobson data (2.3%).WF-DOAS exhibits a somewhat stronger seasonal cycle of±1%
when compared to Dobson with a maximum of +1.5% during winter and 0% difference
in summer.WF-DOAS results appear to exhibit only a very small seasonal variation with
respect to the Brewer.

Similar conclusions can be derived from the comparison with the ground-based data
from Hradec Kralove. In Figure 3.5 different combinations of differences between satel-
lite and ground-based data are shown. The top two panels show differences ofWF-DOAS

with respect to Brewer and Dobson, while the lowermost panel depicts the differences
between average Dobson and Brewer results from the same day.

TheWF-DOAS bias with respect to Brewer is less than 0.2% and a very weak seasonal
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Figure 3.5:Annual course of differences betweenGOME WF-DOAS V1.0, single Brewer,
and Dobson data at Hradec Kralove shown for all possible pair combina-
tions. Top: WF-DOAS minus Brewer. Middle:WF-DOAS minus Dobson,
Bottom: Dobson minus Brewer.

cycle of±0.5% like in the Meteorological Observatory Hohenpeissenberg (MOHp) data
is evident here. A somewhat larger seasonal variation is observed if compared to Dobson
(±1%). This is in line with the earlier comparison toMOHp. Note that the percentage
scale is finer (smaller) in these plots as compared to theMOHp plots; theRMS scatter of
the differences remains about the same.

When comparing data from both stations it is noticeable that the Hradec Kralove
Dobson is 0.5% lower on average than the same instrument atMOHp. A new set of
calibration settings were introduced in Hradec Kralove in 1997 that were not adopted at
MOHp [U. Köhler, DWD, personal communication, see alsoStaehelin et al., 2003] and
that may explain this bias. The change in the calibration settings is also noticeable from
the long-term times series in the Dobson-Brewer differences at Hradec Kralove that
showed less variability in 1996 and earlier [Staehelin et al., 2003, see their Figure 5].

A distinct seasonal cycle in the Dobson-Brewer differences is noticed with maxima
in winter and minima (near zero) in summer. The major contribution to this seasonal
cycle in Dobson-Brewer differences is due to the use of different wavelength pairs in
both instruments to retrieve ozone. Particularly, the D pair ratio of the O3 cross-sections
(317.6/339.8 nm) as used by the Dobson shows the largest temperature dependence of
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all ratios used in the standard retrieval by both instruments [Staehelin et al., 2003].
However, a fixed temperature (226.9 K) ozone cross-section is applied in the standard
retrieval so that stratospheric temperature variation with season is not accounted for.
During winter stratospheric temperatures are well below 226.9 K that may explain the
larger differences between Dobson and Brewer. The observed differences between
GOME and Dobson are therefore consistent with the expectation from the neglect of
temperature corrections in the standard retrieval. Due to the reduced temperature sensi-
tivity of the Brewer wavelengths, it is also not unexpected thatGOME WF-DOAS agrees
better with Brewer. It should be also noted that the temperature sensitivity is also larger
with direct sun than with zenith sky ground-based observations [Vanicek, 1998].

3.3.2 Comparison with individual WOUDC stations

Forty-two stations have been selected from theWOUDC data base [Hare and Fioletov,
1998;Fioletov et al., 1999] for global validation ofWF-DOAS V1.0. The stations are
summarized in Table 3.1. Only those stations have been selected that show no larger
gaps in time and should not suffer from unreasonable short time jumps and do not have
an average bias clearly exceeding 5%. Those excluded were mainly a few Indian sta-
tions and Hanoi, Vietnam. Particularly at northern hemispheric mid latitudes, many
more stations were available but a fairly even distribution in longitudes were ensured
by selecting 19 stations out of this data set. The majority of data are from Dobson
measurements. The maximum collocation radius was here set to 300 km (between cen-
tre of GOME footprint and station) and only the nearestGOME overpass was used at a
given day. The same data set has been used in a recent paper validating theGDP V2.7

data version [Bramstedt et al., 2003]. A change of collocation radius to 300 km rather
than 160 km as in the case of the triple comparison presented earlier does not alter the
statistics significantly. For each climate zone (in 30◦ steps) a representative station has
been selected and the differences are shown as a function of time from 1996 to 1999
in Figure 3.6. The stations are from north to south; Resolute (Canada, 75◦ N), Boulder
(USA, 40◦ N), Singapore (1◦ N), Comodoro Rivadavia (Argentina, 46◦ S), and Syowa,
the Japanese station in Antarctica (69◦ S). Also shown are the three month mean time
series (orange line) in order to visualize possible seasonal variability and a long-term
drift in the data. The orange bars indicate the 2σ scatter in the three month mean dif-
ferences. As with earlier versions ofGOME TCO and as shown later forWF-DOAS in
Section 3.3.3, the time series ofGOME-station differences show no significant long-term
drift [Lambert et al., 2002a;Bramstedt et al., 2003].

Both mid latitude stations in both hemispheres as well as the data from Singapore
have an average bias over the four year period that is well below±0.5%. Outside the
polar regions no significant seasonal signature in the differences is detectable with the
exception of Boulder. The Boulder difference series, however, has a distinct seasonal
cycle of up to±1.5% starting in 1997 that is not apparent in 1996. As discussed in the
previous section it could be related to the change in calibration settings that many sta-
tions introduced to their Dobson spectrophotometers in 1997. The seasonal signature in
Boulder is quite similar to that observed with Hradec Kralove andMOHp Dobsons with
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Table 3.1:List of WOUDC station data used in theWF-DOAS validation and division into
climate zones. The type of instruments are given in the second column: D
stands for Dobson, B for Brewer, and F for theM-124 filter instruments.

Station No. type Latitude Longitude Height[m] Location
NH polar region

024 B 74.72◦ N 94.98◦ W 65 Resolute
199 D 71.32◦ N 156.6◦ W 11 Barrow
105 D 64.82◦ N 147.87◦ W 138 Fairbanks
051 D 64.13◦ N 21.9◦ W 75 Reykjavik
123 B 62.08◦ N 129.75◦ E 98 Yakutsk
043 D 60.13◦ N 1.18◦ W 95 Lerwick

NH mid latitude region
077 B 58.75◦ N 94.07◦ W 35 Churchill
143 F 56.00◦ N 92.88◦ E 137 Krasnoyarsk
021 B 53.55◦ N 114.10◦ W 766 Edmonton
076 B 53.32◦ N 60.38◦ W 44 Goose Bay
130 F 52.97◦ N 158.75◦ E 78 Petropavlovsk
174 B 52.22◦ N 14.12◦ E 112 Lindenberg
053 D 50.80◦ N 4.35◦ E 100 Uccle
036 D 50.22◦ N 5.32◦ W 88 Camborne
099 D 47.80◦ N 11.02◦ E 975 Hohenpeissenberg
277 F 47.73◦ N 42.25◦ E 64 Cimljansk
020 D 46.87◦ N 68.02◦ W 192 Caribou
119 F 46.48◦ N 30.63◦ E 42 Odessa
065 D 43.78◦ N 79.47◦ W 198 Toronto
012 D 43.05◦ N 141.33◦ E 19 Sapporo
067 D 40.02◦ N 105.25◦ W 1390 Boulder
208 D 39.77◦ N 117.00◦ E 80 Xianghe
293 D 39.45◦ N 22.48◦ E 110 Athens
107 D 37.93◦ N 75.48◦ W 13 Wallops Island
158 B 33.57◦ N 7.67◦ W 55 Casablanca

Tropics
031 D 19.53◦ N 155.57◦ W 3420 Mauna Loa
187 D 18.53◦ N 73.85◦ E 559 Poona
218 D 14.63◦ N 121.83◦ E 61 Manila
214 D 1.33◦ N 103.88◦ E 14 Singapore
175 D 1.27◦ S 36.8◦ E 1745 Nairobi
219 D 5.84◦ S 35.21◦ W 32 Natal
084 D 12.42◦ S 130.88◦ E 31 Darwin
191 D 14.25◦ S 170.56◦ W 82 Samoa
200 D 22.68◦ S 45.00◦ W 573 C. Paulista

SH mid latitude
027 D 27.42◦ S 153.12◦ E 18 Brisbane
343 D 31.38◦ S 57.97◦ W 31 Salto
091 D 34.58◦ S 58.48◦ W 25 Buenos Aires
253 D 37.80◦ S 144.97◦ E 125 Melbourne
256 D 45.06◦ S 169.70◦ E 370 Lauder
342 D 45.78◦ S 67.5◦ W 43 C. Rivadavia
339 D 54.85◦ S 68.31◦ W 7 Ushuaia

Antarctica
233 D 64.23◦ S 56.72◦ W 196 Marambio
101 D 69.00◦ S 39.58◦ E 21 Syowa
057 D 73.51◦ S 26.73◦ W 31 Halley Bay
268 D 77.83◦ S 166.68◦ E 250 Arrival Heights
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Figure 3.6:Daily differences between collocatedGOME WF-DOAS V1.0 and various
ground stations distributed from north to south between 1996 and 1999. Or-
ange points mark three month averages and error bars the 2σ RMS in the
observed differences. All station data are from Dobsons except for Resolute
that are Brewer measurements.
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Figure 3.7:Average ofWF-DOAS V1.0 and GDP V3.0 differences to nineteenNH mid
latitudeWOUDC stations: 1996–1999. Left: annual course, right: all years.
The dotted lines show the 2σ RMS in theWF-DOAS differences to the ground
data from averaging.

maximum in northern hemispheric winter (January, February, March) and minimum in
summer (July, August, September).

In Comodoro Rivadavia, Argentina, a seasonal signature is not clearly discernible,
except for occasional larger deviations that are not repeated in other years. This is
most likely related to interruptions in measurements in southern hemispheric summer
(January, February, March), so that only few data contributed to the three month average
as in 1997 and 1999.

The two stations in the south and north polar regions, Syowa and Resolute, show a
distinct annual cycle in theGOME-ground station differences. Average differences in
spring/summer are quite low (below 1%) but can increase to +5% close to the polar
night terminator. It is noted that this pattern is symmetric about the polar night period,
althoughTCO under ozone hole conditions in spring is much lower than in fall. The
large gradients in ozone observed near the polar vortex edge is responsible for the larger
scatter in the southern hemispheric (SH) spring, because bothGOME and surface instru-
ment do not look at the same airmass. In fall 1997 the scatter in the differences to the
Resolute Brewer data is quite large as expressed by the huge vertical bar in Figure 3.6.
This is due to some outliers and due to the fact that close to the polar night period only
few data are contributing to the three month mean. In Section 3.3.4 the validation in
polar regions and under ozone hole condition is discussed in more detail.

3.3.3 Validation at low to middle latitudes

For a statistical analysisWF-DOAS TCOhas been compared with ground based data from
42 stations as listed in Table 3.1. The comparisons have been separated according to
climate zones: high latitudes (60◦ -90◦) and mid latitudes (30◦ -60◦) in each hemisphere
and tropics (25◦ S - 25◦ N) according to the grouping of stations as shown in Table 3.1 .
Figures 3.7 to 3.8 show the summary of the comparisons betweenWF-DOAS and ground
based data in each climate zone except for the high latitude results that are presented in
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Figure 3.8:Annual course of differences betweenGOME and ground stations for tropics
(left) andSH mid latitudes (right). The dotted lines show the 2σ RMS in the
WF-DOAS differences to the ground data from averaging.

the next section. The dotted lines in those figures show the 2σ spread from averaging
over all differences between collocated satellite and ground data. For documenting the
improvement achieved withWF-DOAS, the same comparison has been made with the
operationalGOME Data Processor Version 3.0 (short:GDP V3.0) that are shown in blue
in Figures 3.7– 3.8. A detailed description ofGDP V3.0 can be found inLambert et al.
[2002a].

A plot summarizing the comparison between different satellite analyses,WF-DOAS

andGDP V3.0 with nineteen mid latitude stations is shown in Figure 3.7. The average
annual bias is−0.4% for WF-DOAS. A small seasonal variation of about±0.5% can
be seen, with maximum differences in winter and minimum difference in summer sta-
tistically confirming the results from the individual station comparison. TheGDP V3.0

shows an annual variability of±1% with a bias of around−1% with respect to the sta-
tion data. However, the maximum and minimum inGDP V3.0 differences are shifted
towards spring and fall, respectively.

By looking at individual mid latitude stations, it can be noted that for some stations
the seasonal variation in the differences is absent (e.g. Dobsons in Uccle, Belgium, and
Lauder, New Zealand), while for other stations a weak seasonal cycle is observed with
WF-DOAS. In order to see the effect on the statistics by selecting different stations, the
comparison has been limited to eight European stations (Arosa, Lindenberg, Potsdam,
Hohenpeissenberg, Hradec Kralove, Uccle, Camborne, and Oslo) and Russian stations
that mainly operate the so-calledM-124filter spectrometers to measure ozone [Gushchin
et al., 1985] have been excluded. Almost no seasonal variation is observed in theWF-
DOAS mean differences to the European stations, while the seasonal cycle in theGDP

V3.0 differences still remains as shown in Figure 3.9.
The annual course of theGOME differences to the ground-based data for tropical

andSH mid latitude stations (see Table 3.1) is shown in Figure 3.8. TheSH mid latitude
differences show a similar pattern (now shifted by six month) as observed in the northern
hemisphere (NH, see Figure 3.7). TheWF-DOAS differences like in theNH mid latitudes
show no significant annual cycle. The mean bias in low and mid latitudes is less than
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Figure 3.9:Same as Figure 3.7, but for eight European stations (Arosa, Lindenberg,
Potsdam, Hohenpeissenberg, Hradec Kralove, Uccle, Camborne, and Oslo),
see text for further details.

0.5% forWF-DOAS V1.0.
The insignificant seasonal variation observed in theWF-DOAS differences at mid lat-

itudes is in contrast to the conclusion from the triple intercomparison involving collo-
cated Brewer and Dobson data, where a distinct seasonal cycle signature is expected
from the lack of ozone temperature correction in the ground based data retrieval. One
should keep in mind that other factors influence Dobson results such as stray light errors
(reduces retrieved total ozone) and environmental settings (affecting stray light levels)
that may differ from station to station. As pointed out earlier, the ozone temperature cor-
rection is more important in direct sun measurements than for zenith sky measurements
that are also included in theWOUDC data. An important result from this validation is,
nevertheless, that the seasonal dependence in theGOME-ground based data differences
is quite small and gets smeared out when averaged over many stations. This is a large
improvement compared toGDP V3.0 that shows a distinct seasonal signatures at mid lat-
itudes that does not average out. Both retrievals,WF-DOAS andGDP V3.0, use theTOMS

V7 profile shape climatology (GDP V3.0 uses the climatology for airmass factor calcu-
lation). The big improvement inWF-DOAS retrieval is that theTOMS V7 ozone profile
shape climatology is also used to determine the varying ozone dependent contribution
to the rotational Raman correction that is neglected inGDP V3.0.

A long-term comparison has been carried out with Dobson data from Lauder, 45◦ S,
and Brewer data from Hohenpeissenberg, 48◦ N. TheWF-DOAS time series along with
the Lauder Dobson data is shown in Figures 3.10 and 3.11. The Hohenpeissenberg
time series has been shown in Figure 7 ofColdewey-Egbers et al.[2005]. All Lauder
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Figure 3.10:Long-term comparison betweenGOME and Lauder Dobson from 1996 to
2003. Top: daily collocatedGOME WF-DOAS (black) and Dobson data
(blue) time series. Bottom panel: monthly mean differences betweenWF-
DOAS and Lauder Dobson in percent. Vertical bars indicate the 1σ RMS of
the daily differences. Orange lines in bottom two panels show the cosine
fit to the data to determine the amplitude of the seasonal variation. The
amplitude of the cosine term is about 0% forGOME WF-DOAS.

measurements from zenith-sky and direct-sun ground based data have been included.
Apart from a bias of +0.4% for the entire time period (identical to the bias observed
in Hohenpeissenberg), no significant seasonal variation, like in the comparison with
Hohenpeissenberg, is seen in the comparison withWF-DOAS V1.0. Lower stratospheric
temperature seasonal variation is quite small in this region (below 5 K over the course of
the year), such that the lack of seasonal variation in the differences betweenWF-DOAS

and Lauder Dobson is not surprising. Figure 3.11 shows the same comparison but with
GDP V3.0where a distinct seasonal cycle is evident for all years. The amplitude from
fitting a cosine curve (solid orange line) is 1.7%. For Hohenpeissenberg the amplitude
was found to be 1.4% forGDP V3.0 (not shown). From this limited comparison (two sta-
tions) up to 2003, it can be concluded that theDOAS retrieval in low to middle latitudes
does not suffer from the optical degradation that have altered the radiometric accuracy
of theGOME instrument particularly in later years [Tanzi et al., 2001].

3.3.4 Validation in polar regions

Six stations in the north polar region and four stations on Antarctica have been selected
for validating polar ozone fromGOME (see Table 3.1). Figure 3.12 shows the results
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Figure 3.11:Same as Figure 3.10 but forGOME GDP V3.0. The amplitude of the cosine
term is 1.7% forGDP V3.0.

from the southern hemispheric polar region. The southern polar data show on average a
difference of four percent with respect to ground-based data near the polar night period,
in some years it can reach on average 10% like in Antarctic spring 1998. This compar-
ison is difficult since solar elevation angles are low and large ozone gradients near the
polar vortex edge, that delineate a cold region where the ozone hole resides, lead to huge
scatter in theRMS which can reach a 2σ value of 40% depending on individual stations.
Over the annual cycle the average bias is about 0.5%. Comparing these results with
GDP V3.0, one notes that the behaviour near the polar night period is similar for both
data versions and, on first sight an improvement byWF-DOAS seems only marginal. It
is evident that theRMS scatter in the differences is smaller withWF-DOAS during aus-
tral summer than withGDP V3.0 and the bias to the station data is lower. Overall, the
GDP V3.0 data seem to be lower thanWF-DOAS by about 2% throughout the year. From
this view point an improvement withWF-DOAS is evident, but the larger discrepancy to
ground data near the polar night region (and at high solar zenith angle) remains.

Similar arguments apply toNH polar stations but not as extreme as in theSH (see
Figure 3.13) due to the absence of the ozone hole regularly observed in theSH. The
seasonal variation in the differences for bothWF-DOAS and GDP V3.0 is very similar
to the one observed at mid latitudes with minium differences in summer and maxi-
mum differences in winter, but enlarged. Like at mid latitudes the minimum differences
are shifted from summer to fall forGDP V3.0. It is known that theNH polar ozone
shows large interannual variability inside and outside of the polar vortex [see for in-
stanceWeber et al., 2002, 2003]. The Arctic winter 1997/1998, 1998/1999, 2000/2001
to 2002/03 have been rather warm stratospheric winters with high ozone well beyond
500 DU, while 1996/1997 and 1999/2000 were cold stratospheric Arctic winters with
lower winterTCO levels [Weber et al., 2002]. The differences to the station data during
Arctic winter/spring are highly variable, exceeding +10% on average in early 1996 and
can be as low as +2% in 1997. A clear trend with time is not observed. It appears that at
low solar elevation and higherTCO the winter differences are on average closer to 5%
(1998/1999 and 2000/2001) and otherwise in most cases closer to +2 to +3%.

At low solar elevation Dobson instruments suffer from forward scattered stray light
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Figure 3.12:WF-DOAS minus Dobson (top) andGDP V3.0minus Dobson (bottom) from
1996 to 2003 for fourSH polar stations: Arrival Heights (78◦ S), Halley
Bay (74◦ S), Syowa (69◦ S), and Marambio (64◦ S). Individual collocations
(grey dots) as well as monthly mean differences (solid line) are shown.

Figure 3.13:WF-DOAS minus Dobson (top) andGDP V3.0minus Dobson (bottom) from
1996 to 2003 forNH polar stations as listed in Table 3.1. Individual col-
locations (grey dots) as well as monthly mean differences (solid line) are
shown.
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and therefore may underestimate the total column. ForUV observing satellites like
GOME the intensity of the observed scattered light and the signal-to-noise decreases
and, therefore, satellite retrieval errors also get larger. SinceGOME generally uses
larger wavelengths in their retrievals compared to Brewer/Dobsons, the intensity re-
duction may be lower than for the ground instruments. It is, however, generally dif-
ficult for UV/vis instruments to operate in near twilight condition. To reach a better
understanding of differences between satellite (TOMS) and ground-based instruments at
high-latitudes a measurement campaign involving two Dobson and three Brewer instru-
ments, including single and double Brewers, were carried out in Fairbanks, Alaska, in
March/April 2001. Against the travel world standard (Instrument D83, AD pair, direct
sun), all Brewer instruments as well as integrated sonde profiles have shown a percent
difference of +3 to +4% with respect to the world standard [Staehelin et al., 2003] after
careful straylight corrections and ozone temperature corrections applied. The Fairbanks
direct-sun Dobson results showed a difference of−1.3% using the AD pair and, when
using proper ozone temperature and the CD Pair, a +3.5% difference with respect to
D83 was found. From Figure 3.13 it can be seen that in March 2001 the average dif-
ference betweenWF-DOAS for all Arctic stations was on the order of +2 to +4%, that is
comparable to the differences observed in the modified Brewer/Dobson retrievals during
the TOMS3-F campaign. From a temperature sensitivity of 1.3% /10 K in the Dobson
retrieval and a seasonal variation of about 30 K in the lower stratosphere a 3-4% differ-
ences could be expected betweenWF-DOAS and Dobsons and also, possibly, between
Brewers and Dobsons at high latitudes. This suggests the missing ozone temperature
correction and stray light issues as a possible explanation for the observed positive bias
in WF-DOAS differences under low solar elevation condition.

Of particular interest inTCO monitoring is the development of the Antarctic ozone
hole from year-to-year. In theWOUDC statistics four stations from Antarctica have been
included for theSH polar stations. It was found that close to the polar night periodGOME

WF-DOAS V1.0 as well asGDP V3.0 can be up to 10% higher on average than ground
based Dobson. However the variability of the differences is also very large, so that the
differences observed may be also to a large extent depend on the station. In Figures 3.14
and 3.15 the results fromGOME WF-DOAS and Dobson comparison for each of the four
Antarctic stations, Syowa, Halley Bay, Marambio, and Arrival Heights, are shown as
a function of solar zenith angle andGOME TCO, respectively. Also depicted are the
results forGDP V3.0 in the bottom panels of each figure. Compared toGDP V3.0 the
WF-DOAS differences show a fairly weak dependence to solar zenith angle and total
ozone. Looking at the solar zenith angle andTCO dependence in theNH polar regions as
shown in Figures 3.16 and 3.17, respectively, the improvement achieved byWF-DOAS

becomes even more striking. The reduced dependence onTCO and solar zenith angle
also confirms the observation of weaker seasonal variation inWF-DOAS differences to
ground data. Nevertheless, bothWF-DOAS and GDP V3.0 retrievals are higher than
ground based data near the polar night period that may only to some extent be explained
by the problems associated with the standard retrieval applied to ground data.
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Figure 3.14:WF-DOAS V1.0 minus Dobson (top) andGDP V3.0 minus Dobson (bot-
tom) as a function of solar zenith angle for fourSH polar stations: Arrival
Heights (78◦ S), Halley Bay (74◦ S), Syowa (69◦ S), and Marambio (64◦ S).

Figure 3.15:same as Figure 3.14 but as a function of retrievedTCO.
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Figure 3.16:WF-DOAS V1.0minus ground based data (top) andGDP V3.0- ground based
data (bottom) as a function of solar zenith angle for threeNH polar stations:
Resolute (75◦ N), Barrow (71◦ S), and Reykjavik (64◦ N).

Figure 3.17:same as Figure 3.16 but as a function of retrievedTCO.
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3.4 Conclusions

A new TCO retrieval algorithm for backscatterUV satellite instruments, called Weight-
ing FunctionDOAS, has been developed. TheTCO retrieval is based on a comparison
between the measured normalised radiance and the radiances derived by radiative trans-
fer calculations. By using wavelength dependent vertically integrated ozone weighting
functions, a direct retrieval of vertical column amounts rather than slant columns is pos-
sible. Other features of the algorithm include the incorporation of cloud parameter and
effective albedo directly derived fromGOME measurements. The algorithm accounts for
the ozone filling-in as part of the Ring effect, that can lead to systematic underestimation
of several percents otherwise.

The newWF-DOAS algorithm forGOME has been extensively compared with globally
distributed ground-based data, predominantly Dobson spectrophotometer data. In mid
latitudes it agrees on average to within half a percent withWOUDC data. A small negli-
gible seasonal variation of less than±0.5% is noted, with a maximum in the differences
in fall/winter and a minimum in spring/fall. At several mid latitude stations, e.g. Lauder
and Uccle, no seasonal variation is observed.GDP V3.0 clearly shows a larger and per-
sistent annual variation (±1%) but the maximum in the differences is shifted towards
spring (minimum in fall). No major changes are observed with the newWF-DOAS in
the tropics, a constant bias betweenWF-DOAS (below +1%) andGDP (about−1%) with
respect to the ground-based data throughout all years are observed.

In polar regions (both hemispheres) larger positive differences are observed withWF-
DOAS close to the polar night period (on average about +4%). If comparisons are made
near the polar vortex edge errors can get quite large (up to 40% above Antarctica). If
bothGOME and the station are well inside the ozone hole it appears that the differences
are below 5%. Compared toGDP V3.0, WF-DOAS shows large improvements as evident
in weaker solar zenith angle andTCO dependence in the differences to the ground data
at high latitudes.

The comparison with Brewer instruments at Hradec Kralove and Hohenpeissenberg
has demonstrated excellent agreement withWF-DOAS. The maximum in the differ-
ences betweenGOME and Dobson and to a lesser extent with Brewer is related to the
fixed ozone temperature used in the standard retrieval of ground based instruments.
Brewer-Dobson differences can be as high as±2% (generally on the order of 0.5%).
This variability gets maximum at high latitudes due to lower solar elevation and the en-
hanced stray-light problem associated with it. The Fairbanks campaignTOMS3-F, where
differences of up to 3–4% between ozone temperature corrected Brewer and standard
Dobson were measured in late winter, seems to support this conclusion [Staehelin et al.,
2003]. The closer agreement ofWF-DOAS with Brewer than simultaneous Dobson data
confirms that the temperature shift weighting function appears appropriate to account
for the ozone temperature variation.

Overall it can be concluded that the accuracy of theWF-DOAS V1.0 results are now
within the uncertainty of the ground-based measurements that makeGOME data very
attractive for evaluating ground-based network data. The very good agreement with
ground based instruments are proof that several issues that has been newly introduced
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in WF-DOAS V1.0 have significantly improvedTCO retrieval and they are listed here in
order of importance: 1) variable ozone filling-in as part of the Ring effect, 2) the intro-
duction of an effective scene height from cloud information and 3) derivation of an ef-
fective scene albedo from theGOME spectral measurements. The strong dependence in
theGOME-Dobson differences in prior versions [Bramstedt et al., 2003] on cloud cover
has been significantly improved (not shown here). These changes are, however, not spe-
cific to the type of algorithm that has been used here but can be potentially applied to
other retrieval schemes as well. TheWF-DOAS theoretical approach by expanding the
differential optical depth equation in a Taylor series is a straight forward formulation
of theDOAS inversion and is applicable in a more general way than the standardDOAS

approach that uses airmass factors to correct for the slant path geometry like in earlier
GOME versions. This algorithm can be also applied to otherUV/vis backscatter satel-
lite instruments such asSCIAMACHY [Bovensmann et al., 1999] andOMI [Laan et al.,
2000] that measure in continuous scan mode.WF-DOAS V1.0 daily griddedTCO data
can be obtained from www.iup.physik.uni-bremen.de/gome/wfdoas.
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4 Comparison of GOME WF-DOAS
total ozone with Brewer and satellite
measurements

4.1 Overview

For quantitative understanding of atmospheric ozone, its measurements are needed. The
work of Fabry and Buison on atmospheric ozone measurement in 1920 has grown to a
worldwide network through the unprecedented work of Dobson and co-workers [Dob-
son, 1968]. Having about 100 instruments in operation worldwide at present, the Dob-
son instruments have become the primary standard in ground based ozone measure-
ments [Bernhard et al., 2005]. An overview of the instrument, measurement technique,
and measurement errors is given inStaehelin et al.[2003]. The fast growing Brewer net-
work with about 130 instruments currently in operation around the world forms another
independent data source. The instrument and measurement technique are described in
several publications [e.g.Kerr et al., 1981;Kerr, 2002;Staehelin et al., 2003]. Other
ground based instruments devoted to measureTCO are filter ozonometer [Bojkov et al.,
1994],SAOZ/UV-visible andFTIR spectrometers, lidar, and millimeter-wave radiometer
[Lambert et al., 1999]. Regular ozone monitoring from satellites dates back to 1978 with
Total Ozone Mapping Spectrometer (TOMS) and Solar Backscatter Ultraviolet (SBUV).
The Global Ozone Monitoring Experiment (GOME) [Burrows et al., 1999a] has been
providing information onTCO from space since 1995 and is the first European satellite
instrument dedicated to ozone measurements. This task is continued by other instru-
ments like the Scanning Imaging Absorption Spectrometer for Atmospheric Chartogra-
pHY (SCIAMACHY), Ozone Monitoring Instrument (OMI), and GOME-2 [Callies et al.,
2000].

Assesment of long-term trends in ozone requires data from multiple instruments. As
an example, in Figure 4.1 theTCO data from three widely used satellite instruments,
namely,TOMS, SBUV/SBUV2, andGOME are presented. The combined data from the
threeTOMS instruments span ozone record from 1979 through 2003 with a short in-
terruption in the data, as marked by a data gap, during 1994-1996. The Version 7
algorithm were used to retrieveTCO from TOMS. Another datasets derived using mea-
surements from theSBUV/SBUV2 andTOMS series is also shown in the figure. Here, the
SBUV/SBUV2 andTOMS data belong to the Version 6 and Version 7 algorithms, respec-
tively. The originalGOME data and the one corrected with the Dobson measurements
were retrieved using theGDP Version 3.0 algorithm. Shown in the figure are the sea-
sonal area-weighted average ofTCO for the latitude band of 60◦S-90◦S. Clearly, some
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Figure 4.1:Long-term TCO area-averaged over summer months (December, January,
and February) for the period 1979-2003 in the southern polar region. Sys-
tematic difference is evident among theTOMS V7, the combined datasets
from SBUV/SBUV2 andTOMS, theGDP V3.0 TCO data, and the Dobson cor-
rectedGOME data.

systematic difference between different datasets are found. A convenient way of esti-
mating and removing such biases is through intercomparison of ozone measurements
from various instruments. It follows that comparison ofTCO after each algorithm up-
dates is important. This is one of the aims of this chapter. Moreover, the ground-based
data might have site- or instrument-specific biases. In particular, having some uncer-
tainty in the calibration of an instrument is not uncommon. Discrepancy exists even
between well maintained Brewer and Dobson data. Ozone absorption in Huggins band
is temperature dependent but the operational algorithms for ozone retrieval consider a
constant stratospheric temperature of -46.3◦C [Staehelin et al., 2003]. Higher temper-
ature sensitivity of Dobson measurements, in particular because of wavelength pair D,
is one of the important causes for the discrepancy [Kerr, 2002;Staehelin et al., 2003;
Weber et al., 2005;Bernhard et al., 2005]. Other factors contributing to the differ-
ence between Dobson and Brewer measurements are SO2 interference [DeMuer and
DeBacker, 1992] and stray light. Brewer spectrophotometer allows simultaneous mea-
surement of SO2 column amount whereas the Dobson instrument does not. Narrow
field of view for Brewer (3◦ vs. 8◦ for Dobson) makes it less prone to stray light than
the Dobson instrument, that affects the calculated ozone at low solar angles. This ef-
fect is more important at mid and high latitude stations. These qualities and its fully
automated operation have made the Brewer spectrophotometer valuable. While rapidly
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growing, the network of Brewer spectrophotometer lacks transparent and formal cali-
bration procedure and comparable data quality program as that of the Dobson network.
The World Meteorological Organization (WMO) organizes calibration and intercompar-
ison for Dobsons but for Brewers such programs are dependent on individual initiative
of the operating institutions. Some instruments are known to possess systematic biases
due to (a) error in the original calibration and (b) incorrect zenith sky chart [Fioletov
et al., 1999] in the Brewer network.

Well-validated ozone products from satellite measurements can be used to identify
biased ground-based instruments. Ground-basedTCO data archived inWOUDC were
reviewed in the past by usingTOMS andSBUV data [Bojkov et al., 1988;Fioletov et al.,
1999]. In this paper, we will use theGOME TCOderived from Weighting Function Dif-
ferential Optical Absorption Spectroscopy (WF-DOAS) [Coldewey-Egbers et al., 2005]
which is of similar quality as a well-maintained Brewer measurements [Weber et al.,
2005] to examine the performance of the Brewer instruments archived in theWOUDC.
This work can be considered as the continuation of the work ofFioletov et al.[1999] but
with data of improved quality. We will also useGOME operationalTCO data (version
4.0) [Roozendael et al., 2006;Balis et al., 2006] in our study. Inclusion of additional
data set has two-fold purpose. First, similar agreement or disagreement of Brewer data
with both GOME TCO will provide more confidence in our evaluation of station data.
Second, this will allow us to make a direct comparison of two sets ofGOME data re-
trieved with different algorithms. This kind of quality assessment will be beneficial at
improving the accuracy ofTCO data.

The structure of this article is as follows. In Section 4.2 various data sets is used in
this study are briefly described. Comparison between Brewer and the twoGOME algo-
rithms is presented in Section 4.3. This section also shows how theGOME WF-DOAS

TCO can be used as a diagnostic tool to monitor Brewer instruments globally. The qual-
ity of updatedTCO data derived from presently operating satellite instruments namely
GOME, TOMS, and SBUV/SBUV2 is evaluated through intercomparison (Section 4.4).
The conclusion is given in Section 4.5.

4.2 Data Sets

4.2.1 Brewer

This study uses Brewer data available from theWOUDC where data are reported by the
operating institutions. The measurement principle ofTCO from the Brewer instrument
is already described (see Section 1.3). The measurement principle is same for all three
models of the Brewer spectrometer, namely single monochromatorMKII , MKIV , and
double monochromatorMKIII despite having different wavelength coverage and operat-
ing procedures. At present, theWOUDC provides daily values ofTCO. TheTCO can be
available as direct sun (DS), zenith sky (ZS), or focused moon (FM) measurements. For
cloudy sky conditionsTCO is derived from scattered radiation from the zenith direction.
DS results are unreliable on cloudy condition and also have larger errors when the sun
gets lower. In the present study onlyDS measurements are considered.
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4.2.2 GOME

The GOME TCO data from January 1996 to June 2003 were used for comparison with
data from Brewer network. TheGOME instrument on board the sun-synchronous po-
lar orbiting satelliteERS-2 having the equator crossing time in descending mode at
10:30AM has been measuring backscattered radiance of the earth’s atmosphere and sur-
face and the solar irradiance, from which atmospheric ozone can be derived. A typical
ground pixel size is 320 km× 40 km and a global coverage was achieved in 3 days until
21 June 2003. The data coverage ofGOME is significantly reduced following the failure
of the ERS-2 tape recorder on 22 June 2003. For this analysis, theGOME TCO repre-
senting a pixel having its center lying within 300 km of a Brewer station for a given day
were compared with the dailyTCO amount of the station for that day.

TheGDP V4.0 TCO data derived by a standardDOAS algorithm are available from the
European Space Agency (ESA) web-page at http://earth.esa.int/gome. From validation
exercise theGDP V4.0 TCO results lie between -1% and +1.5% of the ground-based
values at low and mid latitudes. Another independent algorithm,WF-DOAS which is
described in Chapter 3, is shown to provideTCO values with a similar precision to a well
maintained ground-based instrument. Both algorithms are reported to have larger biases
of up to 5% for high latitudes. TheGOME WF-DOAS TCO data are available from the
web-page of the University of Bremen at http://www.iup.uni-bremen.de/gome/. Note
that for satellite retrievals, a correction is applied to take the effect of cloud into account
[e.g.Coldewey-Egbers et al., 2005].

4.2.3 TOMS

This study utilizes the Version 8TOMS data from Nimbus-7 (October 1978 through
May 1993) and Earth Probe (August 1996 through August 2003). Data from Meteor-3
instrument (August 1991 through November 1994) are still only available in Version 7.
A comprehensive summary of the new version of theTOMS retrieval algorithm is given
in Bhartia [2003]. In brief, the Version 8 includes modification from the Version 7 such
as inclusion of improved a priori tropospheric ozone, new ozone and temperature profile
climatologies, an aerosol and sea glint correction, and off-set correction for theEPTOMS

retrievals to remove the scan angle bias.

4.2.4 SBUV

The newly reprocessed Version 8SBUV combined data set from theSBUV/SBUV2 series
of instruments has become available [Petropavlovskikh et al., 2005]. Those instruments
flown on the Nimbus-7,NOAA-9, -11, and -16 satellites provide a complete time series
between 1979 and 2003. In the new version, theTCO is calculated as the sum of the
retrieved profile ozone, unlike from measurements at four wavelengths in its predecessor
versions. This makes theTCO less sensitive to variations in surface reflectivity and
scattering processes in the troposphere.
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4.3 Brewer-GOME comparison

Observations from Brewer instrument were compared with theTCO derived from collo-
catedGOME measurements of the same day. Daily percent differences betweenGOME

overpasses and Brewer observations, defined as(GOME−Brewer)
GOME × 100%, were calcu-

lated for bothGOME TCOproducts. The mean bias is calculated from the daily percent
differences. The root mean square value of the daily differences is calculated as an in-
dication of variability in the differences. These two terms will be used as a diagnostic
tool for quality check of the Brewer data.

4.3.1 Brewer stations

Brewer stations included in this study are summarised in Table 4.1. The stations are
sorted according to latitude starting in the northern polar region. Three stations are
available from the northern polar region. The northern mid latitude region alone consists
of 28 stations. Three stations from the tropics and one from the southern polar region are
considered. The majority of the stations (20) use theMKII Brewer spectrophotometer.
Fourteen stations useMKIV and MKIII is used only at two stations. The mean bias
between theGOME TCO and the Brewer data and the scatter in their differences are
presented in the table. Results based onWF-DOAS analysis andGDP V4.0 are shown
in separate columns in order to check the performance of two independent retrievals.
The bias with respect to both retrieval algorithms are consistent. For about 50% of the
stations, the mean bias lies within±0.5%. About 25% stations have somewhat larger
bias (i.e. greater than±1%) with respect to theGOME results and remaining 25% of the
stations have bias lying between±0.5% and±1%. TheGDP V4.0 results show larger
scatter than theWF-DOAS results. The root mean squares (RMS) values based onWF-
DOAS analysis are less than 3% for majority of the stations whereas they are less than
4% according to theGDP V4.0 analysis.

The agreement between satellite retrievals and ground-based measurements as shown
in the table is very good considering several factors that limit the accuracy of two differ-
ent observing systems. The quality of satellite retrievals has significantly improved in
recent years. The ground based data, in particular from the Dobson and Brewer instru-
ments, can be re-evaluated by comparison with satellite data that may further improve
their accuracy. There are several causes that might hamper the quality of ground-based
and satellite data. Satellite measurements are less sensitive to the lowest few kilometers
in the troposphere and also depend upon the knowledge of true profile shapes of ozone
in the entire atmosphere [Wellemeyer et al., 1997;Lamsal et al., 2006]. Cloud effects
are another important uncertainty in satellite retrievals. BothWF-DOAS andGDP V4.0

algorithms make similar assumption to deal with its effect. Clouds are treated as a Lam-
bertian surface and the ozone below the surface calculated from a climatology is added
in the fitted total ozone results. For this purpose, cloud top height, cloud fraction, and
surface altitude need to be accurately known. Inaccuracy in these parameters results
in errors in the retrievedTCO. For example, true altitudes of Arosa, J.R.C. Ispra, Ses-
tola, Madrid, and Mt. Waliguan are different than the altitudes that the satellite retrieval
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Table 4.1:Results of comparison of Brewer data withGOME TCO. HereWFD andGDP

indicate theWF-DOAS andGDP V4.0 results, respectively. Here, topo. indi-
cates the altitude obtained from the topographical data base whereas station
means the real altitude of the altitude as obtained fromWOUDC.

Stations lat. Alt. (km) difference(%) RMS(%) samp.
topo. station WFD GDP WFD GDP

Resolute 75.25 0.059 0.040 0.21 0.13 3.28 3.52 1196
Sodankyla 67.40 0.261 0.179 -0.39 -1.33 2.80 3.72 844
Vindeln 64.24 0.247 0.225 -0.08 -0.84 3.38 3.83 723
Churchill 58.75 0.076 0.035 -0.06 0.10 3.12 3.44 423
Norrkoeping 58.58 0.061 0.043 -0.51 -0.41 2.96 3.29 644
Edmonton 53.55 0.744 0.766 -0.95 -1.07 3.18 3.42 513
Potsdam 52.22 0.075 o.089 0.50 -0.19 2.91 3.16 526
Lindenberg 52.21 0.077 0.112 0.28 -0.46 2.94 3.02 506
Saskatoon 52.11 0.556 0.530 0.13 0.08 2.54 2.84 402
Debilt 52.10 0.048 0.009 -0.20 -1.18 2.85 2.96 547
Valentia Obs. 51.93 0.010 0.001 -0.15 -0.81 3.09 3.29 545
Belsk 51.84 0.144 0.18 0.94 0.18 2.68 2.73 558
Uccle 50.80 0.138 0.100 2.33 1.24 2.71 2.98 538
Hradec K. 50.18 0.376 0.289 0.24 -0.65 2.49 2.68 586
Winnipeg 49.90 0.309 0.239 0.17 -0.16 2.82 3.14 511
Poprad-Ganovce 49.03 0.446 0.706 1.29 0.75 3.06 3.41 643
Saturna Is. 48.78 0.477 0.178 -0.87 -1.35 2.74 3.18 355
MOHp 47.80 0.977 0.975 0.2 0.05 2.59 3.14 609
Arosa 46.78 1.360 1.840 0.38 0.03 2.31 2.96 627
J.R.C. Ispra 45.80 0.708 0.240 -1.56 -1.86 2.60 3.07 604
Montreal 45.48 0.185 0.031 1.19 0.78 2.94 3.24 337
Longfengshan 44.73 0.374 0.317 0.56 0.13 4.99 5.11 463
Halifax 44.70 0.044 0.050 -0.73 -0.96 3.40 3.38 309
Sestola 44.22 0.370 1.030 0.90 0.30 8.18 8.24 403
Toronto 43.78 0.157 0.158 -0.05 -0.52 2.94 3.25 448
Rome Univ. 40.90 0.233 0.060 -1.59 -1.98 3.55 4.14 581
Thessaloniki 40.52 0.396 0.050 -1.65 -2.31 2.35 2.97 255
Madrid 40.45 0.883 -0.001 -0.96 -1.20 2.55 2.88 407
Murcia 38.00 0.397 0.069 -1.19 -0.25 2.64 2.98 581
Mt. Waliguan 36.29 3.087 3.810 2.47 3.00 3.00 3.28 344
Pohang 36.03 0.109 0.060 -0.60 -0.26 4.88 4.71 306
Funchal 32.64 0.000 0.049 0.09 -0.33 2.23 2.33 500
Delhi 28.65 0.184 0.220 -0.12 -0.36 3.11 3.44 44
Petaling J. 3.10 0.100 0.061 0.39 0.43 1.93 2.59 279
BelgranoII -77.87 0.275 0.255 1.69 2.25 5.02 5.22 1637
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Figure 4.2:Summary plot of the difference betweenGOME (WF-DOAS andGDP V4.0)
and BrewerTCO from northern mid latitude stations (left) and polar stations
(right).

algorithms assume (see Table 4.1). The satellite retrieval algorithms use a topographic
database for defining the surface altitude. A difference of 0.5 km in the surface can cause
a bias of about 1.5 DU in the retrievedTCO. While assessing the Brewer data quality
using satellite data these limitations of satelliteTCO retrievals need to be considered.

The accuracy of the Brewer data is limited for other reasons. A systematic bias in
the Brewer data originates from error in the original calibration. This problem can be
resolved through regular calibration against the traveling standard and by comprehen-
sive intercomparison activities with correlative measurements. Another known problem
is the use of incorrect zenith sky chart that is used to deriveTCO from zenith sky mea-
surements. This, however, is not relevant here since only direct sun measurements are
considered. The Brewer data are known to be affected by insufficient treatment of ozone
absorption cross-section although to a less extent than the Dobson data [Bernhard et al.,
2005]. At high solar zenith angle stray light is another important error source for both
satellite and ground-based measurement techniques. The large bias of BelgranoII is
related partly to the neglect of temperature dependence of ozone absorption in the stan-
dard Brewer algorithm [Kerr, 2002] and partly to stray light effect. Another important
cause for the difference between satellite and ground based measurements could be the
natural difference in altitude seen by the satellite as it looks at a larger area.

4.3.2 Performance of Brewer instruments

Figure 4.2 shows the summary plots of the difference between Brewer andGOME data
for 17 mid latitude stations (left panel) and 3 polar stations (right panel) in the north-
ern hemisphere. Those mid latitude stations are: Arosa, Belsk, Churchill, Debilt, Ed-
monton, Hohenpeissenberg, Hradec Kralove, J.R.C. Ispra, Lindenberg, Montreal, Nor-
rkoeping, Poprad-Ganovce, Potsdam, Saskatoon, Saturna, Toronto, Valentia Observa-
tory, and Winnipeg. The data from these stations are not necessarily agreeing well with
the satellite measurements but they do not show sudden jumps in the time series of their
differences. The mean offset varies from station to station. These stations have been
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Figure 4.3:Some stations from northern hemisphere which are believed to have some
problems in the data quality.

considered in many scientific studies in the past. Resolute, Sodankyla, and Vindeln are
the three stations from the northern polar region. In general these stations show good
agreement with results fromGOME. The summary plots show that the mean offset be-
tween Brewer andWF-DOAS data is 0.05% and that between Brewer andGDP V4.0 is
about 0.40%. The mean difference smoothed over a month is also shown in the figure.
The GDP V4.0 - Brewer differences is characterized by largerRMS and a stronger sea-
sonal cycle of about±1% for mid latitude stations and±2% for polar stations. The
magnitude of seasonal behaviour is very small withWF-DOAS TCO. Reasons for the
stronger seasonal cycle in the difference between theGDP V4.0 and Brewer data is not
clear yet but might be related to errors in the treatment of the air mass factor for conver-
sion of the slant column density to the vertical column.

The results presented in Figure 4.2 provide confidence that the two retrieval algo-
rithms for GOME are producing high quality results and indicate that the data quality
is sufficient to evaluate the performance of Brewer stations. Eight stations (from the
northern mid latitude) with noticeable bias or/andRMS are presented in Figure 4.3. The
mean monthly difference is plotted as a function of year. The monthly mean bias for
Longfengshan and Sestola is strongly oscillatory and can reach up to±10% over the
entire time period. The Korean station Pohang shows a jump after second half of 1999.
The bias increased systematically reaching more than -10% in 2000. Three clear jumps
are noticeable for Rome University and Funchal. The reasons for the observed jumps
and difference are unclear. The lack of proper documentation of the instrument change
or correction methods at each stations makes it difficult to attribute reasons to the ob-
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Figure 4.4:Time series of seasonal area weightedTCO for northern polar region
(60◦N-90◦N) obtained fromTOMS (dashed-dotted line with x symbols),
SBUV/SBUV2 (dashed line with diamond symbols),GOME-WF-DOAS (solid
line with filled circles), andGOME-GDP V4.0 (dotted line with open circles).
The TOMS data were not available for 1995 and the first half of 1996. The
data gaps inSBUV/SBUV2 poleward of 45◦S during 1992, 1993, and 1998
are related to the orbital drift ofNOAA-9 andNOAA-11

served features.

4.4 Satellite comparison

The objective of this section is to see how theTCO data fromTOMS, SBUV/SBUV2, and
GOME compare after the recent upgrade of retrieval algorithm for all instruments. This
is important because these are the data sets which are going to be used for various scien-
tific studies including trend estimation. A simple way of visualizing this is by plotting
time series ofTCO from those instruments. The time series are presented for each season
of the year. The grouping of month is made as follows: December-January-February,
March-April-May, June-July-August, and September-October-November. Such group-
ing of the months has been used in recentWMO ozone assessments [WMO, 1999]. The
three month average reflects the seasonal variation in the annual course ofTCO.

Figures 4.4, 4.5, 4.6, 4.7, and 4.8 display the area weightedTCO for NH polar (60◦N-
90◦N), NH mid latitude (30◦N-60◦N), tropics (15◦N-15◦S), SH mid latitude (30◦S-
60◦S), andSH polar (60◦S-90◦S) zones in five separate panels. TheTOMS time series
is affected by periodic data gaps in 1993 and 1994 and absence of data in 1995 and
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Figure 4.5:Same as Figure 4.4 but for northern mid latitude region (30◦N-60◦N)

the first half of 1996. It needs to be emphasized that the area weightedGOME TCO for
June-July-August of 2003 is in fact the area weightedTCO for June only due to the lack
of global coverage after June 2003 and therefore the June-July-AugustTCO values in
the above figure need to be interpreted carefully. The data gaps in theSBUV/SBUV2

time series are associated withSBUV2 data loss poleward of 45◦S during 1992, 1993,
and 1998 related to the orbital drift ofNOAA-9 andNOAA-11. One can observe that the
presently availableTCO data from various satellite instruments are in good agreement
globally except in the winter/spring seasons in high latitudes when the sun is low. There
the ozone retrieval is usually complicated [McPeters and Labow, 1996;Weber et al.,
2005]. Although significantly improved over the earlier data versions (see Figure 4.1),
the difference between different data sets seems to have a latitude-dependent systematic
bias. TheTOMS TCO is too low in most cases. The difference between different data
sets, particularly after 2000, can be interpreted as instrumental effects inTOMS [Bram-
stedt et al., 2003]. Such effect is not observed withGOME WF-DOAS [Weber et al.,
2005]. There are uncertainties in instrument calibration. The sensitivity to calibration
is reduced inDOAS type retrieval algorithms like forGOME.

In Figures from 4.4 through 4.8 ozone decline can be seen beyond the interannual
variability. Usually ozone trends are estimated by eliminating such variability using a
statistical model. The variability due to seasonal cycle,QBO, solar cycle related com-
ponents, and other processes [Dhomse et al., 2006] can be filtered out. All satellite data
show a reversal from the long-term downward trend after middle of 1990s at nearly all
latitudes.
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Figure 4.6:Same as Figure 4.4 but for tropics (15◦N-15◦S)

4.5 Conclusion

25 years of complete ozone data fromTOMS andSBUV/SBUV2 reprocessed with their
latest version 8 algorithms are now available. Likewise, 10 years of completeGOME

data are reprocessed with the latestGDP V4.0 and also with a new and independent al-
gorithm calledWF-DOAS. These data sets will be valuable for various scientific studies
including upcomingWMO ozone assessment.

This article was devoted to compare the two newly releasedGOME data sets with
the data from Brewer networks, with each other, and with other satellite measurements
from TOMS and SBUV/SBUV2. The mean bias between theWF-DOAS TCO and well-
maintained BrewerTCO is less than 0.3% and the root mean squares of their difference is
less than 3%. TheGDP V4.0-Brewer difference shows a stronger seasonal cycle than the
WF-DOAS-Brewer difference at mid to high latitudes. With such improved data quality
in satellite data, Brewer data quality can be monitored and problems with individual
Brewer instruments can be identified. This can also be applied to other ground-based
instruments.

Long-term time series ofTCO from the last two and a half decade have shown that
satellite data from different platforms agree well and are suitable for long-term trend
studies. With the recent upgrades the agreement among various data sets has signifi-
cantly improved. However, further works are still required to improve the quality of
satellite and ground-based ozone data from high latitudes.
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Figure 4.7:Same as Figure 4.4 but for southern mid latitude region (30◦S-60◦S)

Figure 4.8:Same as Figure 4.4 but for southern polar region (60◦S-90◦S).



5 Ozone column classified climatology
of ozone and temperature profiles
based on ozonesonde and satellite
data 1

5.1 Overview

A climatology of ozone is of fundamental importance because it provides information
on the mean state and variability (covariance) that can be used either asa priori con-
straint in satellite retrievals or as initial condition for 3-dimensional chemical transport
models. In addition, it is a source for comparison with models and retrieved data. Tra-
ditionally, climatologies of ozone [e.g.Fortuin and Kelder, 1998] and temperature [e.g.
Leblanc et al., 1998] are monthly zonal means and in terms of spatial coordinates. Lo-
cal [e.g.Yonemura et al., 2002], regional, and global climatologies exist.McPeters
et al. [1997] provided a satellite derived monthly mean zonal mean climatology for the
middle and upper stratosphere with the primary purpose of calculatingTCOs from bal-
loonsonde measurements. A tropospheric ozone climatology was developed byLogan
[1999a]. This climatology was based on sonde, surface, and satellite data. It provides
the 2-dimensional (latitude and altitude) ozone field at middle and high latitudes, and
3-dimensional (latitude, longitude, and altitude) in the tropics. Aimed for general cir-
culation models,Fortuin and Kelder[1998] compiled a 2-dimensional climatology of
ozone based on ozonesonde and Solar Backscattered Ultraviolet (SBUV) data over a
target period of 1980-1991.

Wang et al.[1995] showed a large longitudinal asymmetry in ozone values. This
results in large differences between zonal mean and local values and might cause a bias
when zonal mean is used in an atmospheric model or asa priori state for inversion.
Furthermore, a significant level of information can be lost from zonal averaging in this
approach. Thus, the regional and temporal variability in ozone and temperature makes
the preparation of a meaningful climatology a challenge.Wang et al.[1995] reported a
significant improvement in model results by considering longitudinal variation in ozone.

Austin[1998] suggested a climatology in terms of dynamical based coordinates where
the author has shown that the small scale features are present in such climatologies.
Using TCO as dynamical proxyKlenk et al.[1983] derived standard ozone profiles to

1This chapter has been published as: Lamsal, L. N., M. Weber, S. Tellmann, and J. P. Burrows (2004),
Ozone column classified climatology of ozone and temperature profiles based on ozonesonde and satel-
lite data,J. Geophys. Res., 109, D20304, doi:10.1029/2004JD004680.



66 5 Ozone and temperature climatology

use them asa priori information forSBUV ozone profile inversion algorithm. For To-
tal Ozone Mapping Spectrometer (TOMS) retrieval, theoretical radiances are computed
using standard climatological ozone profiles which were created from Stratospheric
Aerosol and Gas Experiment II (SAGE II) and balloonsonde data [Wellemeyer et al.,
1997].

Prior knowledge on the state space is an essential part of the optimal estimation
method [Rodgers, 1976] which is almost exclusively applied for atmospheric obser-
vation. Satellite observation that maps the state space into measurement space is an
indirect approach of measurement and an inversion process is required for its solu-
tion. A finite number of measurements for obtaining a profile (a continuous function)
is an underconstrained non-linear problem and standard non-linear least squares meth-
ods do not lead to reasonable solutions. The optimal estimation formalism introduced
by Rodgers[1976] explicitly uses mean and covariance of thea priori profile together
with the measurement error to constrain a poorly constrained solution space consisting
of many possible outcomes. The main aim of ana priori constraint is, therefore, to
restrict the components of the solution that are in the null space (unmeasurable part of
state space) or near null space (e.g. troposphere) of the weighting function matrix. The
hidden information of the null space is required to come from thea priori information
but the components of the state which can be measured well enough are weakly affected
by a priori. Structures with short vertical scale of variation is not provided by the in-
verse method but the information at such scales come froma priori [Coe et al., 2002].
In order to retain all the information, a fine representation and a realistica priori are
needed.

An additional knowledge on the state can also be added as prior information
[Rodgers, 2000]. Large variances in thea priori profile as observed in tropopause region
lends no extra information to the inversion. As the monthly mean ozone climatology
does not account for interannual variability there is clearly a need to obtain an improved
a priori climatology, which on one hand represents the large seasonal variability at all
altitude levels and, on the other hand, provides variances (and co-variances between al-
titude levels) which are small enough not to destabilise the retrieval. This can be only
achieved by creating a climatology providing extra information about the state, where
profile classes are sorted by the information like lower stratospheric potential vorticity
(PV) or equivalent latitudes. Strong correlations betweenTCO and tropopause height
[Appenzeller et al., 2000;Salby and Callaghan, 1993] andTCO and the height of ozone
maximum suggest thatTCO, which contains the information of ozone dynamics and
chemistry, can also be used as a dynamical proxy. Preliminary studies [Darmawan,
2002] have shown a significant reduction in ozone class variances by sorting the pro-
files by TCO as compared to a monthly zonal mean climatology. Since the use ofPV

as dynamical proxy can be of problem in the tropics, it is more convenient to useTCO.
This has the following advantages: (1) Retrieval process does not require any meteo-
rological data (2)TCO retrieved from the same measurements can be used to select the
appropriatea priori profile for ozone profile retrieval.

In addition, features like the dramatic ozone loss in Antarctica [Farman et al., 1985],
significant negative trend in mid latitude ozone [Stolarski et al., 1991], and potential
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sign of ozone recovery [Newchurch et al., 2003] reveal that ozone climatologies should
be regularly updated and be based upon recent data sets. The primary goal of the present
paper is to provide an updated and atmospheric dynamics oriented ozone and tempera-
ture climatologies to be used in ozone retrievals asa priori from GOMEandSCIAMACHY

[Burrows et al., 1999a;Bovensmann et al., 1999] or any otherUV backscatter satellite
measurements. First, theTCO as retrieved by Differential Optical Absorption Spec-
troscopy (DOAS) technique can be used to select an appropriate climatological profile to
be used asa priori information for optimal estimation on ozone profile retrieval [Munro
et al., 1998;Hoogen et al., 1999a, b;van der A et al., 2002]. Second, the climatology
provides an opportunity to correct for profile shape errors [Wellemeyer et al., 1997] in
TCO retrievals, especially at high solar zenith angles. The simultaneous use of matching
temperature profiles aids in properly accounting for the temperature dependence of the
ozone absorption cross-sections in the retrieval process.

A wide range of data sources is used in the compilation of this new climatology. De-
scription of the data and method of compilation are discussed in Section 5.2. The fre-
quency distribution of ozone is described in Section 5.3. Composite ozone and temper-
ature climatologies are presented in Section 5.4. The correlation between mean ozone
and temperature profiles has been studied and is reported in Section 5.5. A climatology
of tropopause heights as a function ofTCO is presented in Section 5.6. Both features
show that the new climatology is truly representative of the ozone profile shapes encoun-
tered globally in the atmosphere. Comparison between sonde ozone profiles, the results
from the climatology, andGOME ozone profiles retrieved using two different ozone pro-
file climatologies as a priori constraints is presented in Section 5.7. A conclusion is
given in Section 5.8.

5.2 Data

5.2.1 Ozonesonde data

Data from ozonesonde stations as listed in Tables 5.1 and 5.2 were used to prepare this
climatology. The majority of the data were obtained from the World Ozone and Ultravi-
olet Data Center (WOUDC), Environment Canada, Downsview, Ontario [Fioletov et al.,
1999]. The source of data for the tropics was from the Southern Hemisphere Additional
Ozonesondes (SHADOZ) [Thompson et al., 2003a, b]. The geographical distribution of
those stations is shown in Figure 5.1. More details about individual stations, seasonal
behaviour and trend of ozone can be found inLogan[1985, 1999a, b],Thompson et al.
[2003a, b] and references therein.

The majority of stations included in this study have made regular measurements from
1990 to 2000. Five stations namely, Laverton (from 1989 to 1999), Wallops Island,
Sodankyl̈a, Marambio (from 1988 to 1998), and De Bilt (from 1994 to 2001) are from
slightly different periods but inclusion of data before 1990 or after 2000 makes them
homogeneous in time. Three stations, Lerwick, Eureka, and Praha with ozone observa-
tions from 1992 to 2001 and NẙAlesund from 1990 to 1993 were included to increase
the geographical coverage. Tropical stations fromWOUDC are not considered reliable
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Table 5.1:WOUDC ozonesonde stations used in the compilation of the climatology. Ho-
henpeissenberg is written in short form. Data are available mainly from four
types of ozonesondes, namely Electrochemical Concentration Cell (ECC),
Brewer Mast (BM), German Democratic Republic (GDR) sonde, and Japanese
sondes (KC). Here the stations are classified into four climate zones: northern
polar region (60◦N-90◦N), northern mid latitude region (30◦N-60◦N), south-
ern mid latitude region (30◦S-60◦S), and southern polar region (60◦S-90◦S).
The climatology is based on the data primarily from 1990s.

WMO code Station Latitude Longitude Type Data Period
northern polar region

018 Alert 82.5◦N 64.5◦W ECC 1988 - 1998
315 Eureka 80.0◦N 86.2◦W ECC 1992 - 2001
089 NyÅlesund 78.9◦N 11.9◦E ECC 1990 - 1993
024 Resolute 74.7◦N 94.9◦W ECC 1990 - 2000
262 Sodankyl̈a 67.3◦N 26.5◦E ECC 1988 - 1998
043 Lerwick 60.1◦N 1.2◦W ECC 1992 - 2001

northern mid latitude region
021 Edmonton 53.5◦N 114.1◦W ECC 1990 - 2000
076 Goose Bay 53.3◦N 60.4◦W ECC 1990 - 2000
221 Lagionowo 52.4◦N 21.0◦E GDR + ECC 1990 - 2000
174 Lindenberg 52.2◦N 14.1◦E GDR + ECC 1990 - 2000
316 De Bilt 52.1◦N 5.2◦E ECC 1994 - 2001
242 Praha 50.0◦N 14.4◦E BM + ECC 1992 - 2001
099 Hohenpeis. 47.8◦N 11.0◦E BM 1990 - 2000
156 Payerne 46.5◦N 6.6◦E BM 1990 - 2000
012 Sapporo 43.1◦N 141.3◦E KC 1990 - 2000
067 Boulder 40.0◦N 105.0◦W ECC 1986 - 1996
107 Wallops Is. 37.9◦N 75.5◦W ECC 1988 - 1998
014 Tateno 36.1◦N 140.1◦E KC 1990 - 2000
007 Kagoshima 31.6◦N 130.6◦E KC 1990 - 2000

southern mid latitude region
254 Laverton 37.8◦S 144.7◦E ECC 1989 - 1999
256 Lauder 45.0◦S 169.7◦E ECC 1990 - 2000

southern polar region
233 Marambio 64.2◦S 56.7◦W ECC 1988 - 1998
101 Syowa 69.0◦S 39.6◦E KC 1990 - 2000
323 Neumayer 70.6◦S 8.2◦W ECC 1992 - 2002
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Table 5.2:SHADOZ (tropical) stations. All of these stations are usingECC except
Watukosek which was using Meisei until the instrument type was changed
to ECC.

Station Latitude Longitude Data Period
Paramaribo 5.8◦N 55.2◦W 1999 - 2001
San Christobal 0.9◦S 89.6◦W 1998 - 2001
Nairobi 1.3◦S 36.8◦E 1998 - 2002
Malindi 3.0◦S 40.2◦E 1999 - 2002
Natal 5.4◦S 35.4◦W 1998 - 2002
Watukosek 7.6◦S 112.6◦E 1998 - 2002
Ascension Is. 7.9◦S 14.4◦W 1998 - 2002
Am Samoa 14.2◦S 170.6◦W 1998 - 2002
Tahiti 18.0◦S 149.0◦W 1998 - 1999
Fiji 18.1◦S 178.4◦E 1998 - 2002
La Reunion 21.1◦S 55.5◦E 1998 - 2002
Irene 25.9◦S 28.2◦E 1998 - 2002

enough. Their observations are rather irregular and hence were not included. The gap
in the tropics was filled bySHADOZ data. Twelve stations were selected, most of them
have ozone observations from 1998 to 2002 (see Table 5.2). The use of only five years
of data could be one of the limitations of this climatology, particularly in the tropics.

For the climatology to be representative, an extensive geographical coverage is re-
quired. In the northern hemisphere (NH), there are many stations to choose from and
the geographical coverage is quite satisfactory. The situation has been improved signif-
icantly in the tropics, particularly in the southern hemisphere (SH), after the establish-
ment of theSHADOZ network. In the northern tropics and in the southern mid latitude
and polar regions, only a limited number of stations are available. More stations in
these regions are needed for better understanding of ozone distribution, its variation,
and long-term trend. Out of 38 stations used in this climatology, northern mid latitude
region (30◦N-60◦N) alone comprises of 14 stations. Six stations in the northern polar
region (60◦N-90◦N) and 12 stations in the low latitude (30◦S-30◦N) have been selected.
In the southern hemisphere, only two stations in the mid latitude and three stations in
the polar region are available with a sufficient 10 year data record. For the frequency of
ozone soundings in each of the stations, the reader is referred toLogan[1999a, b] and
Thompson et al.[2003a, b].

Most of the stations used Electrochemical Concentration Cell (ECC) [Komhyr, 1969]
which has been well validated [Smit et al., 1997;De Backer et al., 1989]. Two Eu-
ropean stations, Hohenpeissenberg and Payerne use Brewer Mast (BM) [Brewer and
Milford, 1960]. Lindenberg and Legionowo changed the instrument type from the Ger-
man Democratic Republic (GDR) sonde [Ronnebeck and Milford, 1976] toECCsonde in
June 1992 and 1993, respectively. TheGDR sondes produce larger O3 mixing ratio than
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Figure 5.1:Geographical distribution of the ozonesonde stations. Stars and triangles
show the location ofWOUDC andSHADOZ sonde stations respectively.

eitherBM or ECC sondes [Logan, 1999a]. Four Japanese stations use their own sonde
(KC) which is similar to the Carbon Iodide (CI) sonde of [Komhyr, 1964]. All these
instruments have different precision, accuracy, and different sources of error. A number
of comparison campaigns were held to compare the performance of these instruments
[Attmanspracher and D̈utsch, 1970, 1981;Chanin, 1983;Hilsenrath and others, 1986;
De Backer et al., 1995, 1989] but the different campaigns came out with different re-
sults. The comparison based on duosounding [De Backer et al., 1989] shows thatBM

sensors read 10 - 15% higher in the troposphere, almost the same value at the height
of ozone maximum, and 5% less at about 10 hPa thanECC sensors. Such differences
led to a general practice of correcting the ozonesonde profiles by introducing correc-
tion factors (CF). This procedure introduces errors [Logan, 1985;Tiao et al., 1986;
McPeters et al., 1997] in the so called corrected sonde values and the issue of using
correction factors is still ongoing [WMO, 1998]. In the current climatology it has not
been applied. The temperature and pressure data were obtained from radiosondes flown
together with ozonesondes. The radiosonde temperatures form a reliable data set which
have a reproducibility of about 0.2 K [Knudsen et al., 1996].

Sonde profiles are classified based on the understanding of spatial and temporal vari-
ability of ozone. TCO exhibits a strong annual cycle. The cycle possesses a charac-
teristic late-winter/early-spring maximum and broad late-summer/early-fall minimum
[Eder and LeDuc, 1999;Weber et al., 2003]. The driving force for the annual cycle in
ozone is likely to be dynamical in nature mass transport of ozone from tropical (source)
region to higher latitudes [Bojkov et al., 1994;Holton et al., 1995] and seasonal vari-
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ance of tropopause height [Stanford et al., 1995]. Photochemistry is another factor for
TCO variation which is solar zenith angle dependent. The profile data have been classi-
fied with respect to three effective dimensions: latitude e.g. low latitude (30◦S-30◦N),
mid latitude (30◦-60◦), and polar (60◦-90◦), season (winter/spring and summer/fall) and
TCO amount. Northern winter/spring and summer/fall are defined as being December -
May and June - November periods, respectively. A seasonal distinction was not made
for low latitude profiles. The individual ozonesonde reading in units of partial pressure
at various pressure levels were converted into number density units and volume mixing
ratio at various heights. The values at the end points i.e. at 0 km and 27 km were deter-
mined by assuming a constant mixing ratio from their nearest values. The 0 to 27 km
range was then divided into 18 layers each 1.5 km wide. The mean for each layer was
calculated and the missing values in the intermediate layers, if any, were determined by
spline interpolation. The same treatment was undertaken for the temperature profiles.
The column amount of ozone was calculated by integrating the ozone amount up to
27 km and extending it up to 60 km by using a zonal monthly mean ozone climatology
(TOMS V8 climatology, G. Labow,NASA GSFC, personal communication, 2001) that is
based on recent ozonesonde andSAGE II data (1990-2000). The ozonesonde profiles
were classified by the hybrid (ozonesonde plus climatological extension) ozone column
amount in intervals of 30 DU. The mean and standard deviation profiles for ozone (num-
ber density and mixing ratio) and temperature were determined for each (ozone amount)
class. Note that the climatological profile above 27 km can differ from the true state of
ozone and this difference can introduce some error in the hybrid ozone column amount.

5.2.2 Satellite data

SAGE II and Polar Ozone and Aerosol Measurement III (POAM III ) ozone profile data
were used to construct the stratospheric ozone profiles.SAGE II aboard the Earth Ra-
diation Budget Satellite (ERBS) has been providing high resolution ozone profile data
since October 1984 with a short interruption of about three months in July 2002 [Wang
et al., 2002]. SAGE II provides 15 sunrise and 15 sunset measurements each day. The
SAGE II spatial coverage extends over a latitude range of approximately 70◦S to 70◦N
having month to month variability. The number of the winter/fall profiles in the northern
hemisphere and spring/summer profiles in the southern hemisphere beyond 60◦ latitude
are limited. POAM data is a good available extension to prepare stratospheric climato-
logical profiles in the polar region.POAM III instrument [Lucke et al., 1999] on the Pour
l’Observation de la Terre (SPOT) 4 satellite makes 14 to 15 measurements per day in
each hemisphere. Because of the satellite inclination of 98.7◦, the POAM III measure-
ment latitudes vary from 55◦N to 73◦N in the northern hemisphere and from 63◦S to
88◦S in the southern hemisphere.

Ten years ofSAGE II V6.1 data from 1988 to 1999 were included in the new clima-
tology. SAGE II V6.1 data were not available after middle of 2000 due to an altitude
registration problem. TheSAGE II ozone retrieval requires the separation of ozone ab-
sorption and aerosol extinction [Steele and Turco, 1997]. Thus, in spite of improvements
in theSAGE II V6.1 retrieval [Wang et al., 2002] algorithm, ozone retrievals fromSAGE
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II data are biased in the lower stratosphere when aerosol extinction is large e.g. after the
eruption of Mount Pinatubo in mid-July, 1991. For this reason the 1991 and 1992 data
are not included in the new climatology.

The source of temperature data in theSAGE II operational data is the routine gridded
data analyses from the National Meteorological Center (NMC). The temperature data
which are based on radiosonde and National Oceanic and Atmospheric Administration
(NOAA) operational satellites were used to extend the sonde temperature climatology
up to the upper stratosphere. The temperature data as used for thePOAM III retrieval
were obtained from theUK Meteorological Office (UKMO) which were interpolated to
the time and location of thePOAM III measurements.

An analysis performed byWang et al.[2002] to assess theSAGE II V6.1 data quality
shows thatSAGE II and coincident ozonesonde agree in the mean to better than 10%
down to the tropopause.SAGE II provides useful data up to 60 km [Cunnold et al.,
1989;Attmanspracher et al., 1989] with an expected accuracy of 6% above 25 km alti-
tude. The difference between the sunrise and sunset ozone values are interpreted to be
approximately 5%. Validation studies [Lumpe et al., 2002;Danilin et al., 2002;Randall
et al., 2003] usingECC sonde data, and aircraft (ER-2) and space-based measurement
(SAGE II, HALOE) show thatPOAM III V 3 ozone values agree to within 5 to 7% in the
altitude range from 13 to 60 km and a larger disagreement (10 to 15%) is observed
below 13 km. The quality ofNMC [Wang et al., 1992] andUKMO [Pullen and Jones,
1997] temperature data is believed to be poorer at higher altitudes because of the use of
satellite data in their data assimilation system.

SAGE II data (for tropics and mid latitude region) were taken from 60 km down to
14 km andPOAM III data (for polar region) from 60 to 8 km removing profiles with
missing values within the range. The use of satellite data almost down to tropopause is
of great significance for the accuracy of climatology because it takes into account the
most dynamically sensitive region where short term ozone variations are controlled to a
large extent by horizontal and vertical transport [Salby and Callaghan, 1993]. SAGE II

V6.1 andPOAM III V 3 ozone profile data sets were extended below 14 km and 8 km re-
spectively by means of theTOMS V8 climatology to evaluate the ozone column amount
by integration. The ozone number density, which both data set provide, were converted
to volume mixing ratio in order to construct the stratospheric ozone mixing ratio clima-
tology. As in the case of the sonde data, satellite profiles were classified by region (trop-
ics, mid latitude, and polar), season (winter/spring and summer/fall), andTCO (30 DU
bins). Mean and standard deviation profiles for ozone and temperature for each of the
ozone classes and seasons were calculated.

5.3 Ozone frequency distribution

The frequency distribution ofTCO corresponding to the profiles collected in the data set
has been determined and evaluated. The distribution function ofTCO depends on var-
ious atmospheric perturbations such as changes in dynamics, stratospheric chemistry,
solar activity, etc. It yields the information about the most probable value and the dis-
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Figure 5.2:Frequency distribution ofTCO as obtained by integrating sonde (solid line)
and satellite (dotted line) profiles andGOME GDP V3.0data forGOME-period
1995-2002 (shaded region).

tribution of extreme values [Reck et al., 1996]. The frequency distribution, as shown
in Figure 5.2, shows the percentage frequency for a given ozone class of 30 DU width
for the satellite and sonde data separately. The frequency distribution of allGOME GDP

V3.0 TCO data from middle of 1995 through 2002 are also shown in Figure 5.2 and it ap-
proximates the global distribution due to the larger sampling size ofGOME as compared
to SAGE II, POAM III , and sondes. Effect of different sampling size, interannual varia-
tion, and the effect of the instrumental/retrieval differences are expected to affect ozone
distribution, but Figure 5.2 shows that sonde and satellite data distributions closely ap-
proximate that given byGOME TCO. Integrated ozone values have about the same range
of values as given byGOME. The agreement inTCO distribution obtained from two
entirely independent sources confirms the good representation of the global ozone field
in the new climatology and justifies the methodology with which the climatology was
prepared.

The frequency distribution is wider in winter/spring and narrower in summer/fall.
Temperature gradients and the resulting short-termTCO variation are stronger in winter
than in summer owing to the variation of the solar insulation and variation in plane-
tary activity driving ozone transport into high latitudes [Fusco and Salby, 1999;Randel
et al., 2002;Weber et al., 2003]. In tropics the distribution is narrow and symmet-
ric around 250-280 DU. Except inSH polar region where maximum frequency lies in
the 280-310 DU range in both winter/spring and summer/fall seasons, the winter/spring
distribution has a peak that is shifted to higherTCO with respect to the summer/fall dis-
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Figure 5.3:Merging of sonde and satellite profiles. This is the mean profile of 340 -
369 DU ozone class forNH mid latitude region during winter/spring. Two
horizontal lines at 20 and 26 km show the transition region where the sliding
averaging is applied.

tribution. Ozone values in late spring and early winter are reflected in the tails of either
side of summer/fall ozone distribution. This is because the separation into different half
years (Dec. - May, Jun. - Nov.) is somewhat arbitrary and some of the profile shapes are
common to both. Larger differences in profile shape are expected in lowTCO classes
(ozone hole condition vs. summer/fall profiles).

In SH polar region the asymmetry on the low ozone side is due to chemical depletion
of ozone (“ozone hole”) in the Antarctic vortex during polar spring. Very lowTCO

cases are also observed in theSH mid latitude region. Earlier studies [e.g.Pérez et al.,
2000;Callis et al., 1997] also reported the events of lowTCO. Medium-scale baroclinic
disturbances distort the Antarctic vortex and can lead to excursion into mid latitudes.
Advection of ozone-poor polar air into the mid latitudes after the final vortex break
up has been observed and can also contribute [Randel and Wu, 1995]. Particularly in
SH mid latitude, the use of satellite data compensates for the lack of suitable stations
covering these low ozone cases.

5.4 Composite ozone and temperature profile
climatologies

5.4.1 Ozone

The current climatology is compiled by merging the corresponding mean sonde and
satellite profiles. Before combining both data sets, sonde values were interpolated into



5.4 Composite ozone and temperature profile climatologies 75

Figure 5.4:TCO classified mean ozone (upper panel) and corresponding temperature
profiles (lower panel).
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the same altitude grid (1 km) as that of the satellite data. The interpolation was per-
formed for both ozone number density and volume mixing ratio profiles. Mean sonde
and satellite ozone profiles for 340 - 369 DU class ofNH mid latitude winter/spring
are shown in Figure 5.3 as an example. A smooth transition between 20 and 26 km
was introduced by applying a sliding average. As can be seen in Figure 5.3, the sonde
and satellite climatologies agree well. Some difficulties were encountered at the mini-
mum ozone class for satellite data ofSH mid latitude region during winter/spring season
where no sonde counterpart was available. Those profiles were extended from 14 km
down to 0 km by using the corresponding mean sonde profile from the polar region. The
final profiles were scaled, where necessary, to the class meanTCO values. An identical
compilation technique was followed for the climatology of standard deviation.

Figure 5.4 shows the results of the new dynamics oriented ozone climatology.NH

mid latitude and polar regions both have 11 profiles in winter/spring and 7 profiles
in summer/fall seasons. This difference is the result of strong planetary activity which
cause theTCO amount vary more strongly in winter/spring. TheTCO amounts are higher
in the northern than in the southern hemisphere, which appears to be consistent with the
greater transport of ozone inNH [Holton et al., 1995].SH polar winter/spring comprises
of 8 profiles which includes the typical ozone hole profiles as well. Including ozone
depleted profiles, which were particularly obtained from satellite data,SH mid latitude
winter/spring comprises of 10 ozone profiles. In summer/fall, there are 5 profiles in mid
latitude and 6 in polar region. In the tropics, five profile classes are identified.

The main features of the ozone distributions are clearly seen in this figure. These
features include: decrease in the height of ozone maximum with increase in latitude
andTCO, sharp ozone gradients between the vertically stratified lower stratosphere and
well mixed troposphere, and Antarctic ozone hole profile in spring inSH polar and
ozone depleted profile inSH mid latitude region. Many mid latitude profiles exhibit
filamentation or a secondary maximum. This figure clearly shows the hemispheric and
seasonal differences in tropospheric ozone which causes profiles of the same ozone class
in both hemispheres to differ in the stratosphere. For example, the tropospheric ozone
level in the southern hemisphere is, in general, less than in the northern hemisphere. For
the sameTCO value, southern hemispheric stratospheric ozone level should be higher
than in theNH. In the SH, tropospheric ozone levels do not vary as much as in the
northern hemisphere. This could be the result of stronger anthropogenic emission in
NH, weaker meridional circulation, or underrepresentation of ozonesonde stations in
SH. Figure 5.4 also shows that the tropospheric column in tropics are highly variable in
line with TCO variation. This result is in agreement withSHADOZ tropospheric ozone
climatology [Thompson et al., 2003b] that was based on three years of data.

Figure 5.5 shows the variability defined as (standard deviation)/mean x 100% of
ozone. The variability lies below 30% except in the lowermost stratosphere and up-
per troposphere where the variability is typically up to 60%. This value can increase to
80% during austral spring in southern hemisphere. The large variance in this region is
the result of combined contribution from dynamical activity, tropospheric-stratospheric
exchange, and the chemical depletion of ozone. The increase in variability in altitude
above 40 km may to some extent come from satellite sunrise/sunset differences (sunrise
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Figure 5.5:Variability of ozone (in %) as a function of altitude andTCO. Variabil-
ity is highest in the lowermost stratosphere and upper troposphere. The
plots are located in the same order as in Figures 5.2 and 5.4 (i.e. first row
left to right: NH polar winter/spring,NH polar summer/fall,NH mid lati-
tude winter/spring, second row:NH mid latitude summer/fall, tropics,SH

mid latitude winter/spring, third row:SH mid latitude summer/fall,SH polar
winter/spring,SH polar summer/fall).

values being higher) and errors in the satellite retrieval algorithm [Wang et al., 1992].
The variability patterns, in general, differ for solstice conditions: low values occurring
in summer hemisphere and high in winter hemisphere.

Large ozone variability is observed in the mid latitude region for low ozone cases (
220-280 DU, for example). It is likely due to the fact that the high tropopause profile
(subtropical origin) and ozone depleted profile (polar origin) can have sameTCO amount
but different profile shapes. Similar cases are observed in the polar region where early-
summer/late-fall profiles and ozone hole profiles belong to the same ozone class.

5.4.2 Temperature

The climatology derived from radiosonde data was combined with the climatology
based on meteorological analyses (NMC and UKMO) data set by merging the corre-
sponding ozone class mean temperature profiles using the same sliding average scheme
as applied for ozone. The sonde values were spline interpolated to the 1 km altitude grid.
For cases when matching sonde profile were missing, the met analyses were extended
down to the surface.
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Figure 5.6:Temperature standard deviation (in K) as a function of altitude andTCO.
The plots are located in the same order as in Figure 5.5

Mean temperature profiles are shown in Figure 5.4. One of the important features
seen in the figure is that the profiles with low tropopause are associated with a cold
troposphere, warm lower stratosphere, and highTCO amount. An identical feature,
known as stratosphere-troposphere compensation, has been identified bySteinbrecht
et al. [1998] when the author classified temperature and ozone profiles by tropopause
height. InNH mid latitude winter/spring, for example, the temperature for 220-249 DU
in troposphere (at surface) is higher than that for 400-429 DU by about 19 K while in
the lower stratosphere (19 km) the temperature for 400-429 DU is higher by about 14
K. As seen in this figure, the magnitude of difference differs with seasons, being largest
in winter/spring. Furthermore, the difference in temperature between ozone classes
decrease with increasing stratospheric altitude and decreasing tropospheric altitude. In
the upper stratosphere, no clear pattern of variation could be identified - the reasons for
this behaviour are not understood and further investigation is required.

As explained byFels [1982], the Arctic lower stratosphere is warmer than that in the
Antarctic. In SH polar region, especially during winter/spring, the lower stratospheric
mean temperature falls as low as 193 K leading to severe ozone depletion as shown
in Figure 5.4. Figure shows that the low-ozone events in theSH mid latitude region is
accompanied by the decrease in the mean temperature of the lower stratosphere as low
as 195.5 K. It is likely due to the fact that the fixed latitude of 30◦S to 60◦S is arbitrary
which occasionally samples the vortex air in the mid latitude. The horizontal advection
of cold air from Antarctic latitudes could also result in such low-temperature events
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Figure 5.7:Correlation between mean ozone and temperature forNH mid latitude win-
ter/spring as function of altitude.

[Pérez et al., 2000]. Another interesting feature that can be seen in the present climatol-
ogy is the sharp tropical tropopause temperature minimum which has been pointed out
by Randel et al.[2003].

The standard deviation for the composite temperature climatology is shown in Fig-
ure 5.6. The profiles were obtained from the standard deviation profiles of sonde and
met analyses data by the same method as applied to the mean temperature profiles.
The standard deviation lies below 14 K in the mid latitude region and becomes as high
as 25 K in the polar region during winter/spring. The variance in the upper stratosphere
could be explained by the out of phase variation relationship between ozone and temper-
ature [Smith, 1995]. In the lower stratosphere, the temperature variation is dominantly
controlled by transport [e.g.Rood and Douglass, 1985]. The large variability in the
polar region could be due to the use of relatively smaller sample size of five years. Note
that UKMO data have been used in the polar region and the quality ofUKMO tempera-
ture decreases with increasing altitude possibly due to the poorer quality of radiosonde
temperature and increased use of satellite data.QBO (Quasi-biennial Oscillation), solar
cycle, tropopause height variation, etc. also contribute to temperature variability.

5.5 Ozone and temperature correlation

Figure 5.7, as an example, shows the correlation coefficient profile based on the mean
ozone and temperature profiles forNH mid latitude winter/spring. The ozone is nega-
tively correlated with temperature above 35 km, positively correlated between 35 and
10 km, and negatively correlated below 10 km. This result is in good agreement with
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the model calculated correlation [Rood and Douglass, 1985] between ozone and tem-
perature.

The main aim of investigating this type of correlation is to show that the new ozone
and temperature climatologies presented here is capable of reproducing the known re-
lationships between ozone and temperature. If these relationships do not hold, it would
indicate that either the methodology has faults or the climatology is not a true represen-
tation of the global ozone distribution.

The interpretation of the observed correlation is not easy in the kind of studies pre-
sented here because the correlation profile shown in Figure 5.7 is based on mean profiles
and no other attempts are made to separate the factors which can contribute in the ozone-
temperature correlation. Nevertheless, in the upper stratosphere ozone concentration is
photochemically controlled. The destruction of odd oxygen (O3 + O) by various chem-
ical reactions (Chapman chemistry and catalytic cycles) can vary strongly with temper-
ature. An increase in temperature will increase the rate at which ozone is destroyed, so
ozone and temperature are negatively correlated. The detail of the explanation on the
physical mechanism on ozone temperature relationship in the upper stratosphere can
be found in Smith [1995]. In the lower stratosphere, transport dominates over photo-
chemistry [Brasseur and Solomon, 1984]. There are two main mechanisms whereby
the lower stratospheric ozone and temperature are positively correlated. First, radiative
effect: high ozone concentration helps to maintain a persistent temperature through the
absorption of solar and terrestrial radiative energy [Miller et al., 1992]. Second, dy-
namical effect: transport of air parcel and adiabatic compression at high latitudes lead
to increase in ozone and temperature [Wirth, 1993;Petzoldt et al., 1994;Fortuin and
Kelder, 1996].

5.6 Climatology of tropopause height

The mean state of tropopause height for each of the ozone classes has been analysed.
This provides the mean relationship betweenTCO and tropopause height. Investiga-
tion of the link betweenTCO and tropopause height itself is a broad field but the basic
idea of the present study is to verify if the new climatology of ozone and temperature
reproduces the existing knowledge on tropopause height in a climatological sense.

Tropopause marks the location of an abrupt transition in the temperature lapse rate
WMO [1957], in the values of potential vorticity (PV) [e.g. Zängl and Wirth, 2000],
and in the concentration of chemical species like ozone [Bethan et al., 1998]. Various
tropopause definitions have been identified.Hoinka [1998], however, has shown that
the tropopause height as evaluated from different definitions provide similar results. In
the present study, the tropopause height as provided byNMC data were used for the low
and mid latitude regions. It is calculated using the same algorithm as used by National
Centers for Environmental Prediction (NCEP) [Joseph M. Zawodny, personal communi-
cation, 2003] for the location ofSAGE II measurement. Similar to ozone and tempera-
ture profiles, corresponding tropopause heights were classified byTCO amount and the
mean tropopause heights were calculated for both winter/spring and summer/fall sea-



5.6 Climatology of tropopause height 81

250 300 350 400 450 500 550
total ozone [DU]

0

20

40

60

80
tro

po
sp

he
ric

 c
ol

um
n 

[D
U

]

<------
<------

thermal tropopause

0

5

10

15

20

tro
po

pa
us

e 
he

ig
ht

 [k
m

]

------>
------>

ozone tropopause

Figure 5.8:Climatology of tropopause height forNH mid latitude winter/spring. It
shows the mean relationship betweenTCO, tropopause height, and tropo-
spheric column.

sons. In the polar region where data come from a different source the position of thermal
tropopause was estimated by usingWMO [1957] definition. Thermal tropopause is the
lowest level at which the temperature lapse rate decreases to 2 K per km or less, pro-
vided the average lapse rate between this level and all higher levels within 2 km does
not exceed 2 K per km. In all cases the location of ozone tropopause was evaluated by
applying the criterion developed byBethan et al.[1996]. The threshold value of ozone
gradient where ozone tropopause lies is 60 ppb/km at conditions that the ozone mix-
ing ratio exceed 80 ppb and that the values immediately above the tropopause exceed
110 ppb.

Table 5.6 shows how the tropopause (TTP: thermal tropopause,OTP: ozone
tropopause) height changes withTCO amount. Figure 5.8, as an example, shows how
tropopause height and tropospheric ozone vary withTCO. As apparent in the clima-
tology, various authors [Hoinka et al., 1996; Steinbrecht et al., 1998; Birner et al.,
2002] have reported the correlation between the tropopause height and the stratospheric
ozone column. Increase in the height of tropopause cause the stratospheric column
to decrease. The strength of correlation, however, depends upon the region and sea-
son [Krzýscin et al., 1998]. In summer/fall, the increase ofTCO for 1 km decrease in
tropopause height is larger than in winter/spring. Besides its relation with stratospheric
column, the tropopause height is also sensitive to surface temperature [de F. Forster and
Shine, 1997]. Santer et al.[2003] suggested that the increase in the tropopause height
is associated with stratospheric cooling due to stratospheric ozone loss.

The tropopause height shows a considerable north south variability but without any
clear symmetry between northern and southern hemisphere. The most probable reason
for such asymmetry is related to the difference in the distribution of land and ocean in
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Table 5.3:Climatology of tropopause height. Tropopause types:TTP (thermal
tropopause in kilometer) andOTP (ozone tropopause in kilometer). Regional
bins: I: northern hemisphere polar-winter/spring,II : southern hemisphere
polar-winter/spring,III : northern hemisphere polar-summer fall,IV : south-
ern hemisphere polar-summer/fall,V: northern hemisphere mid latitude-
winter/spring, VI : southern hemisphere mid latitude-winter/spring,VII :
northern hemisphere mid latitude-summer/fall,VIII : southern hemisphere
mid latitude-summer/fall,IX : low latitude.

Tropopause height
Reg.-sea.→ I II III IV V VI VII VIII IX

TCO (DU) ↓ Type
145 TTP - 12.0 - - - 12.8 - - -

OTP - 10.1 - - - 10.0 - - -
175 TTP - 11.4 - - - 12.2 - - -

OTP - 9.6 - - - 9.6 - - -
205 TTP - 11.3 - 11.6 - 11.6 - - 17.3

OTP - 9.8 - 8.6 - 9.7 - - 17.0
235 TTP 12.4 10.9 10.9 11.5 14.4 11.5 13.7 13.3 16.5

OTP 11.5 9.5 12.5 9.1 15.0 9.5 14.9 14.9 16.7
265 TTP 11.6 11.0 10.3 11.5 13.3 12.2 13.0 12.9 16.3

OTP 11.2 9.6 10.0 8.8 13.9 11.1 14.0 14.5 16.5
295 TTP 11.0 10.5 11.0 11.5 12.0 11.7 12.3 11.2 15.7

OTP 9.9 9.5 9.4 8.2 11.2 10.9 13.4 13.7 16.3
325 TTP 10.6 10.0 9.4 11.5 11.1 11.1 11.3 9.7 14.5

OTP 9.3 9.3 8.6 8.2 10.3 10.3 10.6 12.1 15.2
355 TTP 9.7 9.7 9.0 11.4 10.3 10.2 10.7 9.0 -

OTP 8.6 8.9 8.1 8.1 9.5 9.5 9.2 10.7 -
385 TTP 9.1 - 8.6 - 9.5 9.5 9.6 - -

OTP 8.1 - 7.8 - 8.8 9.0 8.2 - -
415 TTP 8.7 - 7.6 - 9.0 9.1 8.6 - -

OTP 7.8 - 7.1 - 8.1 9.0 7.4 - -
445 TTP 8.3 - - - 8.6 - - - -

OTP 7.5 - - - 7.8 - - - -
475 TTP 8.2 - - - 8.4 - - - -

OTP 7.5 - - - 7.4 - - - -
505 TTP 7.9 - - - 7.8 - - - -

OTP 7.1 - - - 7.3 - - - -
535 TTP 7.6 - - - 7.7 - - - -

OTP 6.7 - - - 6.9 - - - -
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Figure 5.9:Sum of rows of averaging kernel matrix as an indicator for the sensitivity to
the measurement. Values larger than about 1 indicate significant contribu-
tion from the measurements while lower values indicate stronger weighting
towards the a priori value.

the two hemispheres. A sharp and cold tropopause is observed in the tropics which was
also observed byHighwood and Hoskins[1998]. As expected, the tropopause height is
usually higher in summer/fall than in winter/spring in mid latitude region [e.g.Hoinka,
1998]. But in polar region, the corresponding summer/fall ozone tropopause is lower
than that of winter/spring. This fact is also reported byHoinka [1998]. If the thermal
tropopause is considered, the same behaviour is observed in theNH, but not in theSH.

Bethan et al.[1996] evaluated the difference between thermal and ozone tropopause.
Based on stations located between 51◦N and 79◦N, they showed that the ozone
tropopause lies about 0.5 km below the thermal tropopause. With few exceptions (e.g.
SH polar summer/fall, and extreme ozone cases) this feature is reflected in the climatol-
ogy.

5.7 Ozone profile retrieval: a case study

FUll Retrieval Method (FURM) [Hoogen et al., 1999a, b] developed for the nadir view-
ing GOME [Burrows et al., 1999a] has been used to assess the performance of the new
climatology. This ozone profile retrieval algorithm is based on the optimal estimation
scheme that includesa priori profiles in order to stabilize the iterative ozone retrieval
[Rodgers, 2000]. In the optimal estimation approach, the atmospheric state vector is
adjusted in iterative steps in order to minimize the weighted sum of squares between
measured and modeled sun-normalized radiances and between the modeled and thea
priori parameters. In the (i+1)th iteration, the estimate xi+1 is given by
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Figure 5.10:Mean relative deviation between retrievedGOME and ozonesonde profiles
(solid line) and between climatological and ozonesondes profiles (dashed
line), respectively for the year 1997 in Hohenpeissenberg (50 profiles). The
profiles were retrieved using zonal monthly mean climatology (left panel)
and our climatology (right panel). The shaded region shows the root mean
square of mean relative deviation for the retrieval and the dotted line of our
climatology.

xi+1 = xa+(KT
i S−1

y K i +S−1
a )−1

×KT
i S−1

y [y−yi +K i(xi −xa)] (5.1)

where xi and xi+1 are the calculated atmospheric state vectors, here the ozone profile,
after ith and (i+1)th iterations, respectively, which yield the retrieval solutionx̂ after
the convergence is achieved. The logarithm of sun-normalized radiance as measured
by GOME is y. yi is the same quantity calculated with the radiative transfer model
GOMETRAN [Rozanov et al., 1997], xa is thea priori atmospheric state, Sa and Sy are
the measurement error covariance and the a priori covariance matrix, respectively, and
K i is the weighting function matrix after ith iteration.

The sum of rows of the averaging kernel matrix,

A i = (KT
i S−1

y K i +S−1
a )−1KT

i S−1
y K i (5.2)

is an indicator for the sensitivity of the retrieval to the measurement as shown in Fig-
ure 5.9. The information content is low below 15 km and above 50 km and in these
altitude ranges climatological ozone information is of critical importance.

Figure 5.10 shows a comparison betweenGOME vertical ozone profiles derived with
the zonal monthly mean ozone climatology fromFortuin and Kelder[1998], on one
hand, and the new climatology presented in this paper, on the other, with results from
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collocated ozonesondes launched in Hohenpeissenberg (47.8◦, 11.0◦, 50 profiles) dur-
ing 1997. The mean profile of the new climatology agrees to better than 10% with the
mean sonde profile with a root mean square of the mean relative deviation being less
than 20% in most cases except in the tropopause. The difference between mean of the
zonal monthly mean climatology and averaged sonde results from Hohenpeissenberg
in the tropopause region is up to 40% and a factor of four higher compared to result
from our climatology. The retrieved meanGOME profile shows a significant improve-
ment in the troposphere by using our updated climatology presented here. Despite the
improvement of theGOME retrieval using the new climatology a positive bias in the
GOME-sonde mean differences in the lowermost stratosphere remain. This can be ex-
plained by the asymmetric averaging kernels that smooth theGOME profiles. In the
lowermost stratosphere contribution from the ozone maximum increases the retrieved
ozone down to the tropopause region [Hoogen et al., 1999a;Meijer et al., 2003].

5.8 Concluding remarks

Ozone column classified ozone and temperature climatologies at six month long sea-
sonal and 30◦ wide latitude bins have been derived using large volume of recent ground-
based and satellite data. The resulting set of ozone profiles is presented in Figure 5.4
and their variances are shown in Figure 5.5 and 5.6.

The climatologies were developed with the aim of improving the quality ofa pri-
ori information. They are intended to be used for the ozone column and profile re-
trieval from GOME, SCIAMACHY, and their future generation likeGOME-2. Separation
of ozone profiles by column amount, what is used as a proxy for an atmospheric dy-
namics, has been proven to reduce the variances in the tropopause region compared to
the traditional zonal monthly mean climatology. This helps to stabilize the fit results
in the profile retrieval. A case study pursued at Hohenpeissenberg has demonstrated
a good use of our climatology. Profile shape and matching temperature profile as ad-
ditional information may also improve the accuracy of the retrievedTCO [Wellemeyer
et al., 1997].

The strong point of this climatology is the separation into hemispheres and semi-
annual cycles. The semi-annual cycle allows a better distinction of profiles associ-
ated with lowTCO that is dominated by chemically depleted ozone in winter/spring
while in summer/fall it is related to the photochemical decay resulting in different
profile shapes for the sameTCO class. The use ofPOAM III data in the polar re-
gion and SHADOZ sonde data in the tropics has significantly improved the global
representation of the ozone field. Nevertheless, the climatology needs to be regu-
larly updated as the maturity of data sets in polar (satellite data),SH mid latitude
regions and northern tropics (both ground-based) increases in order to account for
the long-term changes in the ozone field. This climatology can be downloaded from
http://www.iup.physik.uni-bremen.de/gome/o3climatology.
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6 Influence of ozone and temperature
climatology on the accuracy of
satellite total ozone retrieval 1

6.1 Overview

Ground and space based instruments have been measuringTCO for a significant number
of years. These measurements do not only provide a unique record of ozone variability
on local and global scale but also permit estimation of long-term ozone trends [Bojkov
et al., 1995a;WMO, 1998;Staehelin et al., 2001;Bodeker et al., 2001;Fioletov et al.,
2002]. PreciseTCO observations from ground and space are a prerequisite for reli-
able long-term trend assessments. Ground-based measurements can provide trends at a
single site and importantly serve as a control of possible long-term instrumental drifts
of satellite instruments. Regular ground-based and satellite measurement comparisons
are, thus, needed to ensure that the near global data coverage offered by satellite instru-
ments is of as high quality as possible. SatelliteTCO retrievals often have shown larger
disagreement in high latitudes which may complicate trend studies in polar regions.

In addition to the long total ozone record byTOMS and Solar Backscatter UltraViolet
(SBUV) starting in 1978 [Heath and Park, 1978], the Global Ozone Monitoring Exper-
iment (GOME) [Burrows et al., 1999a] has been providing global distribution of ozone
for the last ten years. A long continuous data record length from a single instrument is
desirable for long-term trend studies, however, due to the limited lifetime of satellites, a
stable and consistent data record has to be derived from multiple instruments [Bodeker
et al., 2001].

GOME data is routinely retrieved with the off-lineGOME Data Processor (GDP), which
has undergone several years of progressive refinements since its first release in 1995.
Various validation activities [Lambert et al., 1999, 2002a] helped identify many limi-
tations of the earlier versions ofGDP and reduced the large discrepancies with a 2%–
5% bias atSZA <70◦ and 10% atSZA >70◦ for GDP V2.7 to better than 1% in the
current versionGDP V4.0 [Roozendael et al., 2006] for most part of globe except in
polar regions [Balis et al., 2006]. GDP V4.0 is a standard Differential Optical Absorp-
tion Spectroscopy (DOAS) retrieval where slant columns retrieved from a spectral fit
are converted to vertical columns using air mass factors (AMFs) calculated at a single
wavelength. However, ozone absorption in the Huggins band is wavelength dependent.

1This chapter is taken from the article “Lamsal, L. N., M. Weber, G. Labow, and J. P. Burrows (under
revision 2006), Influence of ozone and temperature climatology on the accuracy of satellite total ozone
retrieval,J. Geophys. Res.” with minor modification.
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Wavelength dependence of ozone air mass factors become important, in particular at
high SZA. This is taken into account by theWF-DOAS retrieval [Coldewey-Egbers et al.,
2004, 2005] that uses wavelength dependent weighting functions. In this approach ver-
tical ozone column density is directly determined in the spectral fitting. Near global
validation of theWF-DOAS results has shown that theWF-DOAS ozone retrievals are of
comparable quality to the ground-based data [Weber et al., 2005]. At polar latitudes,
WF-DOAS results are improved with respect toGDP V3.0 but the discrepancy with re-
spect to ground-based data still persists. In order to minimise the impact of the wave-
length dependentAMF one can select a representative wavelength for theAMF in the
standardDOAS approach [Burrows et al., 1999a;Lambert et al., 2002a].

GOME WF-DOAS ozone retrieval error studies [Coldewey-Egbers et al., 2005] have
identified the assumed ozone and temperature shapes as an important source of error
which could lead to errors of up to 5% in the retrievedTCO at highSZA. PastGDP val-
idation and delta-validation teams have also pointed out the ozone profile shape, which
is used in theAMF calculation, as a cause of ozone retrieval errors. Following recom-
mendations of the validation team, theTOMS V7 ozone profile climatology [Wellemeyer
et al., 1997] was implemented inGDP V3.0 to compute off-lineAMFs. The current ver-
sion GDP V4.0 uses theTOMS V7 ozone profile climatology [Roozendael et al., 2006].
The most recent version ofTOMS TCO retrieval algorithm (TOMS version 8) [Bhartia,
2003] has corrected several errors that were discovered in its predecessor version 7
[McPeters et al., 1998]. One of the major upgrades to version 8 is the implementation
of the improvedTOMS V8 ozone climatology.

The choice of climatological ozone profile shapes for radiance calculations as in the
case ofWF-DOAS or TOMS retrievals or in the computation ofAMF as in the case of
GDP V4.0 is important. The accuracy of satelliteTCO retrievals rely on our ability to
model the propagation of radiation in the atmosphere and the resultant energy measured
by the satellite instruments. The back-scattered radiance at a wavelength as measured
by the instrument depends upon the actual atmospheric state (e.g. the entire ozone
profile shape) from top of the atmosphere to surface. Deviation of assumed atmospheric
properties from the real atmosphere (e.g. the standard ozone profiles) considered in
radiative transfer calculations results in random errors in derivedTCO. Caudill et al.
[1997] pointed out that the incorrect simulated radiances at highSZA can result inTCO

differences of up to 6%.Wellemeyer et al.[1997] showed that day-to-day variability in
profile shapes gives rise to a standard deviation of 10% inTOMS TCO retrieval. Ozone
retrieval errors associated with the assumed profile shape do not only affect the ozone
retrieval accuracy but also propagate into subsequent data products which are derived
from TCO.

It is clear that a proper choice of ozone profile climatology is important, especially at
high latitudes where profile shape sensitivity of simulated radiance (and weighting func-
tions) and/orAMF is high. One of the important aspects for improvingTCO retrievals
from satellite measurements is the proper use of representative ozone and temperature
profiles. In this paper, we will analyseTCO retrieved by using some of the more recent
climatologies that are commonly used in theTCO retrievals. Those climatologies are
introduced in Section 6.2. The impact of the climatologies onTCO retrievals at some
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selected stations of various climate zones are discussed in Section 6.3. A detailed study
has been carried out at one of the high latitude stations (i.e. Syowa) where the choice
of climatology is more important and is presented in Section 6.4. The conclusions are
given in Section 6.5.

6.2 Climatologies under study

6.2.1 IUP climatology

IUP climatology [Lamsal et al., 2004] provides a total ozone column dependent clima-
tology of ozone and temperature profiles in 1 km steps up to 60 km. This climatology
provides a separate set of profiles for both winter/spring and summer/fall seasons in high
and mid latitudes of each hemisphere. No seasonal distinction is made for low latitude
profiles. The ozone climatology was based on ozonesondes (mid and high latitudes),
Southern Hemisphere Additional Ozonesondes (SHADOZ) [Thompson et al., 2003a, b]
(low latitude), Stratospheric Aerosol and Gas Experiment II (SAGE) II [e.g. McCormick,
1987;Chu et al., 1989] (low and mid latitudes) and Polar Ozone and Aerosol Measure-
ment III (POAM III ) [Lucke et al., 1999](high latitude) ozone profile data set primarily
from 1990 to 2000. National Meteorological Center (NMC) andUKMet Office (UKMO)
temperature profile data, which are used inSAGE II and POAM III ozone profile re-
trievals, respectively, and radiosonde (flown together with ozonesonde) data contributed
to the associated temperature profile climatology.

6.2.2 TOMS V7 climatology

TOMS V7 profile shape climatology [Wellemeyer et al., 1997] was derived by applying
a Principal Component Analysis using balloon measurements and data fromSAGE II.
The climatology comprises of 26 standard profiles of ozone and temperatures: ten for
high and mid latitudes and six for the low latitude. No distinction was made between
hemispheres. These profiles spanTCO values between 125 and 575 Dobson unit (DU)
in 50 DU bins. For each ozone profile, a climatological temperature profile is supplied
which was derived fromSAGE II coincidentNMC data. TOMS V7 standard profiles are
expressed in Umkehr layers.

6.2.3 GSFC climatology

An updated monthly zonal mean ozone profile climatology has been prepared byNASA

Goddard Space and Flight Centre [Ozone climatological profiles for satellite retrieval
algorithms, Submitted to Journal of Geophysical Research, 2005, hereinafter referred to
as McPeters et al., Submitted manuscript, 2005]. This climatology consists of monthly
mean zonal mean ozone values for 18 bands (90 degree south to 90 degree north), each
10 degree wide and at altitude intervals of 1 km extending up to 60 km. It was com-
piled from ozonesonde data from 0 to 24 km,SAGEor Microwave Limb Sounder (MLS)
from 29 km to 60 km and a weighted average in between. This climatology was based
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on ozone observations from 1988–2001. The latest version calledLLM (Labow, Lo-
gan, McPeters) climatology with an improved merging of the sonde and satellite data is
available at (ftp@toms.gsfc.nasa.gov/pub/LLMclimatology).

6.2.4 TOMS V8 climatology

This is a recent update of theTOMS V7 ozone profile climatology. It provides total ozone
classified ozone profiles for each 10 degree wide latitude bands and for each month. It
is an extension of theNASA Goddard Space Flight Center (GSFC) climatology. This
climatology, however, does not provide corresponding temperature profiles likeTOMS

V7.

6.2.5 KNMI climatology

The monthly mean ozone climatology developed at the Royal Netherlands Meteorolog-
ical Institute (KNMI ) consists of zonal mean ozone values and standard deviations for
17 zonal bands extending from 85 degree south to 85 degree north each of 10 degree
wide and at 19 pressure levels (1000 hPa - 0.3 hPa) [Fortuin and Kelder, 1998]. This
climatology was prepared from ozonesonde of 30 ozonesonde stations from 1000 to
30 hPa andSBUV satellite measurements from 30 to 0.3 hPa. Data from 1980 to 1990
were included in this climatology.

6.3 GOME total ozone retrieval

6.3.1 Forward Model: SCIATRAN 2.0

SCIATRAN is a 1-D radiative transfer code designed to allow fast and accurate simula-
tion of radiance as measured by the space-based, air-borne, and ground-based instru-
ments. SCIATRAN has become a widely applicable and valuable tool for the retrieval
of atmospheric constituents from remote radiance measurements. A new generation of
SCIATRAN (version 2.0) has been recently released [Rozanov et al., 2005a].

The SCIATRAN radiative transfer model (RTM) [Rozanov et al., 2002] is the succes-
sor toGOMETRAN [Rozanov et al., 1997] that was developed to simulate back-scattered
intensities and weighting functions to retrieve atmospheric parameters fromGOME mea-
surements. It covers the spectral range 240–2385 nm comprising the 8 spectral channels
of SCIAMACHY [Burrows et al., 1999a;Bovensmann et al., 1999] and uses a spherical
approximation to arbitrary order that is important forUV limb geometry [Rozanov et al.,
2004]. For nadir application pseudo-spherical approximation suffices. Rotational Ra-
man scattering by air molecules has been included [Vountas et al., 1998]. In particular
for ozone retrievals, the Raman scattering also depends on the ozone profile shape and
must be accounted for [Coldewey-Egbers et al., 2005]. The Ring effect is significant for
polarisation sensitive spectrometers likeGOME andSCIAMACHY.

The different ozone and temperature climatologies have been included inSCIATRAN

V2.0. In the radiative transfer calculation, ozone and temperature profiles have to be
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specified. The new upgrade of theRTM facilitates the choice of following sets of ozone
and temperature profile climatologies.

• IUP-Bremen climatology (ozone and temperature)

• TOMS V7 (ozone and temperature)

• TOMS V8 (ozone) andCOSPARInternational Reference Atmosphere 1986 (CIRA)
zonal monthly mean (temperature) [Fleming et al., 1988]

• GSFCzonal monthly mean (ozone) andCIRA (temperature)

• KNMI zonal monthly mean (ozone) andCIRA (temperature)

• Max Planck Institute (MPI) model based ozone and temperature profiles

The MPI trace gas climatology was derived from 2D chemical transport model cal-
culations [Crutzen and Br̈uhl, 1993] and was originally used for all trace gas retrievals
from GOME [Burrows et al., 1999a]. Selection of proper ozone and temperature profiles
from GSFC, KNMI andCIRA climatologies requires as input information on latitude and
month. If the total ozone amount is specified, the selected ozone profile is scaled.A
priori TCO information is required for selectingTCO based climatologies (IUP, TOMS

V7, TOMS V8). Using this information the ozone profile fromIUP, TOMS V7, andTOMS

V8 climatologies is generated as follows:

L(T) =
(T−T(1))

(T(2)−T(1))
×L(2) +

(T(2)−T)
(T(2)−T(1))

×L(1),

where adjacent climatological profiles with total column T(1) and T(2) corresponding
to the profiles L(1) and L(2) , respectively, that brackets the ozone profile L withTCO

amount of T. In case ofGSFCandKNMI climatologies, the monthly mean profile can
optionally be scaled to the stationTCO amount.

In IUP climatology, profiles are further classified according to season.TOMS V8 cli-
matology provides such profiles for each 10 degree wide latitude bands whereas in the
IUP and TOMS V7 climatologies, the bands are in accordance with climate zones, for
example tropics, mid latitude and polar region. As in many other studies, the climate
zones are specified by a fixed latitude. But, the meteorological regimes defined by the
subtropical and polar frontal positions are not bounded to specific latitudes [Hudson
et al., 2003]. A large variation in ozone profiles along the frontal position and a signif-
icant jump in profile characteristics across it can result in a profile shape related error
of 1% in the low to mid latitudes and 2% in the mid to high latitude [Coldewey-Egbers
et al., 2005]. Most of the climatologies use a smooth transition between different re-
gions and seasons. TheIUP climatology is separated in five zones: two polar regions
(>60◦), two mid-latitude regions (30◦–60◦), and the tropics (<30◦) with two seasons
winter/spring and summer/fall. Linear interpolation of profile shapes are done in ten de-
gree wide bands centered at the boundaries and between seasons, here 15th November
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Figure 6.1:Scheme of the iterative onlineWF-DOAS TCO retrieval. Imod is the modeled
intensity and Imea is the measured intensity. Meaning of acronyms: radia-
tive transfer model (RTM), bottom of atmosphere (BOA), top of atmosphere
(TOA), weighting function (WF), look-up-table (LUT), Lambert equivalent
reflectivity (LER), effective height (Eff.hgt), cloud fraction (CF), cloud top
height (CTH), ghost vertical column (GVC), and total ozone (TOZ). See the
text for detail.
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to 15th December (fall to winter) and 15th May to 15th June (spring to summer).TOMS

V7 climatology is treated in a similar way. This climatology does not make seasonal
distinctions in the profile shapes.

6.3.2 Retrieval: Online WF-DOAS

Weighting functions are the derivative of the radiation field with respect to the atmo-
spheric parameters and they are used in the retrieval of absorbing species [Rozanov
et al., 1998]. Buchwitz et al.[2000b] introduced theWF-DOAS for trace gas retrievals
in the near-infrared spectral region ofSCIAMACHY. WF-DOAS has been applied for the
first time to TCO retrievals fromGOME UV spectral measurements [Coldewey-Egbers
et al., 2004, 2005] and validation using a large number of ground based measurements
indicated an excellent agreement ofWF-DOAS ozone results with ground based mea-
surements to within 1% for most part of the globe [Weber et al., 2005].

The principle behind this retrieval method is that the measured atmospheric optical
depth can be approximated by a Taylor expansion around a reference intensity. A low or-
der polynomial is added to account for all broadband contributions from surface albedo
and aerosol. The Ring effect and the undersampling spectra are treated as an effec-
tive absorber. For interfering gases NO2 and BrO, slant column fitting is applied. This
algorithm makes use of wavelength dependent trace gas weighting functions. This over-
comes one of the important limitations of the standardDOAS approach of computing air
mass factor for the conversion of slant column into vertical column at a single wave-
length of 325 nm. The standardDOAS approach assumes that the absorber is weak and
the atmosphere is optically thin. In the original version 1 ofWF-DOAS, theRTM quan-
tities were pre-calculated and are read from look-up tables (LUT) [Coldewey-Egbers
et al., 2005]. The online version ofWF-DOAS integrates theSCIATRAN RTM into the
inversion scheme to retrieveTCO.

Figure 6.1 shows a schematic of the online algorithm. The retrieval scheme includes
the extraction ofGOME level 1b data including geolocation information and viewing
geometry, and the preparation of additional data like effective albedo, ghost vertical
column, etc., which are required by the retrieval procedure. Cloud top height, cloud
fraction, and effective scene height are obtained from Fast Retrieval Scheme for Clouds
from the Oxygen A-band (FRESCO) [Koelemeijer et al., 2001]. Effective height is the
weighted sum of ground altitude and cloud top height by the fractional cloud cover.
Effective albedo is obtained fromGOME sun-normalised radiance at 377.6 nm. The
reader is referred toColdewey-Egbers et al.[2005] for further detail.

The algorithm uses non-linear least squares fitting that includes wavelength shifts and
squeeze [Coldewey-Egbers et al., 2005] for the nadir earthshine spectrum to make the
direct comparison between measured and modeled backscattered radiances. The mod-
eled radiance, ozone and temperature weighting functions are computed as a function
of solar zenith angle, line of sight, relative azimuth angle, surface height and effective
albedo by using the radiative transfer modelSCIATRAN V2.0 in the pseudo-spherical
approximation.

A 8.2 nm wide fit window from 326.6 to 335.0 nm was selected. Iteration begins with
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Figure 6.2:Difference in retrievedTCO utilising different ozone and temperature profile
climatologies as indicated and Brewer data plotted as a function of day of
year at Hohenpeissenberg (upper) and at Singapore (lower). The solid cir-
cles are the mean difference averaged over 15 days. The comparison was
based on data from 1996 to 2003 for Hohenpeissenberg and from 1996 to
2000 for Singapore.
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the online simulation of radiance and weighting functions leading to the direct fitting of
vertical ozone column. The correct profile shape is chosen from climatology based on
the geographical information, day of year, and optionally theTCO first guess. In order
to account for the Ring effect a proper Ring data suited to the atmospheric scenario
is selected from aLUT. The LUT was prepared for various atmospheric scenarios and
viewing geometries. The impact of cloud in the retrievedTCO is accounted for by
adding a so-called ghost vertical column (GVC) derived from zonal monthly mean ozone
climatology, here theGSFC climatology. GVC is the amount of hidden ozone below
cloud top pressure assuming an optically thick cloud and is weighted by cloud fraction
before adding to the retrieved column. Zonal monthly mean climatologies generally are
better suited for tropospheric ozone.

The various climatological ozone and temperature profiles were used in theGOME

retrieval. Retrievals were performed at 6 stations: two each from Arctic and Antarctic
and one each from mid and low latitude region. Those stations are Resolute (75.2◦N,
74.7◦E), Sodankyl̈a (67.4◦N, 26.6◦E), Halley Bay (73.5◦S, 26.7◦W), Syowa (69.0◦S,
39.6◦E), Hohenpeissenberg (47.8◦N, 11.0◦E), and Singapore (1.3◦N, 103.9◦E). For this
comparison, only thoseGOME pixels were considered whose footprint centre lay within
300 km collocation radius from the station, except for Hohenpeissenberg where the col-
location radius was reduced to 160 km. This change was intended only for allowing
more data in the comparison for other stations. Since theGOME footprint for most part
is 320 km across track, the dependence on the collocation radius is not a critical issue.
For all stations, the measurement had to take place on the same day of the satellite
overpass.

The comparison at Resolute, Sodankylä, and Hohenpeissenberg was done with
Brewer measurements. A properly calibrated Brewer instrument providesTCO values at
an accuracy of± 2.5% and its precision is estimated to be± 0.25% [Kerr and McElroy,
1995]. TheTCO amount derived from the standard algorithm results in some system-
atic errors, for instance, coming from uncertainties in the cross-sections [Kerr, 2002].
Syowa, Halley Bay, and SingaporeTCO observations were from Dobson instruments.
The Dobson instrument has performance similar to a Brewer spectrophotometer. Brewer
measurements have the advantage over Dobson that they are less sensitive to ozone tem-
perature variation [Kerr, 2002;Weber et al., 2005;Bernhard et al., 2005]. In theWMO

standard retrieval the ozone cross-section is fixed at -46◦C that can lead to systematic
errors in the Dobson retrieval [Bernhard et al., 2005].

Figure 6.2 (left panel) shows the difference betweenGOME WF-DOAS and Hohen-
peissenberg daily averaged BrewerTCO data (in percent) plotted as a function of day
in the year 1996–2003. During the period BrewerTCO ranged from 219 DU to 466 DU
and theGOME SZA was in the range 25◦–73◦. Except for theMPI profile for June and
20◦-30◦N latitude band,WF-DOAS results show mean biases of less than 0.5% and a
small seasonal signature irrespective of which climatology was used. Tropical ozone
profiles in June might differ significantly from the profiles at Hohenpeissenberg (mid
latitude) and consequently resulted in somewhat larger biases. The motivation for using
MPI profile was to elucidate the error in the retrievedTCO caused by the application of
a single arbitrary profile. These comparisons have indicated that the ozone and temper-
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Figure 6.3:Difference in retrievedTCO and Dobson data plotted as a function of day
of year at Syowa. Ground basedTCO data was obtained from a Dobson
spectrometer. The data points are color coded byGOME SZA (upper) and
DobsonTCO (lower) through the use of colors.
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Figure 6.4:Same as Figure 6.3 but for Sodankylä.

ature profiles that are used in forward models to compute the radiance and weighting
functions have a minor error contribution toTCO retrieval at mid latitudes. Similar re-
sults are observed in Singapore (Figure 6.2 right panel), a low latitude station. The
comparison for this station is limited to the period 1996–2000 because of the problem
in the station data quality (Vitali Fioletov, Meteorological Service of Canada, 2005,
personal communication).GOME total ozone retrieved using theMPI profile is slightly
lower than by using other climatologies. Note that the effect at Singapore is opposite to
that at Hohenpeissenberg. TheMPI profile peaks at higher altitude than ozone profile at
Hohenpeissenberg. Its use in the retrieval results in higherTCO. TheMPI profile peaks
at lower altitude than ozone profile at Singapore and its use causes lowerTCO.

Unlike at Hohenpeissenberg and Singapore,WF-DOAS results obtained by using dif-
ferent climatologies at high latitude stations are highly sensitive to the choice of clima-
tological profiles. The difference (in percent) betweenWF-DOAS and the ground-based
data from Syowa as a function of day of year (1996–2003) is shown in Figure 6.3. Each
panel corresponds to a retrieval using the indicated climatology. The third dimension
is introduced through colors to identify theGOME TCOdependence byGOME SZA and
DobsonTCO. Each colored circle represents a collocated single measurement and the
solid black line the monthly mean of the difference. In Figure 6.3, the austral polar
night as indicated by theGOME data gap separates two distinct seasonal feature: (1)
summer/early fall with low scatter pattern and (2) late winter/spring with high scatter
pattern. Large standard deviation in the spring months is due to the large day to day vari-



98 6 Climatology and total ozone retrieval

ability in the atmospheric profile shapes and hence results in larger error in the satellite
retrieval. This error is termed as random error and can be as large as 10%. We also
identified some systematic errors which are specific to a given climatology application
in the respectiveTCO retrievals. As can be seen in the figure, this error isSZA dependent
which is positive forTOMS V7, negative forMPI and almost zero forIUP climatology.
Based on these data, a clear dependency onTCO is not evident. Results from another
Antarctic station Halley Bay are fairly similar.

Comparison of retrievals at one of the Arctic stations Sodankylä is shown in Fig-
ure 6.4. Effect of climatology in the retrieval is not noticeable forGOME SZA up to
about 75◦. Differences are observed for higherSZA, in particular forTOMS V7, TOMS

V8, andMPI (June, 20◦-30◦N) profile. Large bias of the order of 20% is observed with
the MPI profile at highSZA. This result is consistent with that observed at Syowa. The
difference for theTOMS V7 climatology is not as high as at Syowa. Results from another
Arctic station Resolute are also similar. Zonal monthly mean climatologies (GSFCand
KNMI ) result in very good retrievals at both of these Arctic stations.

In both examples presented above, it is interesting to note thatGOME observations at
high solar zenith angles are occuring near the polar night terminator (winter) and dur-
ing polar summer. Near the northern polar nightsGOME observations over Sodankylä
did not exceed 80◦ SZA and therefore theSZA dependent bias is not very prominent
for all climatologies. For all zonal monthly mean climatologies including the single
MPI profile, the retrievedTCO at highSZA is negatively biased at both stations (polar
night and summer). Near the polar night terminator theTCO retrieved with theTOMS

V7 climatology shows no significant bias at Sodankylä (northern hemisphere), but pos-
itive bias at Syowa (southern hemisphere). A weak negative bias at Sodankylä and no
significant bias at Syowa are evident at highSZA during polar summer. These incon-
sistencies could be due to the difference in ozone and temperature profiles between two
hemispheres and/or seasons, which theTOMS V7 climatology does not distinguish.

6.4 Analysis of retrievals at Syowa

6.4.1 Direct comparison of sonde measurements with climatologies

Four years of ozonesonde data (1996–1999) from Syowa, Antarctica, were used in order
to check if the climatologies presented in Section 6.2 can reproduce the measurements.
Syowa uses Japanese sondeKC which is similar to the Carbon Iodide (CI) sonde of
Komhyr[1969]. KC ozonesondes give less consistent results than Electrochemical Con-
centration Cell (ECC) [Komhyr, 1969;Smit et al., 1997], however, this station continues
using the sensor for reasons of homogeneity of long-term ozone profile time series.
Dobson spectrophotometer stationed at Syowa provide matching total ozone values to
ozonesonding profiles.TCO measurements from Dobson spectrophotometer have the
relative uncertainty of 2% [Basher, 1985;Hare and Fioletov, 1998]. Both of these
data sets were available from the World Ozone and Ultraviolet Radiation Data Center
(WOUDC). In order to compare ozone concentration from ozone column classified cli-
matologies (IUP, TOMS V7, andTOMS V8) with that from ozonesonde measurements,
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TCO information obtained from Dobson instrument is required. Linear interpolation in
TCO is essentially performed using the equation given in Section 6.3.1.TOMS V8 cli-
matology requires additional information on month and latitude. For the zonal monthly
mean climatologies (KNMI andGSFC), month and latitude information suffice. In case
of GSFC and KNMI climatologies, the monthly mean profile can optionally be scaled
to the stationTCO amount. Given these variables (TCO, month, latitude), climatologi-
cal ozone concentration at any altitude level can be compared with regular ozonesonde
measurements.

For ozonesonde-climatology comparison, we ensure that ozone concentrations are
expressed in the same units and the values are on a common grid. BothIUP andGSFC

climatologies provide ozone values at 1 km altitude steps.KNMI climatology expressed
in pressure levels was converted to the same altitude levels by using theUS standard
atmosphere and spline interpolation. Special care was taken to express theTOMS V7

and TOMS V8 ozone values in Dobson units given for Umkehr layers into the same
altitude intervals asIUP climatology. Ozone number density at layer midpoints were
calculated from the ozone values at consecutive layers which were finally interpolated
to the 1 km altitude grid. Between 60 km and 98.6 km the volume mixing ratio at 60 km
was linearly interpolated to 0.0521105 ppmv at 98.6 km fromLiang et al.[1997]. The
individual ozonesonde readings in units of partial pressure were converted into number
density.

Figure 6.5 gives the ozone number density reproduced by the climatologies at differ-
ent altitudes as a function ofTCO amount measured at Syowa. Sonde data interpolated
to those altitude levels are also shown in the figure. Shown are the mean and 2σ vari-
ance of ozone from averaging in 25 DU wideTCO bins. The selected altitudes cover
a broad range from the tropopause to the height of ozone peak. It consists of dynam-
ically highly sensitive region (around tropopause) where short-term ozone variation is
controlled to a large extent by horizontal and vertical transport [Salby and Callaghan,
1993] as well as altitudes where the chemical destruction of ozone is rapid and severe.
Higher variability in ozone is observed in this altitude range.

Climatological ozone number density is less than ozonesonde values at 10.5 km.IUP

climatology shows better agreement than others but it also underestimates winter/spring
ozone values. All updated and recent climatologies reproduce ozonesonde values at
15 km and 19.5 km very well.KNMI climatology overestimates observations mainly in
the lower stratosphere. This climatology is based on data from 80’s and the dramatic
ozone loss seen mostly in the 90’s is not captured.TOMS V7 climatology appears to be
too low around and below 15 km. Simple scalar scaling of the monthly mean climatolo-
gies slightly improves their agreement with ozonesondes.

The reproducibility of the climatologies for ozone number density presented here
only at selected altitude levels should not be understood as the general feature at all lev-
els. A climatology performing well at a certain altitude level may not behave as well at
other levels. Additionally, the test was limited to the altitude below 24 km. Although the
altitude region of ozone number density peak contributes most strongly to the total col-
umn amount,TCO retrieval accuracy rely on the accuracy of a climatological profile over
the entire altitude range. Therefore it is difficult to draw any firm conclusion regarding
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Figure 6.5:Ozone number density at 10.5 km (upper left panel), 15 km (upper right
panel), 19.5 km (lower left panel), and 24 km (lower right panel) plotted as
a function of ground basedTCO measurements at Syowa (69◦S, 39◦E). The
dotted line represents the mean and the shaded region indicates 2σ level of
ozonesonde measurements. The black line and the bar represent the mean
and 2σ level of ozone values reproduced by the climatologies. In case of
GSFCandKNMI climatologies, the profiles scaled to the stationTCO amount
are also shown in a separate plot (sixth figure in each panel). Here the 2σ

level of ozone values for theKNMI scaled are shown by two thin dotted lines.
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Figure 6.6:Error in the retrievedTCO caused by the differences inTCO amount or/and
distribution of ozone and temperature in the above mentioned climatologies
using theIUP climatology as a reference. Three columns correspond to solar
zenith angle of 84◦, 80◦, and 60◦. GSFC2 andKNMI 2 represent the original
profiles andGSFC1 andKNMI 1 are the profiles which are obtained by scaling
the original profiles with a given ozone column.

the accuracy of a particular climatology and its impact onTCO retrievals. Nevertheless,
for the purpose of identifying the profile shape related errors inTCO retrieval this kind
of test might be helpful to some extent. In general the agreement is satisfactory at the
ozone number density peak height for all climatologies, with the exception of theKNMI

andTOMS V7 climatologies. This could be the reason for such larger errors observed
in the case ofTOMS V7 climatology during high solar zenith angle conditions (Fig-
ure 6.3). Despite the large discrepancies in ozone number density between ozonesonde
andKNMI climatology, theTCO retrievals with it is hardly any worse. This could pri-
marily be due to the fact that theGOME SZA is moderate when there is extremely low
ozone and consequently larger ozonesonde-KNMI difference (see Figure 6.3). Relatively
good ozonesonde-climatology agreement at those selected altitudes forIUP climatology
is suggestive of improved retrievals upon its use.

6.4.2 Retrieval studies using modeled radiance

For further investigation of the influence of ozone and temperature profiles of various
climatologies onTCO retrievals, we also retrieved total ozone from synthetic radiances.
The main motivation here is that all the input quantities which produce the spectra will
be known and the role of each of the inputs on the retrievedTCO can be investigated.

The radiances were computed usingSCIATRAN V2.0 at TCO 100 DU, 150 DU,
200 DU, 250 DU, 300 DU, and 350 DU,SZA 84◦, 80◦, and 60◦, relative azimuth angle
0◦, line of sight 0◦, surface height 2 km, effective albedo 0.1, and latitude and longitude
that of Syowa. A clear sky scenario was assumed. Ozone and temperature profiles were
taken fromIUP climatology. These radiance were used to retrieveTCO using the online
WF-DOAS algorithm. The main purpose of taking the same radiative transfer model is
to avoid any retrieval error from model bias. We retrievedTCO from the synthetic radi-
ances by altering the climatologies but keeping all other input parameters identical. For
zonal monthly mean climatologiesGSFCandKNMI , two retrievals were performed: (1)
with and (2) without scaling ozone profiles to the retrievedTCO during each iteration.
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Figure 6.7:Ozone (left) and temperature (right) profiles in September at Syowa from
various climatologies. ForTCO classified climatologies, the profile corre-
sponds to 250 DU.

Figure 6.6 shows the error in retrievedTCO plotted as a function of total ozone. Results
are presented for threeSZA 84◦, 80◦, and 60◦. As expected, the retrieval usingIUP

climatology reproducedTCO (i.e. almost zero bias).TCO usingTOMS V7 climatology
shows systematic bias beyond 200 DU and isSZA dependent. The error can be as high
as 10% at 350 DU andSZA of 84◦. RetrievedTCO usingTOMS V8 climatology is biased
for low ozone cases and the error can reach up to 5% at 100 DU andSZA of 84◦. Er-
rors from zonal monthly mean climatologies range from -2% to 2% depending upon the
TCO amount. They tend to underestimate at low and high ozone cases. The method of
scaling zonal monthly mean ozone profiles to total ozone can improve the retrievedTCO

by up to 1% in those cases. RetrievedTCO usingMPI profiles largely underestimates
and the error enhances withSZA.

The observed discrepancies in theTCO retrieved by using different climatologies have
indicated that the distribution of ozone with altitude can be different despite having the
same ozone column amount. The top of atmosphere (TOA) earth shine radiance responds
differently to changes in ozone concentration and temperature by ozone absorption at
various altitude levels [Rozanov et al., 1998]. As an example, we further analysed the
TCO retrieval at 250 DU of Figure 6.6. Figure 6.7 shows the ozone and temperature
profiles in September at 69◦S from various climatologies.IUP, TOMS V7 andTOMS V8

ozone profiles correspond to the ozone column amount of 250 DU. BothIUP andTOMS

V8 profile peak at around 20 km,TOMS V7 around 17 km, andMPI profile at 25 km.
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Figure 6.8:Ozone (left) and temperature weighting functions at 327.9 nm in the
Hartley-Huggins band of ozone. These weighting functions correspond to
the TCO retrievals using simulated radiance based on the 250 DU profile of
the IUP climatology.

Zonal monthly mean profiles fromGSFCandKNMI show ozone depletion near 20 km
as might be expected from simple averaging of all profiles in September, which consists
of ozone hole profiles as well. Moreover, some ozone profiles are flatter than others.
Temperature profiles also vary significantly, particularly theTOMS V7 temperature pro-
file which is warmer than others up to 35 km and colder above. This difference might
be due to the fact thatTOMS V7 climatology provides a set of temperature profiles com-
mon to warmer northern and colder southern hemispheres. The tropicalMPI profile is
warmer and is characterized by a sharp tropopause [Randel et al., 2003].

Figure 6.8 shows the ozone and temperature weighting functions at 327.9 nm, which
corresponds to the retrievedTCO as following: IUP 245.2 DU, TOMS V7 254.9 DU,
TOMS V8 246.4 DU,GSFC249.1 DU,KNMI 247.9 DU, andMPI 240.0 DU. Ozone pro-
file corresponding to the 250 DUTCO (input) spans from 0 km to 60 km. The difference
between input 250 DU andTCO retrieved with theIUP climatology is mainly due to the
fact that the surface altitude is assumed to be 2 km forTCO retrievals. Integrated ozone
from 0 km to 2 km turns out to be about 4.7 DU. TheTOMS V7 profile thus can cause an
overestimation of about 3.9% (254.9 DU vs 245.3 DU), theMPI profile causes underes-
timation by about 2.2% (240.0 DU vs 245.3 DU) and all other show better agreement.

The ozone weighting function indicates the percent change of the radiance field due
to a 1% change in the vertically integrated ozone profile. Likewise the temperature
weighting function represents the change of radiance field due to a change of 1 K at all
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Figure 6.9:Error in retrievedTCO associated withTOMS V7 temperature profile (left).
Error in retrievedTCO using theTOMS V7 ozone and temperature profiles
are shown in black lines and the grey lines represent the errors while us-
ing TOMS V7 ozone climatology in combination with theMPI temperature
profile (of 60–70◦S, September). Similar results but for theIUP climatol-
ogy is shown in right. Reference scenarios were calculated using theIUP

climatology (at the location of Syowa, winter/spring seasons).

altitudes. The shape of these weighting functions might differ significantly depending
on the climatology as presented in Figure 6.7. Ozone weighting functions from various
climatologies resemble their respective ozone profile shapes.TOMS V7 TOA radiance
is associated with broad high response altitude range peaking at about 17 km. ForMPI,
the response is mainly coming from 20 to 35 km with maximum response from about
25 km. TOMS V8, GSFC, andKNMI climatologies have a similar peak response altitude
around 23 km. These monthly mean climatologies have a stronger secondary maxima
that peaks around 37 km. Their lower response at lower altitudes might be compensated
at higher altitudes. Despite the fact that the temperature weighting functions from dif-
ferent climatologies also vary from each other, most significantly forTOMS V7 andMPI,
the relative shapes are quite similar. Influence of temperature on molecular scattering
and ozone absorption coefficient are the cause for the larger values in lower altitude and
higher altitude respectively. Here it is important to point out that the weighting functions
on which theTOA radiance depends is shown only for 327.9 nm. TheWF-DOAS TCO

retrieval uses spectral fitting over entire wavelength window from 326.5 nm to 335 nm.
It is therefore difficult to completely associate the observed difference in the ozone and
temperature weighting functions to the retrievedTCO.

These investigations have indicated that the larger errors fromTOMS V7 profile shape
climatology might also be related to its temperature profile. To confirm this, we re-
trieved total ozone from the same synthetic radiance as explained above using ozone
profiles from various climatologies but in combination with a single temperature profile
from a zonal monthly meanMPI profile of September and 60–70◦S latitude band. This
provides an opportunity to isolateTCO error from temperature and from ozone of vari-
ous climatologies. No significant difference is found in the case of zonal monthly mean
climatologies (GSFC, KNMI , andTOMS V8), some discrepancy is found in the case of
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IUP climatology, and a substantial difference is evident forTOMS V7 climatology (Fig-
ure 6.9). As discussed in Section 6.3.1, theCIRA zonal monthly mean temperature
climatology has been used in combination withGSFC, KNMI , or TOMS V8 ozone clima-
tology. Similar results for these climatologies would mean that theMPI profile agrees
with the CIRA profile. Retrieval using IUP ozone climatology andMPI temperature
profiles also shows an increased error around 300 DU and the error isSZA dependent
reaching up to 2% forSZA of 84◦. It could be that theIUP SH (southern hemisphere)
polar winter/spring temperature profiles for certain ozone class have some errors due to
the use of limited data sets in the polar regions [Lamsal et al., 2004]. Retrieval errors
with TOMS V7 ozone and temperature climatologies as shown in Figure 6.9 is consistent
with the one shown in Figure 6.3. TheTCO error, which is bothSZA andTCO depen-
dent, can reach up to 10% forSZA of 84◦ andTCO of about 350 DU. Interestingly, using
TOMS V7 ozone andMPI temperature profile the error in the retrievedTCO is lowered
systematically by almost 50% and as such theTCO error for SZA of 84◦ and TCO of
about 350 DU decreases to about 5.5%. Thus it appears that theTOMS V7 temperature
is responsible for 50% of the observed error in Figure 6.3. Note that at lowerSZA the
error in retrievedTCO is less than 0.5% irrespective of whether the temperature profile
is taken from theTOMS V7 climatology or theMPI model-based climatology.

6.5 Conclusion

Good a priori knowledge of vertical profiles of ozone and temperature are essential
for the calculation of back-scatteredUV radiances used in the total ozone retrieval.
The temperature profile is needed because ozone cross-sections are weakly tempera-
ture dependent. Error in assumed profiles propagates into simulated radiances,AMF,
etc. thereby finally affecting the accuracy of retrievedTCO. In order to investigate
the profile relatedTCO retrieval error,TCO retrievals were analysed at 6 stations that
represent Antarctic (Syowa and Halley Bay), Arctic (Sodankylä and Resolute), mid lat-
itude (Hohenpeissenberg) and low latitude (Singapore). More stations were included
in the polar region because the profile sensitivity ofTCO retrieval is significantly larger
in this region. GOMETCO retrieved by usingWF-DOAS shows negligible effect of
climatological profiles at Singapore and Hohenpeissenberg but considerable systematic
differences are observed at high latitude stations, specially forSZA larger than 70◦. Our
studies based on theGOME spectral measurements and synthetic radiances that were
used forTCO retrievals using theWF-DOAS algorithm, have identified both random and
systematic errors in the retrievedTCO originating from the climatological ozone and
temperature profiles. The systematic errors can be up to 10% (e.g.TOMS V7 climatol-
ogy) at highSZA. Profile sensitivity ofTOA radiance is strong when theSZA gets large.
By using theIUP climatology an improvement in the retrievedTCO at highSZA was ob-
served. TheTOMS V8 climatology shows improvements over its predecessorTOMS V7.
Zonal monthly mean ozone climatologies scaled byTCO result in similar retrievals as
the updated column classifiedIUP climatology, with the exception in southern polar re-
gion (e.g. Syowa) where the chemical loss of ozone is severe. The investigation carried
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out in this paper provides a clear message that regular updates of ozone and temperature
climatologies can remove some of the discrepancies observed in the current satellite
ozone products.



7 Retrieval and validation of WF-DOAS
total ozone from SCIAMACHY

7.1 Overview

Satellite-based ozone observations are important for detecting, verifying, and under-
standing ozone depletion. Such activities require an international effort on launching
satellite instruments, improving retrieval algorithms, validating and refining the ozone
data. Both theNASA andNOAA series of instruments,TOMS [Bhartia and Wellemeyer,
2004] andSBUV [Bhartia et al., 1996], have made a major contribution by providing
ozone data from space since 1979. Currently there are three European satellite instru-
ments as part of the European contribution in this respect:GOME on ERS-2 [Burrows
et al., 1999a] operating since April 1995,SCIAMACHY as part of the atmospheric chem-
istry payload of the thirdESA Earth observation satellite platform calledENVISAT which
was launched in March 2002 [Bovensmann et al., 1999] andOMI on-boardEOS-AURA

[Veefkind and Haan, 2002] operating since July 2004. Many other advanced instruments
are planned for future satellite missions. The satellite total ozone retrieval algorithms
are also matured and are able to produce high quality long-term ozone data sets [Bhar-
tia, 2003;Coldewey-Egbers et al., 2005;Weber et al., 2005;Petropavlovskikh et al.,
2005;Roozendael et al., 2006;Balis et al., 2006].

Since satellite instruments have limited lifetime, it is necessary to obtain ozone data
from multiple satellites/instruments for studying long-term trends. This emphasizes
the need to develop an approach to produce a globally harmonized data set of known
quality. Significant work has been done in developing a merged data set fromSBUV

andTOMS series of instruments. For this, the major efforts have been on identification
and correction of calibration and algorithm problems [Hilsenrath et al., 1998]. Similar
efforts are also required forGOME andSCIAMACHY which are providing a wealth of
data for the last 11 years. Global total ozone data fromGOME andSCIAMACHY overlap
for a period of 16 months which will be very helpful to compare and combine the two
data sets.

The work presented here is an attempt to make an effort of creating a combined trend-
quality data set fromGOME andSCIAMACHY. The data set will be continued byOMI,
andGOME-2 series of instruments [Callies et al., 2000]. In this context, the necessity of
developing a high-quality retrieval algorithm has a high priority. The present operational
ESA algorithm forSCIAMACHY which will be described in Section 7.2, is known to have
several shortcomings because the algorithm is based on outdatedGDP V2.4 of GOME.
Those limitations will be highlighted in Sections 7.2.2, 7.2.3, and 7.2.4 by comparing
its results with theGOME WF-DOAS total ozone. Our motivation for adapting theWF-
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DOAS algorithm for SCIAMACHY was, on one hand, its good performance forGOME

and, on the other hand, the known problems with the currentSCIAMACHY operational
ozone data.

7.2 SCIAMACHY operational total ozone product 1

Vertical column densities of ozone are retrieved fromSCIAMACHY andGOME UV-VIS

nadir measurements by using the Differential Optical Absorption Spectroscopy (DOAS,
Platt 1994) in the 325-335 nm (UV) spectral window. It is also possible to retrieve
ozone slant columns in the 425-450 nm (VIS) spectral window fromSCIAMACHY. The
SCIAMACHY VIS ozone product still shows major errors [e. g.Bracher et al., 2002].
After generation of four versions ofSCIAMACHY operational data products from the
near real time processor (SCI NL) during commissioning phase, theSCI NL processor
was upgraded to the newly operationalV5.01 in March 2004. Compared to previous
versions, the main changes are an updated radiometric calibration of radiance (level-1
data) and the use of ozone cross-section measured with theSCIAMACHY flight model
(FM) by Bogumil et al.[2003]. In August 2004 one part of theSCIAMACHY 2003
level-2 data set was processed withV5.04, which improves mainly the (re)processing
capabilities. Except for the time period from 01 Jan 2003 to 21 March 2003 where
V5.01had been affected by an incorrect handling of a season index, the level-2 product
of V5.01andV5.04are equal. All versions of theSCIAMACHY operational ozone column
product are an adaptation of an outdated version 2.4 of theGOME Data Processor that
are three versions behind the currentGOME GDP V4.0. The shortcomings of theGDP

Version 2.4 have been attributed to the following: lack of temperature correction in
the ozone cross sections,AMF calculations which use a ozone climatology based on
an outdated two-dimensional coupled climate model, a lack of iterations to match total
ozone of climatological ozone profiles used in theAMF calculations to the retrieved
total ozone, the limited treatment of the atmospheric profile shape effect, and the partial
unsuitability of the particular spectral analysis when the atmosphere becomes optically
thick [Lambert et al., 1999]. In addition, ozone filling-in as part of the overall Ring
effect was not included as it is in the new generations of total ozone algorithms like
the GOME WF-DOAS algorithm [Coldewey-Egbers et al., 2005],TOSOMI [Eskes et al.,
2005] andGDP V4.0 [Lambert et al., 2004].

A validation reference data set ofSCIAMACHY data V5.01 has been compared to
ground-based [Lambert et al., 2004b] and satellite measurements [Bracher et al., 2004;
Hilsenrath et al., 2004], models, and assimilation data [Eskes and Dethof, 2004] to
verify the improvement upon the previousSCIAMACHY versions 3.5x and assess the
geophysical consistency of the latest operationalSCIAMACHY data version. These vali-
dations concluded thatSCIAMACHY V 5.01 improved upon previous versions, but known

1This section has been taken from the article “Bracher, A., L. N. Lamsal, M. Weber, K. Bramstedt, M.
Coldewey-Egbers, and J. P. Burrows (2005), Global satellite validation ofSCIAMACHY O3 columns
with GOME WF-DOAS, Atmos. Chem. Phys., 5, 1025-1025, SRef-ID: 1680-7324/acp/2005-5-2357”
with some modifications.
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errors, e.g. dependence on solar elevation and on ozone column, inherited fromGOME

GDP V2.4 remained. An overall agreement of about 1% ofSCIAMACHY V 5.01 to assim-
ilated GOME TOGOMI [Eskes and Dethof, 2004], a negative bias around 1% to ground
stations [Lambert et al., 2004b] and GOMEGDP V3.0 [Bracher et al., 2004], and up
to 3% to SBUV2 V7 [Hilsenrath et al., 2004] were found. However, the result has to
be considered with some suspicion since ground-based validation showed a solar zenith
angle dependence of 8 to 10% at high latitudes, an overestimation of low ozone columns
recorded during springtime ozone depletion events, and a fractional cloud cover depen-
dence at about one third of the stations. The poor space/time sampling (the data were
only sparsely available from the second half of 2002 and the majority were measured
above Europe and the south polar region) might have biased these results. In order
to derive firm conclusions on the data quality ofSCIAMACHY a global validation of a
consolidated long-termSCIAMACHY data set versionsV5.01/V5.04(differences are neg-
ligible between both versions with regard to total ozone) withGOME WF-DOAS V1.0

ozone columns from the first half a year of 2003 was performed. Only for this time
period a large set of collocation can be found where ozone columns derived from both
instruments are globally available in the latest versions. After June 2003GOME has a
reduced coverage because of a tape recorder failure.

7.2.1 Comparison with GOME WF-DOAS

As stated above, complete data sets with near global coverage from both instruments
were available for the first half of 2003. For all data sets (SCIAMACHY V 5.01/V5.04),
andGOME (WF-DOAS V1.0) measurements taken at solar zenith angles below 88◦ were
included in the comparisons because at solar zenith angles above 88◦ the signal to noise
ratio is too low. SinceGOME/ERS-2 andSCIAMACHY/ENVISAT are flying in the same
orbit only 30 minutes apart, numerous collocated measurements can be found (up to
10000 a day). In order to quickly compare collocations of a day up to a month period,
and to overcome the difference in ground pixel sizes ofSCIAMACHY and GOME, the
following method was applied. DailyTCO data were binned into 2.5◦ × 2.5◦ wide cells
and then compared. The center coordinate of the satellite footpath was used to locate
the bin. We tested the binning with several grid resolutions and compared the results
of the comparisons to the direct comparisons where the mean value of allSCIAMACHY

total ozone measurements within aGOME pixel was compared. Using 2.5◦ by 2.5◦

bins provided similar results compared to the direct comparison as will be shown later.
This grid resolution seems also to roughly approximate theGOME ground pixel size in
across-track direction.

When both instruments had measurements in the same grid, the mean of one instru-
ment was compared to the mean of the other instrument as follows:

100× (tO3 of SCIAMACHY − tO3 of GOME)/tO3 of GOME (7.1)

The daily comparisons were analyzed in five zonal bands (90◦S to 60◦S, 60◦S to 23◦S,
23◦S to 23◦N, 23◦N to 60◦N, 60◦N to 90◦N) and as a function of solar zenith angle and
total ozone. In addition to that, means and root mean square (RMS) values of the mean
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Figure 7.1:Mean values of mean relative deviations (straight line) and root mean
squares of the mean relative deviation (dotted line) between data sets binned
in 2.5◦× 2.5◦ grids as a function of latitude. The results of the direct com-
parison ofSCIAMACHY V 5.01to GOME WF-DOAS V1.0 total ozone is shown
in red.

relative deviations as a function of solar zenith angle and total ozone combining all days
were determined.

GOME WF-DOAS V1.0 andSCIAMACHY V 5.01/V5.04 retrieval results and the differ-
ences between them are shown in Fig. 7.1 for May 12, 2003, and summary plots in
Figs. 7.2, 7.3 and 7.4 for first half of 2003. [Lambert et al., 1999, see Fig. 4] observed
dependencies onTCO amount, solar zenith angle, and latitudes inGDP V2.4 TCO prod-
ucts from comparison with data from ground-based sensors. For bothGOME GDP V2.4

andGDP V2.7 this dependence was within 4%. Similar results are also expected from
SCIAMACHY V 5.01/V5.04 TCO retrievals.

7.2.2 Latitude dependence

The relative deviations between the binned data sets of bothSCIAMACHY retrievals
(V5.04) to GOME WF-DOAS from May 12, 2003 are shown as a function of latitude
(Fig. 7.1). As an example, results of direct comparisons ofSCIAMACHY V 5.04 to GOME

are also added. Here, the mean of theTCOs from V5.04 of all SCIAMACHY pixels to
the correspondingGOME WF-DOAS value are compared. Note that theSCIAMACHY

pixels were sampled 30 minutes beforeGOME pixels. Both comparison methods agree
to within 0.5% for relative deviations and within 0.08% for the mean and 0.2% for
the RMS for the relative deviations.SCIAMACHY V 5.04 compared toGOME WF-DOAS

V1.0 shows a clear latitudinal dependence. From 63◦S to 30◦N (except for 40◦S) SCIA-
MACHY V 5.04 has a bias of between -3.5% and 0% (±1-3%) and from 30◦N to 80◦N
between -0.5% and 2% (±1-3%) toGOME WF-DOAS. At higher latitudes (>50◦S and
>65◦N) with higher solar zenith angles (>75◦) the relative deviations are larger and
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show more scatter. The overall bias ofSCIAMACHY to GOME WF-DOAS for SCIA-
MACHY V 5.04 (operational product) a negative bias of 0.7% (or -0.6% for direct com-
parisons) was found.

Figure 7.2 is summarizing the results from all daily comparisons ofSCIAMACHY

V5.01/V5.04 to GOME WF-DOAS between January and June 2003 based upon the bin-
ning method. The results have been grouped into various zonal bands and the number
of data bins within each zonal band is also shown. If all data of one day have been
available from both instruments around 3200 data bins were available for comparisons.
At mid latitudes and in the tropics (Figs. 7.2, upper right, middle left, and middle right
panels) number of bins vary between 20 and 700 per day. No significant differences in
mean deviations andRMS can be observed in relation to the number of available bins.
Similar conclusions can be drawn from the global comparison (90◦S to 90◦N, Fig. 7.2
lower right panel). Here, the number of bins varies between 200 and 3200. In the polar
regions, the number of binned data decreases from 1200 to 0 by changing from summer
to winter (Fig. 7.2, lower left panel). For both polar regions, a significant increase in
scatter of mean relative deviation and a significant increase ofRMS is observed when
number of data within each bins falls below 300 (in winter season) and also for both
regions the negative bias ofSCIAMACHY V 5.01/V5.04 to GOME WF-DOAS becomes sig-
nificantly larger than in other seasons. During Antarctic summer (Fig. 7.2, upper left
panel) the mean relative deviation andRMS are very stable between -1.5 and 0%, and
2%, respectively. From March until May, when the number of binned data falls below
300, both mean relative deviation andRMS are increasing to between -4.5 and 0.5% and
between 2 and 4%, respectively. A similar picture is observed in the Arctic (Fig. 7.2,
lower left panel): During winter mean relative deviation andRMS are high with -6 to
0% and 3 to 5%, respectively; in spring and early summer (March to June) the mean
deviation gets smaller with a mean relative deviation of between -1 and 4.5% and aRMS

of 3%. At mid latitudes a very weak seasonal signal in the differences can be observed;
in the northern hemisphere (Fig. 7.2 middle right panel)SCIAMACHY is within 1.5%
of GOME and theRMS decreases slightly from values of 2 to 3% in winter to 1.5 to
2% in spring and summer. At southern mid latitudes (Fig. 7.2 upper right panel)SCIA-
MACHY has a mean relative deviation of -2 to 0% withRMS of 1 to 2% compared to
GOME for the whole investigated time period in 2003 with no seasonal effect, but the
RMS increases slightly from 1 to 1.5% in summer to 2 to 3% in winter. In the tropics,
SCIAMACHY V 5.01/V5.04 total ozone compared toGOME WF-DOAS shows very little
variation throughout the half year time period. A negative bias of 0.5 to 2.5% withRMS

of 1% is observed betweenSCIAMACHY and GOME. Similar conclusions are drawn
from results containing all data (90◦S to 90◦N), whereSCIAMACHY total ozone com-
pared toGOME shows very little variation throughout the investigated time period with
a mean relative deviation of between -2 and 0.5% and aRMS on the order of 2%.

In summary, there is generally an underestimation around 1% (RMS around 2%) of
SCIAMACHY V 5.01/V5.04 total ozone with respect toGOME WF-DOAS except for the
northern mid and polar latitudes where larger variation in the differences are observed.
As seen in the single day comparison (Fig. 7.1),SCIAMACHY V 5.01/V5.04shows a clear
negative bias as compared toGOME WF-DOAS in the southern latitudes and tropics,
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Figure 7.2:Mean relative deviation (black solid line), root mean square of daily mean
relative deviation (black dotted line) and number of data bins (red stars)
of all comparisons betweenSCIAMACHY V 5.01/V5.04andGOME WF-DOAS

V1.0 total ozone during first half of 2003 in various zonal bands: Antarctic
latitudes (upper left panel), mid southern latitudes (upper right panel), trop-
ics (middle left panel), mid northern latitudes (middle right panel), arctic
latitudes (lower left panel), and globally (lower right panel).
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Figure 7.3:Summary plot of comparisons of all (i.e. data from the first half of 2003)
binnedSCIAMACHY V 5.04with GOME WF-DOAS V1.0 total ozone as a func-
tion of SCIAMACHY solar zenith angle in 5◦ steps. The number of data bins
is given in red stars.

while in the northern latitudesSCIAMACHY V 5.01/V5.04 total ozone columns shows on
average a positive bias toGOME WF-DOAS (polar region ) or the bias disappears (mid
latitudes). This is in agreement with earlier validation results ofGOME GDP V2.7 (about
the same asGDP V2.4 regarding ozone) byBramstedt et al.[2003] where a negative bias
during summer/fall (as is here the case for southern latitudes) and a reduced bias during
spring/winter (as is here the case for northern latitudes) were observed. Although the
time period of half a year is rather short, we can conclude that a seasonal bias is clearly
observed in both polar regions, while in the mid latitudes this signal is weaker and
comparisons of a longer time period need to be looked at.

7.2.3 Solar zenith angle dependence

In order to evaluate the results, the validation results are investigated as a function of
solar zenith angle. Fig. 7.3 shows the results of the comparison for theSCIAMACHY

V5.01/V5.04 validation withGOME WF-DOAS the results including all days. The oper-
ationalSCIAMACHY V 5.04 shows aSZA dependency in the differences toGOME WF-
DOAS retrievals. The bias of the mean relative deviation toGOME becomes more pos-
itive (from -1.5% to 1%) between 20◦ and 75◦ SZA and more negative at higherSZA

(down to -2.5%), and increases again above 85%SZA (around -0.5%). Above 85%SZA

theRMS becomes significantly larger in all analyses as compared to lowerSZAs. GOME

WF-DOAS mean total ozone agree to within 1% (RMS±1 to 2.5%). Above 80◦ the scat-
ter of the results becomes somewhat larger (RMS of 2-3%). In this case the number of
bins is significantly lower (i.e. 50 bins) than for other comparisons (between 140 and
340 bins).

It should be noted that a larger negative bias betweenSCIAMACHY V 5.01andGOME
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Figure 7.4:Same as Figure 7.2.3 but as a function ofSCIAMACHY total ozone in 10 DU
steps. The stars in red show the frequency distribution ofTCO amounts.

WF-DOAS could be related to the difference in sampling time (30 minutes) for the two
instruments.SCIAMACHY measurements at high northern latitudes during sunrise are
taken at higher solar zenith angles thanGOME measurements and therefore may prob-
ably show a larger error than collocatedGOME data. This effect seemed to be more
pronounced in the Arctic region than in the Antarctic, because Antarctic winter season
observations were not covered in our study.

7.2.4 Total ozone dependence

Fig. 7.4 shows now the difference as a function ofSCIAMACHY total ozone. The plot
summarizing all days shows thatRMS is becoming larger when number of data bins is
decreasing. The bias increases from -2% during lowTCO to about 1% at about 400
DU and then decreases again. The frequency distribution of total ozone peaking around
270 DU is also shown in the figure.

7.3 Adaptation of GOME WF-DOAS algorithm to
SCIAMACHY

A brief account of theWF-DOAS algorithm is given in Chapter 3. For detailed descrip-
tion the reader is referred toColdewey-Egbers et al.[2004, 2005], andWeber et al.
[2005]. In theWF-DOAS algorithm the measured atmospheric optical depth is approxi-
mated by a Taylor expansion around a reference intensity plus a low-order polynomial.
For interfering gases in the ozone fitting window of 326.8-335.0 nm a slant column
fitting is applied. All fit parameters are then derived using a linear least squares min-
imization. The modeled intensity and weighting functions are calculated online as a
function of ozone and temperature profiles, solar zenith angle, line of sight, relative
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azimuth angle, and bottom of atmosphere altitude and albedo using the multiple scat-
tering SCIATRAN radiative transfer model in the pseudo-spherical approximation. The
ozone and temperature profiles are taken fromIUP climatology [Lamsal et al., 2004]
which provides total ozone column dependent profile shapes for 5 latitude belts (low
latitude, northern midlatitude, southern midlatitude, northern polar, and southern polar)
and two seasonal bins each of six months (winter/spring and summer/fall) duration. For
the calculation of intensity and weighting functions proper choice of ozone absorption
cross-section is important. This issue is discussed in a separate section (see Section 7.4).

For ozone retrieval withWF-DOAS the following data and information are required:
Calibrated level 1 radiance and solar spectrum from the same day,a priori value for
total ozone which for convenience is the climatological one, effective scene height, and
effective albedo.SACURA (Semi-Analytical CloUd Retrieval Algorithm) [Kokhanovsky
et al., 2003] orFRESCO[Koelemeijer et al., 2001] provides information of cloud frac-
tion (CF) and cloud top height (CTH) to determine the effective altitude. These two
algorithms are described in detail in Section 7.6. Determination of the effective scene
height requires a topography database. Considering smaller ground pixel size ofSCIA-
MACHY compared to that ofGOME, a new topography database of size 20 km×20 km
was derived from the 2’ gridded global relief datasetETOPO2 from the World Data Cen-
ter for Marine Geology & Geophysics [Smith and Sandwell, 1997]. The effective albedo
is defined by the Lambert Equivalent Reflectivity (LER) [Herman and Celarier, 1997]
obtained fromGOME sun-normalized radiance at 377.6 nm. TheLER are retrieved by
finding the best match between measured and calculated top of atmosphere (TOA) re-
flectance by inverse search in the multidimensional look up table prepared usingSCIA-
TRAN. The use of theLER approach also represents a first order correction for clouds
and non-absorbing aerosol effects.

One of the most important aspects of total ozone retrieval algorithms is the treatment
of the Ring effect [Vountas et al., 1998]. The most significant improvement withWF-
DOAS in comparison to currentSCIAMACHY operational retrieval is the proper modeling
of the varying ozone dependent contribution to the molecular filling-in as part of the
rotational Raman scattering. This is discussed in detail in Section 7.5.

7.4 Choice of ozone cross-sections 2

Currently available DOAS ozone retrieval algorithms forGOME measurements
[Coldewey-Egbers et al., 2005;Weber et al., 2005;Eskes et al., 2005;Roozendael et al.,
2006;Balis et al., 2006] are using ozone cross-sections fromBurrows et al.[1999b]
that were measured with theGOME flight model and are also known as theGOME FM

ozone cross-sections. In the retrieval from Dobson and Brewer instruments the Bass-
Paur cross-sections are standard [Bass and Paur, 1985;Paur and Bass, 1985;Staehelin
et al., 2003]. After proper adjustments to the spectral resolutions ofGOME, the Bass-
Paur data yield total ozone that are 2% higher than that retrieved with theGOME FM

2This section has been taken from the article “M. Weber and L.N. Lamsal (2005), Proper choice of ozone
cross-sections inSCIAMACHY ozone retrieval, Technical Note, University of Bremen”.
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Figure 7.5:GaussianFWHM from a instrument line shape fitting using the Kurucz solar
spectrum and applied toESM and ASM diffuser solar spectra fromSCIA-
MACHY andGOME following the procedure byCasper and Chance[1997]

spectra [Roozendael et al., 2003]. The idea of usingGOME FM cross-sections in the
GOME retrieval is the advantage that the instrument slit function does not need to be
known. It is, therefore, obvious to use theSCIAMACHY FM cross-sections as reported
by Bogumil et al.[2003] forSCIAMACHY. First results indicate that the use of the Bogu-
mil data leads to a rather high bias on the order of +5% with respect to the ground based
measurements [Eskes et al., 2005]. In a preliminary analysis the use of theGOME FM

cross-section in theWF-DOAS retrieval showed good agreement with collocatedGOME

results [Bracher et al., 2005].Bracher et al.[2005] also reported a high bias when using
theSCIAMACHY cross-sections in the retrieval.

This study deals in more detail with the question which cross-sections should be
recommended forSCIAMACHY ozone retrieval.

7.4.1 Spectral resolution and wavelength calibration

Before dealing with retrieval issues it is important to investigate the spectral resolution
of Channel 2 spectra fromSCIAMACHY (310 nm-400 nm). ForGOME it was shown
that the instrumental slit width varies across channel 2 [Casper and Chance, 1997].
In addition, an increasing asymmetry of the instrumental line shape (ILS) was found
towards theGOME channel boundaries [Roozendael et al., 2003].

A similar analysis has been carried out forSCIAMACHY. Following the procedure
from Casper and Chance[1997], a high resolution solar spectrum, measured with the
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Figure 7.6:Same as Fig. 7.5 but for shifts between Kurucz and satellite data.

Fourier transform spectrometer at the McMath solar telescope at Kitt Peak, Arizona
[Kurucz et al., 1984], is convolved with a GaussianILS and matched to theSCIAMACHY

solar spectrum. From a non-linear least squares fit the GaussianFWHM, a wavelength
shift, and a third degree polynomial (differential fitting) are determined. The results for
the GaussianFWHM and wavelength shifts are shown in Figs. 7.5 and 7.6, respectively.
The spectral fitting was done in 5 nm wide spectral windows across the channel. For
comparison theGOME results from solar data recorded on 3 July 1995 are shown as
well.

For SCIAMACHY a fully IUP calibratedESM diffuser spectrum from 1 March 2004
[Skupin, 2005] and a IUP partially calibratedASM diffuser spectrum from 4 February
2003 were selected. The partial calibration of theASM diffuser spectrum includes pre-
flight wavelength calibration and subtraction of night time dark current measurements
(Richter, 2004, private communication). TheASM diffuser plate has been added to
SCIAMACHY to further reduce the differential spectral features that are observed with
the ESM diffuser that strongly perturb minor trace gas retrieval [Richter and Wagner,
2001;de Beek et al., 2004]. The absolute radiometric calibration of theESM diffuser
spectra byIUP goes beyond the current operational procedure and is described in detail
by Skupin[2005]. Also shown are the results for a regularESM spectrum from 2003 as
provided by the recentDLR extraction software (V5.04). The spectral window of 325-
335 nm is the preferred choice for total ozone retrieval for bothGOME andSCIAMACHY

[Burrows et al., 1999a;Spurr et al., 2005]. Since the focus lies in that spectral window
well away from the channel boundaries, no further attempts were made to determine the
asymmetry in theILS.
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Table 7.1:Gaussian widths and wavelength shifts in ozone retrieval window 325-
335 nm. The errors are given for 2σ . Two different results are shown: fits
with a scaling factor of 1 and with a scaling factor included (see Appendix A
for details)

Solar data Scaling factor ILS FWHM Kurucz-satellite
(-) (nm) Shift (nm)

SCIAMACHY ESM (IUP) - 0.222(15) 0.012(7)
0.947(62) 0.213(18)

SCIAMACHY ESM (V5.04) - 0.224(16) 0.000(8)
0.933(64) 0.213(19)

SCIAMACHY ASM (IUP) - 0.218(14) 0.017(7)
0.935(59) 0.206(16)

SCIAMACHY preflight - 0.209(11) -
[Dobber, 1999]
GOME - 0.174(11) 0.008(6)

0.961(63) 0.171(14)

In the ozone window the average Gaussian width forSCIAMACHY is 0.22 nm. With
a sampling rate of 0.11 nm in Channel 2, this spectral region is roughly sampled at
the Nyquist criterion. Between 335 nm and 380 nm the Gaussian widths, however, fall
below 0.22 nm and this spectral region becomes mildly undersampled. For comparison
the average spectral resolution forGOME in the ozone window is 0.17 nm and nearly the
entireGOME Channel 2 is strongly undersampled. As expected, for most part of Channel
2 the spectral resolution does not differ betweenESM andASM diffuser spectrum.

The wavelength shifts betweenSCIAMACHY/GOME and Kurucz solar data are shown
in Figure 7.6. TheGOME and SCIAMACHY ASM solar spectrum have not been cor-
rected for the Doppler shift, whileSCIAMACHY ESM has been. For the central part
of Channel 2 the shifts vary between 0.0 nm and 0.025 nm for bothSCIAMACHY solar
data. Differences in shifts for theSCIAMACHY spectra are either due to differences in
pre-flight (ASM) and on board calibration (ESM) as well as due to the Doppler correc-
tion. In Table 7.1 the averageILS FWHM and wavelength shifts are summarized for the
325-335 nm ozone window. The results forSCIAMACHY ILS FWHM agree well with the
values obtained during preflight calibration [Dobber, 1999].

7.4.2 Spectral resolution information from SCIAMACHY and GOME
FM cross-section spectra

Similar to the procedure outlined in the previous section,ILS information were retrieved
for various available ozone cross-sections using theFTS spectrometer data fromVoigt
et al. [2001] and Bass-Paur data [Bass and Paur, 1985; Paur and Bass, 1985] as a
reference. Such an analysis were carried out byOrphal [2002, 2003] for various O3
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Figure 7.7:Wavelength shifts betweenVoigt et al. [2001] data and flight model data
from SCIAMACHY andGOME [Burrows et al., 1999b;Bogumil et al., 2003].
Within the ozone fitting window from 325 to 335 nm an average shift of
0.014(3) nm was found forSCIAMACHY FM in the temperature range 223-
243 K.

cross-sections but for a larger spectral window (323-343 nm). The Voigt data were
recorded at 5 cm−1 spectral resolution with a Fourier transform spectrometer which
corresponds to about 0.055 nm near wavelength 330 nm. Wavelength uncertainties for
theVoigt et al.[2001] data are cited to be better than 0.0001 nm (0.01 cm−1). Bass-Paur
spectra were recorded at a spectral resolution of better than 0.025 nm. For all cross-
sections here a Bass-Paur parameterization as a function of temperature was applied
before theILS retrieval [Orphal, 2002].

Results for the comparison withVoigt et al. [2001] data are summarized in Ta-
ble 7.2. The retrieved GaussianFWHM and scaling factors that have been obtained
varies with temperature of the cross-section measurements. The same is true for the re-
trieved wavelength shifts. This temperature dependences has been also noted byOrphal
[2002, 2003] and is at the moment not understood, but could be related to differences in
ILS fittings that are directly applied to the cross-section data (as done here) and, on the
other hand, from transmission spectra with ozone absorption that are more representa-
tive of the laboratory measurements (see Appendix B). On average a shift of 0.016 nm
is obtained for theBogumil et al.[2003] data in theWF-DOAS fitting window (326.6-
335 nm, [Coldewey-Egbers et al., 2005]. This is in agreement with the shift retrieved
from the comparison of theASM solar spectrum with Kurucz (see Table 7.1). BothASM

solar data andBogumil et al.[2003] data were based upon pre-flight wavelength cal-
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Table 7.2:GaussianILS fits usingVoigt et al.[2001]FTScross-sections in theWF-DOAS

fitting window (326.6-335 nm) as reference. For theBogumil et al.[2003]
spectra theFWHM is given by the squared sum of widths from theILS retrieval
and FTS spectralFWHM of 0.055 nm. All errors are 2σ , except for the errors
of the means which are derived from a weighted averaging of the temperature
data.

Voigt et al. Temp Scaling Factor Bogumil et al. Shift
(K) (-) FWHM(nm) Voigt-Bogumil(nm)

205 1.091(9) 0.201(11) 0.024(2)
220 1.030(5) 0.209(7) 0.019(1)
240 0.978(3) 0.218(4) 0.013(1)
270 0.949(3) 0.222(5) 0.012(1)

Mean 0.992(46) 0.215(7) 0.016(4)
SCIAMACHY ESM - 0.221(11) 0.001(5)

0.915(42) 0.207(12)

ibrations. The averageFWHM obtained for theSCIAMACHY FM is slightly below the
solar value, but agrees to within the uncertainties.

Figure 7.7 shows the required wavelength shifts that should be applied to theSCIA-
MACHY FM andGOME FM spectra to match the FTS data in Channel 2. For the larger
ozone window of 325-335 nm a mean shift of 0.014(3) nm and 0.023(4) nm was found
for SCIAMACHY FM andGOME FM, respectively. Between 315 and 335 nm theSCIA-
MACHY FM show a parabola in the wavelength shift as a function of wavelength. This
could point at the lack of reference lines from the Pt/Ne/Cr hallow cathode lamp that
were used for the wavelength calibration.

ILS fitting was also applied by using Bass Paur cross-sections as a reference and the
results are summarized in Table 3. This analysis has been also extended to theBurrows
et al. [1999b] cross-sections. Both solar andFM cross-section data provide consistent
estimates for theSCIAMACHY spectral resolution, while theGOME FM analysis indicate
a significant higher spectral resolution than that derived from theGOME solar data.

In contrast to the comparison with theFTS cross-section, the various instrumental
widths and scaling factors are nearly independent of the cross-section temperature when
Bass-Paur data are used as reference data. The scaling factors indicate that the differ-
ential SCIAMACHY cross-sections have to be scaled by +3.6%, whileGOME FM data
have to be scaled by -0.8% with respect to Bass Paur data. It was found that the dif-
ferential scaling, after adjustments for the differences in spectral resolution, is -3.7%
when comparingGOME FM directly to SCIAMACHY FM. This is in agreement with the
observed bias of theSCIAMACHY total ozone retrieval when usingBogumil et al.[2003]
data (SCIAMACHY FM) instead ofBurrows et al.[1999a] data (GOME FM) as reported
by Eskes et al.[2005] andBracher et al.[2005] on one hand and the bias between the
use of Bass-Paur andGOME FM data in theGOME retrieval [Roozendael et al., 2003].
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Table 7.3:GaussianILS fits with Bass-Paur cross-sections in theWF-DOAS fitting win-
dow (326.6-335 nm) as reference. For theGOME FM andSCIAMACHY FM,
the FWHM is given by the squared sum of widths from theILS retrieval and
Bass-Paur spectral resolution of 0.025 nmFWHM. Errors forILS fittings are
2σ , while errors for the means are from weighted averaging of the tempera-
ture data.

BP SF Bogumil BP-Bogumil SF Burrows BP-Burrows
Temp FWHM shift FWHM shift
(K) (-) (nm) (nm) (-) (nm) (nm)

205 0.967(7) 0.199(6) -0.017(2) 1.010(9) 0.131(16) -0.012(2)
220 0.964(5) 0.198(8) -0.015(2) 1.009(7) 0.132(12) -0.007(2)
240 0.963(5) 0.198(7) -0.012(1) 1.007(6) 0.135(10) -0.003(2)
270 0.967(5) 0.196(9) -0.008(2) 1.007(5) 0.137(10) -0.001(1)
Mean 0.965(2) 0.198(1) -0.013(3) 1.008(1) 0.134(2) -0.005(4)
solar - 0.221(11) 0.001(7) - 0.171(7) 0.009(3)

0.92(4) 0.207(12) 0.949(3) 0.165(7)

A surprising result here is that theGOME FM cross section, that works so well for the
GOME retrieval appear to have a significantly different spectral resolution than indicated
from the analysis of theGOME solar data.

7.4.3 Wavelength shift from WF-DOAS analysis

TheWF-DOAS total ozone setup forSCIAMACHY is nearly identical to the one described
in Coldewey-Egbers et al.[2005]. One major change is that in an online version of
WF-DOAS the radiative transfer calculations for calculating reference intensities and
weighting functions are included in the iterative retrieval process. The difference be-
tween the online and look-up-table versions were found to be less than 0.2% as tested
by application toGOME. The cross-section shifts have been both tested in theGOME

andSCIAMACHY retrieval. The use of proper shifts in the cross-section improves the fit
residualRMS as shown forGOME in Figure 7.8. The optimum shift for the cross-sections
agree with those obtained from comparisons with theVoigt et al.[2001] cross-sections
in the previous section. In theWF-DOAS retrieval the wavelength axis are adjusted to
the Kurucz spectrum by Fraunhofer fitting the solar data before retrieving ozone. There
seems to be indirect evidence that both Kurucz andVoigt et al.[2001] FTS data are in
good agreement regarding the wavelength calibration. The question still remains how
the use ofGOME FM and SCIAMACHY FM cross-sections with optimized wavelength
shifts impact the accuracy ofSCIAMACHY ozone retrieval.

For a givenSCIAMACHY ground pixel the various ozone cross-sections were tested
in the WF-DOAS retrieval. Systematic wavelength shifts were applied and the results
are summarized in Fig. 7.9. Shifting theSCIAMACHY FM cross-section by 0.015 nm
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Figure 7.8:Dependence of fit residualRMS and retrievedGOME total ozone as a function
of the applied wavelength shifts toGOME FM cross-sections. MinimumRMS

were found at shifts of 0.023 nm forGOME.

reduces total ozone by roughly 9 DU (-3.6%). ComparingSCIAMACHY FM (shift of
0.016 nm) andGOME FM (shift of 0.017 nm) a difference of 8 DU (-3.3%) is found. The
minimum in rms of the residuals is achieved at a wavelength shift of 0.017 nm for unad-
justedGOME FM and 0.016 nm forSCIAMACHY FM, respectively. However, in the cases
of the transformedGOME cross-sections (BP and BP-S) the minimum rms is reached at
0.021-0.023 nm in agreement with Fig. 7.7. TheBP and BP-S cross-sections are the
SCIAMACHY adjustedGOME FM spectra via the Bass-Paur reference data (Table 7.3)
with and without additional differential scaling.

The scaling of the differentialSCIAMACHY cross-section (SCIA-S) by +3.8% (with
a shift of 0.015 nm) as derived from the direct comparison ofGOME FM with SCIA-
MACHY FM leads to the same results when using theGOME FM cross-section with a
shift of 0.017 nm. A small bias of about 3 DU is found when theGOME FM cross-
section would be further shifted to +0.023 nm that was the optimized value found from
the comparison with theVoigt et al.[2001] data (Section 7.4.2, Figure 7.7). The com-
bination of proper wavelength shifts and differential scaling is important to make the
use of theSCIAMACHY FM data in theSCIAMACHY retrieval consistent with the use of
GOME FM spectra in theGOME satellite retrieval.
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Figure 7.9:WF-DOAS SCIAMACHY retrieval with different cross-sections as a function
of applied wavelength shifts for ground pixel 1994 of orbit 04868 on the
day of 4 Feb 2003. Left:RMS and maximum peak-to-peak residual from the
spectral fitting. Right: retrievedSCIAMACHY total ozone.SCIAMACHY FM

andGOME FM are theBogumil et al.[2003] andBurrows et al.[1999b] data,
respectively. The Bass-Paur adjustedGOME FM cross-section (matching
SCIAMACHY FM spectral resolution) without and with scaling are marked
BP and BP-S, respectively (see Table 7.3). The red symbols indicate the
results for which the rms error in the fit residuals were minimum. The
wavelength shifts in the cross-sections was also accounted for in the Ring
calculations.

7.5 Ring database

In order to account for the dependence of the Ring effect on various atmospheric pa-
rameters like ozone column column, altitude, solar zenith angle, and albedo, a Ring
database as a function of these parameters was created usingSCIATRAN V1.0. The
Ring database was calculated at an equidistant wavelength grid of 0.055281 nm which
is about half of the sampling grid of theSCIAMACHY solar reference spectrum. The fit
RMS in the WF-DOAS total ozone retrieval was observed to be reduced by calculating
the Ring spectra at the smaller wavelength grid. Moreover, the retrieval results were
also found to be sensitive to the wavelength step size of the Ring spectra.

Table 7.4 gives an overview of the parameter space. As noted in Section 7.3 the ozone
and temperature profiles were taken fromIUP climatology. Based on our earlier stud-
ies presented in Section 7.4 theSCIAMACHY FM cross-section [Bogumil et al., 2003]
differentially scaled by 1.038 and wavelength shifted by +0.016 nm were used. The
Ring spectra were computed for discrete solar zenith angle with 5◦ step below 70◦ and
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Table 7.4:Parameter space of the look-up-table. The acronym used for total ozone
are as follows:TROP (tropics),NMWS (northern midlatitude winter/spring),
NMSF (northern midlatitude summer/fall),SMWS (southern midlatitude win-
ter/spring),SMSF (southern midlatitude summer/fall),NPWS (northern po-
lar winter/spring),NPSF(northern polar summer/fall),SPWS(southern polar
winter/spring),SPSF(southern polar summer/fall).

Atmospheric parameter Min Max ∆ N

Total ozone (TROP) 205 DU 340 DU 30 DU 5
Total ozone (NMWS) 235 DU 535 DU 30 DU 11
Total ozone (NMSF) 235 DU 415 DU 30 DU 7
Total ozone (SMWS) 145 DU 415 DU 30 DU 10
Total ozone (SMSF) 235 DU 355 DU 30 DU 5
Total ozone (NPWS) 235 DU 535 DU 30 DU 11
Total ozone (NPSF) 235 DU 415 DU 30 DU 7
Total ozone (SPWS) 145 DU 355 DU 30 DU 8
Total ozone (SPSF) 205 DU 355 DU 30 DU 6

5◦ if SZA ≤ 70◦
Solar zenith angle 15◦ 92◦

1◦ if SZA > 70◦
34

Surface albedo 0.02 0.98 ∼ 0.2 6
Altitude 0 km 12 km 2 km 7

1◦ above. Altitude of the boundary in the lower atmosphere ranged 0 km - 12 km. In
the actual retrieval this altitude is identified with the effective height. Surface albedo
was taken between 0.02 and 0.98 at 0.2 step. The Ring database was limited to nadir
viewing and consists of 99960 Ring spectra.

7.6 SCIAMACHY cloud product for use in WF-DOAS 3

For an accurate determination of trace gases in the atmosphere knowledge on the cloud
properties is essential. Several algorithms have been developed to extract cloud prop-
erties fromSCIAMACHY measurements [Kuze and Chance, 1994;Loyola, 1999;Koele-
meijer et al., 2001;Rozanov and Kokhanovsky, 2004]. The algorithms either use the Po-
larization Measurement Devices (PMDs) reflectance or the top of atmosphere reflection
having deep minimum at 760 nm of O2 A-band [e.g.Koelemeijer et al., 2001;Rozanov
and Kokhanovsky, 2004], 680 nm of O2 B-band, or 477 nm of collision complex of O2-
O2. The depth of minimum is characterized by cloud altitude because the chance of

3This section has been taken from the article “Kokhanovsky, A. A., B. Mayer, V. V. Rozanov, K. Wapler,
L. N. Lamsal, M. Weber, J. P. Burrows, and U. Shumann (sumbitted 2006), Satellite ozone retrieval
under broken cloud conditions: An error analysis based on Monte-carlo simulations,Rem. Sens. of
Env.” with some modification.
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photon absorption by oxygen is large for low clouds and less for higher ones.
The Optical Cloud Recognition Algorithm (OCRA) [Loyola, 1999] analyses the color

of PMD images and retrievesCF. The Heidelberg Iterative Cloud Retrieval Utili-
ties (HICRU) also usesPMDs [Grzegorski, 2003]. Utilizing the O2 A-band the Initial
Cloud Fitting Algorithm (ICFA) derivesCF [Kuze and Chance, 1994].Koelemeijer and
Stammes[1999] noted that theICFA produces inaccurateCFs. In FRESCO[Koelemeijer
et al., 2001] algorithm, the effectiveCF and CTH are derived by comparing the mea-
sured and modeled reflectivities in three 1 nm wide windows- 758-759 nm, 760-761 nm,
and 765-766 nm of O2 A-band. Here, the cloud is assumed to be a Lambertian reflector
with albedo of 0.8 below a clear atmosphere. An algorithm with an improved phys-
ical description of radiative transfer within the atmosphere isSACURA [Rozanov and
Kokhanovsky, 2004], which uses the measurements of the cloud reflection functions in
order to retrieveCTH and cloud geometrical thickness.

7.6.1 The influence of clouds on the total ozone retrieval

In the WF-DOAS retrieval procedure, a smooth polynomial is subtracted from the loga-
rithm of the measured top of atmosphere reflectivity before the spectral fit to the radia-
tive transfer model is performed. The polynomial takes into account, to some extent,
generally unknown broad-band spectral signatures arising from surface, aerosol, and
cloud reflectances. However, there exists non-negligible uncertainty in the retrieval of
TCO arising from inadequate treatment of cloud properties. Improved knowledge on
cloud parameters is required for the estimation ofTCO in a cloudy atmosphere. The
relevant cloud properties that are needed for correctTCO retrievals are the cloud optical
thickness(τ) or cloud albedo (A),CF(c), cloud top height (htop), and cloud bottom height
(hbot).

WF-DOAS TCOerror analyses have suggested an accuracy of better than 3% for solar
zenith angle lying below 80◦ [Coldewey-Egbers et al., 2005]. Comparisons between
GOME WF-DOAS TCO and that from a reliable ground-based direct sun measurements
have shown a mean deviation less than 1% with typicalRMS scatter of less than 4%
[Weber et al., 2005]. Such scatter in the satellite measurements is likely to come from
cloud and surface assumptions in the radiative transfer and limited treatment of cloud
in the retrieval process.

Clouds can affect the ozone retrieval mainly in three ways. First, clouds act as a re-
flecting boundary below the ozone layer and enhance the depth of the ozone absorption
bands. Second, clouds shield tropospheric ozone from being observed by satellite in-
struments. This effect is often termed as the ghost column effect. Third effect arises
from the enhancement of the photon path inside the clouds causing an enhancement of
the absorption line depth of ozone inside clouds. In order to account the albedo effect
of clouds on ozone retrieval, we require the information ofCF and cloud albedo. Alter-
natively, the product of these quantities, often referred to as effectiveCF, can be used.
For the correction of the ghost column effect we require both the effectiveCF and the
CTH.
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Homogeneous cloud field

In current satellite ozone column retrieval procedures, for exampleTOMS V8 [Bhartia,
2003], WF-DOAS [Coldewey-Egbers et al., 2005], a cloud is replaced by a impenetra-
ble lambertian surface. Such a technique allows fastTCO retrievals while its accuracy
will not be significantly compromised. The lambertian surface with albedo of 80% is
positioned at height(hL); the hL is retrieved by fitting a modeled signal at O2A absorp-
tion band with the measured one. [The influence of clouds on total ozone concentra-
tion retrieval using the backscattered solar light in the Huggins band, Submitted to J.
Quant. Spectroscopy and rad. Transfer, 2005, hereinafter referred to as Kokhanovsky
and Rozanov, Submitted manuscript, 2005] investigated the influence of such assump-
tions on the total ozone retrieval from space-borne measurements. The study covered
an idealized case of cloud where the cloud field is assumed to be horizontally and ver-
tically homogeneous. The authors note that if theCTH is chosen correctly, the error
in the retrievedTCO is ±3% for solar zenith angle of 60◦ depending on the cloud op-
tical thickness. If the hL andτ are incorrect, the error in the derivedTCO can range
from -4% to 9% depending upon assumed hL andτ. For cloud optical thickness of 40
which roughly corresponds to the cloud albedo of 80%, the bias of 1% in the cloud top
height introduces an error inTCO of less than 1%. The Lambertian surface determined
by fitting corresponding O2 A-band simulated spectra and measured spectra is usually
lower than the true cloud-top height by 0.47 to 1.17 km depending on the value ofτ

andSZA. Such differences further reduce the error in theTCO retrieval [Rozanov and
Kokhanovsky, 2004] and ranges -2.5% to 4.5% forSZA of 60◦ and -0.5% to 3% forSZA

of 30◦. Therefore, the Lambertian surface model could perform quite well in the ozone
retrieval algorithms likeWF-DOAS andTOMS V8. However, the accuracy is uncertain
and depends on the cloud characteristics for a given atmospheric state.

Broken cloud

The studies of the influence of cloudiness on the ozone retrieval algorithms are usually
performed assuming horizontally homogeneous cloudiness [Coldewey-Egbers et al.,
2005;Kokhanovsky and Rozanov, 2004]. In reality, clouds are inhomogeneous on all
spatial scales. Therefore, it is of importance to understand how the broken cloud con-
ditions influence the ozone retrievals made in the assumption of the independent pixel
approximation (IPA) whereby the top-of-atmosphere reflected light intensity can be pre-
sented as a linear combination of clear sky and cloud contributions. The reflection
function R at a given wavelengthλ is written as follows:

R(λ ) = cRc(λ )+(1−c)Ra(λ ) (7.2)

Here, c is theCF, Rc (λ ) and Ra (λ ) are the reflection functions for cloudy and clear
sky conditions, respectively. TheCF along with CTH are used in theWF-DOAS TCO

retrieval.
The Monte-Carlo technique offers an opportunity to investigate the influence ofIPA

assumption onTCO retrieval. The technique allows for a solution of the forward prob-
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Figure 7.10:Dependence of the retrieved total ozone concentrationTCO on theCF for
several solar zenith angles and the nadir observation. The true value of
TCO is equal to 302 DU.

lem using conceptually simple model of photon paths tracing in arbitrary inhomoge-
neous atmosphere-underlying surface system. The synthetic top-of-atmosphere (TOA)
radiances obtained can be used in any of currently used ozone retrieval schemes for the
sensitivity study.

[Satellite ozone retrieval under broken cloud conditions: An error analysis based on
Monte-Carlo simulations, submitted to Rem. Sens. of Env., 2006, hereinafter referred
to as Kokhanovsky et al., submitted manuscript, 2006] evaluated the accuracy of Eq. 7.2
for the calculation of the spectral top-of-atmosphere reflectance by using the 3D Monte
Carlo code for the phYSically correct Tracing of photons In Cloudy atmospheres,MYS-
TIC [Mayer, 1999, 2000].MYSTIC is a forward Monte Carlo code which traces photons
on their individual paths through a vertically and horizontally inhomogeneous atmo-
sphere. The main conclusion of the work is that the spectrally averaged relative error
of IPA δ = 1- RIPA/RMYSTIC is found to be solar zenith angle dependent. The error is
smaller for larger solar zenith angles. However, it could reach -6% for the solar zenith
angle 10 degrees. Results for 10 and 30 degrees are close to each other because in this
problem not angles but their cosines are of the most importance. Generally, the IPA
overestimates the reflectance as compared to the full 3-D radiative transfer model. It
follows that the error is generally larger for the intermediate values of c.

Such errors ofIPA lead to errors in the retrieved values of the total ozone concen-
tration TCO as derived using backscatteredUV light techniques. It is of importance to
understand the possible range of errorsε = TCOretr/TCOtrue - 1 due to the error ofIPA

and also due to uncertainties in the forward modeling (e.g. inaccurate information on
theCTH andCF).
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Figure 7.11:Dependence of the total ozone concentration retrieval error on theCF for
various values of theCTH and the cloud fraction bias atSZA = 10◦ (left)
andSZA = 60◦ (right)

To study correspondent errors, theGOME total ozone columnWF-DOAS retrieval al-
gorithm (see the description of the algorithm in the paper byColdewey-Egbers et al.
[2004]) was applied. Synthetic spectral reflectances calculated withMYSTIC were used
in the retrieval procedure. Because the total column concentration is exactly known for
the MYSTIC run, ozone profile of June in northern hemisphere at 45◦ having TCO of
302 DU (MPI model [Crutzen and Br̈uhl, 1993]), in this case, it is a straight forward
matter to investigate correspondent errors.WF-DOAS algorithm usesSCIATRAN 2.0 for
the online simulation of intensities and relavent weighting functions. The same set of
ozone and temperature profiles were considered forSCIATRAN as forMYSTIC.

Fig. 7.10 shows the difference inTCO plotted as a function ofCF for various solar
zenith angles. TheCTH is assumed to be at 6 km. Apparently, the algorithm gives too
small values ofTCO (2-12 DU, on average). The errors areCF dependent: larger errors
for low CFs. In Figure 7.11, the percent error in the retrievedTCO is presented for the
two values ofSZA. It follows that the error is generally smaller than 4% (and positive)
for inaccurate assumptions onCTH (±2 km). The error in theCF does not influence
results significantly. Note the solar position-dependent error in Figure 7.11 (left and
right). In WF-DOAS algorithm, the effect of cloud is corrected by the concept of the
ghost column, which helps reducing the error in the retrievedTCO. This also explains
the larger errors for low value ofCF because the ghost vertical column is the clima-
tological integrated ozone concentration belowCTH weighted byCF. Errors increase
considerably if the concept is not used.

The CTH information needed for the concept of the ghost column is obtained from
measurements of reflected light in O2 A-band. It is of importance to understand how
large errors of the retrieved values ofTCO are. This is illustrated in Fig 7.12 at c =0.1,
0.5, 1.0. It follows that correspondent errors are in the range [-4%, 7%] depending on
c. They are only weakly dependent on the solar zenith angle.
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Figure 7.12:Dependence of the total ozone concentration retrieval error on theCTH for
various values of theCF bias atSZA = 10◦ (left) andSZA = 60◦ (right)

7.6.2 Selection of cloud products

FRESCOdetermines both the effectiveCF and theCTH that are required for ozone re-
trievals. Since theSACURA algorithm considers single scattering above clouds and
the cloud bi-directional reflection distribution functions unlike a Lambertian surface in
FRESCO, the cloud top height determined bySACURA is considered to be more accurate
particularly to completely cloudy pixels. For broken clouds, the determination of cloud
top height bySACURA requires an additional information on the cloud fraction. This
information is taken from the operationalSCIAMACHY cloud fraction product (OCRA).
OCRA uses the red, green and bluePMDs for cloud fraction determination.

FRESCOresults have been compared with that derived from thermal infrared tech-
nique of the Along Track Scanning Radiometer-2 (ATSR-2). The comparison indicated
a reasonable agreement between them.FRESCOoverestimates cloud top pressure by
about 65 hPa on average as compared to infrared techniques [Koelemeijer et al., 2001].
Using GOME spectral measurementsRozanov et al.[2004] also reported an underesti-
mation ofCTH by about 1.88 km byFRESCOas compared toATSR-2 for several cases.
The difference is likely to come from neglect of photon absorption inside clouds [Koele-
meijer et al., 2001].FRESCOoverestimates the effectiveCF over desert areas. This over-
estimation is caused by the surface albedo considered inFRESCO. Correction of surface
albedo allows the retrieval of the effectiveCF to be improved over deserts [Fournier
et al., 2005]. FRESCOeffective CF and CTH are sensitive to the type of landcover
through the use of its surface albedo database. However, due to simultaneous retrieval
of CTH and cloud fraction, theFRESCOcloud retrieval algorithm gives consistent results
[Tuinder et al., 2004].

OCRA CF retrievals have been have been validated by comparing with the results
from FRESCOand collocated measurements from Moderate Resolution Imaging Spec-
troradiometer (MODIS) [Salomonson et al., 2002] aboard the Terra and Aqua satellites
[Fournier et al., 2005]. A good agreement betweenOCRA and FRESCO, and OCRA

and collocatedMODIS results has been reported [Fournier et al., 2005]. However, the
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Figure 7.13:Comparison ofCTH from FRESCOandSACURA, andCF from FRESCOand
OCRA. The analysis is based on theSCIAMACHY measurements on 20 June
2003.

CF difference betweenOCRA andFRESCOplotted as a function of viewing zenith an-
gle produces a parabolic response. This dependency is believed to come fromOCRA

due to an inadequate definition of reflectances, which takes the cosine of the angle into
account.

Rozanov et al.[2004] have compared theCTH retrievals fromGOME (SACURA) and
collocated measurements fromATSR-2. The authors reported similar results (deviations
are inside error bars ofSACURA) from the two instruments. They reported somewhat
larger difference betweenSACURA and FRESCO CTHs, with FRESCOunderestimating
the cloud top heights by about 2 km. In a separate study on 931GOME pixelsRozanov
et al. [2005] observed that theCTH from SACURA as applied toGOME differ from the
CTH from ATSR-2 by 0.6 km on average.

The left upper panel of Figure 7.13 shows theCTH retrieved fromFRESCO and
SACURA from SCIAMACHY on 20 June 2003. RetrievedCFs from FRESCOandOCRA

are presented in the left lower panel. Frequency distributions of the difference are shown
in the right panel of Figure 7.13. We observe significant discrepancies in theCTH from
FRESCOandSACURA. The lower limit ofCTH fixed at 1.5 km is clearly evident in the
SACURA retrievals whenFRESCO CTHs vary by up to 13 km. In other cases, theFRESCO

CTHs are lower than that fromSACURA. In majority of the cases, the difference inCTHs
is about 2 km as reported byRozanov et al.[2004]. CFs fromFRESCOandOCRA show
good correlation but in many cases theCF from FRESCOunderestimates by up to 0.2. It
follows that according to earlier investigation presented in Section 7.6.1, the quality of
retrieved total ozone fromSCIAMACHY is influenced by the choice of cloud data either
from FRESCOor SACURA-OCRA.

7.7 Iterative online WF-DOAS retrieval

Settings and databases as outlined in previous sections have been implemented in the
onlineWF-DOAS algorithm for retrieving total ozone column fromSCIAMACHY. A flow
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Figure 7.14:Fit results for pixel number 804 having its center at 50.16◦N latitude and
19.63◦E longitude ofSCIAMACHY orbit 5587. The top left panel shows the
optical depth observed bySCIAMACHY and the top right panel shows the
fit residual. The lower panels show the contributed part by various terms in
theWF-DOAS equation. Grey line show the sum of the modeled values and
the fit residual plotted separately for each terms. Those terms (from top to
bottom and left to right) are ozone, Ring, temperature shift, NO2, BrO, and
undersampling correction.

diagram of the onlineWF-DOAS algorithm has been given in Figure 6.1 of Section 6.3.2.
The algorithm couples simulation and retrieval parts. In the first step, simulated inten-
sity is calculated for the given geometry of a measurement, a first-guess total ozone,
ozone and temperature profiles from theIUP climatology that correspond to the total
ozone, and other information on surface and cloud parameters. The retrieval part com-
putes total ozone by spectral fitting of simulated intensity and weighting functions and
measured intensities taking the impact of the Ring effect, and other interfering gases
such as NO2, BrO into account. The first iteration updates the first-guess total ozone,
simulates intensity and weighting functions, updates the Ring spectrum, and finally re-
trieves total ozone. The retrieved total ozone is compared with the earlier total ozone
scenario and the fitting process is repeated until the convergence criteria is met. After
the iteration stops the ghost vertical column is added to the retrieved column to obtain
the final total ozone column amount.
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Typical fit results ofWF-DOAS retrievals are shown in Figure 7.14. The Figure shows
the differential optical depth measured, fit residual, and the contribution of each of the
terms in theWF-DOAS equation. BrO, NO2, and temperature shift have small contribu-
tion. The contribution of the undersampling correction is so small that it is not required
to be included in theDOAS equation. TheRMS of the fit residuals is usually of the order
of 0.002 which is similar to theGOME results.

7.8 Validation of SCIAMACHY WF-DOAS total ozone

7.8.1 Comparison with GOME WF-DOAS total ozone

Comparing a thoroughly validated satelliteTCO data with a new satellite data is an effec-
tive approach of validation [Hilsenrath et al., 2004;Bracher et al., 2005]. This approach
allows comparison of more data covering a wide range of viewing conditions andTCO

amounts. Such comparisons cover larger geographical area. With ground based mea-
surements, results of comparisons are often hampered by instrumental bias from one
station to the next. These difficulties are avoided in satellite comparisons.GOME data
serving this purpose of validation forSCIAMACHY has an additional advantage that the
measurement time of these two instruments are just 30 minutes apart. In the following
sections theGOME TCOretrievals withWF-DOAS will be used to analyse theWF-DOAS

TCO retrievals fromSCIAMACHY. For majority of the studies presented below the level
0-1b processing ofSCIAMACHY data was done with software version 5.04.

Total ozone and level 1b data versions

A study was performed to investigate if the upgrades of the operational level 0-1b pro-
cessing software ofSCIAMACHY have improvedTCO retrievals. Such investigation will
provide essential input to the level 0-1b data processing team.

Software ofSCIAMACHY operational level 0-1b processor has been upgraded several
times since the launch ofENVISAT. The 0-1b reprocessing ofSCIAMACHY data has
been continued with software version 5.04 since August 2004. These data are the basis
for the retrieval of various geophysical parameters.

For TCO retrievals, the level 1b data were calibrated to level 1c usingESA’s SciaL1C
program (v2.2.9). All calibration options were applied which include memory effect,
dark current, stray light, pixel-to-pixel gain, etalon, and polarisation corrections and
wavelength and radiometric calibrations.TCO retrievals for selected orbits that were
processed with different software versions of level 0-1b processor are documented in
Figure 7.15. Here theSCIAMACHY retrievals are done using theSCIAMACHY FM cross-
section with a scaling of +3.7% and a shift of +0.016 nm.GOME WF-DOAS TCO data
measured 30 minutes later are also shown in the figure. Accuracy ofGOME TCO is
1% except at high latitudes. Details ofGOME WF-DOAS TCO data quality is given
in Weber et al.[2005]. Use of scaledSCIAMACHY FM data leads to small negative
bias inSCIAMACHY TCO of -1 to -2% with respect toGOME WF-DOAS TCO. Higher
biases of up to 5% are observed with the unscaledSCIAMACHY FM data. Similar results
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Figure 7.15:Analysis of four selectedSCIAMACHY orbits processed with various ver-
sions (V4.01, V4.03, V5.01, V5.03) of software for level 0-1b processor.
Shown are theTCO retrieval results fromGOME (grey solid line), andSCIA-
MACHY using the scaledSCIA FM (+3.7%) with a wavelength shift of 0.016
nm (solid symbol). Upper two rows: retrievedTCO, lower two rows: fit
residualRMS. Data are binned in 1◦ latitude steps
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are also reported byEskes et al.[2005] andBracher et al.[2005]. The more recent
SCIAMACHY level 1b version (v5.01 and v5.03) data show a significant improvement
in the residual rms and are generally lower than for theGOME retrieval. The overall
absolute radiometric calibration is critical for theSCIAMACHY retrieval. In particular
the memory effect, dark current determination, and the polarization correction needs to
be further improved [Frerick, 2005].

Total ozone and solar data

For TCO retrievals,DOAS-type algorithms need the ratio of Earth shine to solar irra-
diation. The solar irradiation can be measured using theESM and theASM diffusers.
Investigations revealed that the sun-over-ESM-diffuser produce large spectral features
to which are theDOAS retrievals sensitive [de Beek and Bovensmann, 2000]. With
the sun-over-ASM-diffuser, which was installed at the later stage, the spectral features
were minimised. But an absolute calibration cannot be performed with the sun-over-
ASM-diffuser. For minor trace gas retrievals the partially calibrated irradiance data from
the sun-over-ASM-diffuser and radiance spectra are recommended [Lichtenberg et al.,
2005].

In order to investigate the impact of choice of solar spectra (sun-over-ESM-diffuser
or sun-over-ASM-diffuser) onTCO retrievals, a few orbits were analysed using the sun-
over-ESM-diffuser and the sun-over-ASM-diffuser irradiance data separately. Opera-
tional processing ofSCIAMACHY level 1b data products provides fully calibrated spec-
tra for the sun-over-ESM-diffuser but for the sun-over-ASM-diffuser it is only partially
calibrated. In the latter case, an equivalent calibration steps i.e. memory effect, leakage
current, and stray light corrections and wagelength calibration need to be applied for
the earth shine radiance for theDOAS fitting. Fully calibrated solar irradiance and earth
shine radiance are still required to determine the effective albedo.

In Figure 7.16, an example of retrievals forSCIAMACHY using these solar data is
shown for the orbit 05583 on 28 March 2003. Figures demonstrate retrievedTCO (left
upper panel) andRMS value of the fit residuals (right upper panel). The change inTCO

(left lower panel) andRMS (right lower panel) illustrate the impact of different solar
data inTCO retrievals. The difference inTCO does not exceed±2% but it shows a
clear dependency on latitude. The reason for this latitude dependence could be polari-
sation related.TCO retrievals with the sun-over-ASM-diffuser solar spectrum is without
a polarisation correction in the earth shine radiance. For the fully calibrated radiance,
the polarisation correction is accurate to up to 2% (S. Slijkhuis,DLR, personal com-
munication, 2006). For improvedTCO retrievals, further improvements in polarisation
correction is necessary. The reason for the persistent cyclic offsets in eachSCIAMACHY

state observed particularly in the northern hemisphere is not clear. With the use of
ASM-diffuser solar data, theRMS value of the fit residuals are usually larger by up to
20%.
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Figure 7.16:TCO (left) and fit residuals (right) fromSCIAMACHY WF-DOAS retrievals
using the sun-over-ESM-diffuser (black) and the sun-over-ASM-diffuser
(grey) irradiance data for one selected orbit (orbit number 05583 on 28
March 2003). The difference expressed in % forTCO (left) and rms (right)
are shown in the lower panels.

Scan angle dependent bias

TCO differences between the retrievals based on the sun-over-ASM-diffuser and the sun-
over-ESM-diffuser solar data is shown in Figure 7.17. Shown here are the results only for
oneSCIAMACHY state from orbit 05587. Numerals along abscissa indicate the ground
pixel indices that follow the scan from east (1 representing the eastmost pixel) to west
(16 representing the westmost pixel) comprising 16 forward scans. Each pixel hav-
ing the size 30 km×60 km corresponds to an integration time of 0.25 s. The forward
scan is followed by four backscans (numbered 17 to 20 in the figure) with a lower spa-
tial resolution (ground pixel size of 30 km×240 km). For east pixels,TCO using the
sun-over-ASM-diffuser solar data are usually higher than that using the sun-over-ESM-
diffuser solar data. The opposite is the case for west pixels. The bias is not constant for
all pixels but appears to be parabolic in shape. The difference lies in the range +3% to
-1% going from east to west. This means that the choice of solar data results in differ-
ences in the retrievedTCO. Retrievals with the sun-over-ESM-diffuser solar data apply
polarisation correction but the current correction is not sufficient on one hand and on
the other hand the retrievals with the sun-over-ASM-diffuser solar data do not apply any
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Figure 7.17:Difference inTCO retrieved using the sun-over-ASM-diffuser and the sun-
over-ESM-diffuser solar measurements. Results are shown here only for
one state ofSCIAMACHY orbit 05587 on 26 March 2003. Numerals along
abscissa stand for the ground pixel indices.

polarisation correction. This makes interpretation of the observed scan angle dependent
bias very difficult.

Either the sun-over-ESM-diffuser or the sun-over-ASM-diffuser or both solar data
could be the cause for scan angle dependent bias in retrievedTCO. In order to inves-
tigate this, theSCIAMACHY TCO were compared with theGOME WF-DOAS TCO for a
few selected days. TheGOME data fromWF-DOAS algorithm are suitable because they
do not show any significant scan angle bias with respect to ground based measurements.

SinceSCIAMACHY andGOME footprints are of different size,SCIAMACHY ground
pixels were combined to matchGOME resolution. Figure 7.18 shows the percent dif-
ference inTCO betweenSCIAMACHY andGOME. Shown are the results based on one
SCIAMACHY orbit (orbit number 05591) on 26 March 2003. For retrievals with the
sun-over-ASM-diffuser, the averageSCIAMACHY TCO biases are about 0%, -2%, and
-4% for east, nadir, and west pixels respectively. With the sun-over-ESM-diffuser the
biases are somewhat smaller. Summarising, the retrievals with both the sun-over-ASM-
diffuser and the sun-over-ESM-diffuser show scan angle dependence, but the scan angle
dependence is more severe for retrievals with the sun-over-ASM-diffuser. Reflectance
comparison also revealed such east west bias [van Soest et al., 2005]. In addition to the
scan angle dependency, the use of the sun-over-ASM-diffuser solar data are observed
to result in the latitudinal dependence (north-south bias). This effect is likely to come
from the polarisation effect (S. Slijkhuis,DLR, personal communication, 2006), which
is not accouted for in the latter case.

Comparison ofTCO measurements fromSCIAMACHY andGOME were done for sev-
eral days. The software version 5.04 was used for level 0-1b processing and the sun-
over-ESM-diffuser solar data were used forTCO retrievals forSCIAMACHY. For the
comparison with correlative measurements, allGOME andSCIAMACHY data have been
gridded to 1◦×1◦. The difference was then calculated from the corresponding gridded
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Figure 7.18:Comparison betweenSCIAMACHY WF-DOAS and collocatedGOME WF-
DOAS results separated by retrievals with the sun-over-ASM-diffuser (ASM)
and the sun-over-ESM-diffuser (ESM). These results are based on measure-
ments ofTCO by SCIAMACHY on 26 March 2003 from orbit 05591.

values. As discussed above, in several cases the difference shows a clear scan angle de-
pendence. West pixels are about 2% too low than the east pixels. Typical difference plot
is shown in the left panel of Figure 7.19. In the right panel an example is shown where
such biases between east and west pixels are not observed. In those cases the overall
agreement betweenSCIAMACHY WF-DOAS TCO andGOME results is very good. The
question remains why the difference between correlativeSCIAMACHY andGOME TCO

shows scan angle dependency for some orbits while such dependency is not always
observed. The reason for this is not understood at this moment. This could partly be
related to the level 1 calibration problems.

Overall agreement

Figure 7.20 summarises the monthly mean of the difference betweenSCIAMACHY and
GOME TCO averaged over the 960 km-wide swath. About 5 orbits per month were
selected. Most of the selected orbits correspond toERS-2 andENVISAT satellites pass-
ing over Europe. The main idea for selecting these orbits is to make comparison of
SCIAMACHY TCO with GOME and ground-based measurements. Note that theWOUDC

monitoring network has higher spatial station density in Europe.
SCIAMACHY-GOME WF-DOAS monthly meanTCO difference for 2003 is shown in
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Figure 7.19:Difference inTCO amount betweenSCIAMACHY and GOME for two se-
lectedSCIAMACHY orbits 04857 (on 3 February 2003) and 05773 (on 8
April 2003). The level 0-1b processing for both of these orbits were done
with software version 5.04.

Figure 7.20. TheSCIAMACHY WF-DOAS results have a latitude dependent bias ranging
from -2% at low and midlatitudes to -10% at high latitudes. Dispersion of the difference
increases significantly beyond 70◦ of both hemispheres. Except at high latitudes, month-
to-month variation is not observed.

7.8.2 Comparison with ground based measurements

For comparison with ground based data the same set of orbits (63 orbits) as reported in
Section 7.8.1 were processed. These include mainly data from various months of 2003.
The orbits were selected seeking suitable coincidences and appropriate sampling during
2003 with the ground based measurements. Since global coverage can be achieved in
six days withSCIAMACHY, about 5 correlative measurements could be expected in a
month. Undoubtedly, these limited orbits are not sufficient for complete validation, but
it should at least be important to check the consistency betweenSCIAMACHY-GOME

andSCIAMACHY-ground based comparisons.
Primary reason for using this limited orbits was that the study intended to include

only the data set reprocessed by software version 5.04 of the level 0-1b processor. As
shown earlier, the level 0-1b processor upgrade has an impact onTCO retrievals.

The validation ofTCO measured bySCIAMACHY and retrieved byWF-DOAS algo-
rithm was carried out by comparing with ground based observations from Brewer spec-
trophotometers operating at selected sites at midlatitude. The stations are listed in Ta-
ble 7.5. The Brewer instrument is designed for near simultaneous measurements of
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Figure 7.20:Longitude averaged difference betweenSCIAMACHY WF-DOAS and col-
locatedGOME WF-DOAS for various months of 2003. Total of 63 orbits,
about 5 orbits per month, were taken.

Table 7.5:Ground stations used in the present study.

station WMO code lat. lon. collocations
Arosa 035 46.78 9.68 50
Belsk 068 51.84 20.79 41
Debilt 316 52.10 5.18 43
Hohenpeissenberg 099 47.80 11.02 48
Hradec Kralove 096 50.18 15.83 57
J.R.C. Ispra 301 45.80 8.63 53
Lindenberg 174 52.21 14.12 54
Norrkoeping 279 58.58 16.15 58
Potsdam 050 52.22 13.05 22
Uccle 053 50.80 4.35 40
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TCO, SO2, and global spectral irradiance in the wavelength range 290-372 nm. An im-
portant advantage with the Brewer measurements is that the wavelengths that is used in
the Brewer spectrophotometers are less temperature dependent [Kerr, 2002;Staehelin
et al., 2003;Weber et al., 2005]. All these station data were available fromWOUDC.

In the present study, a distance of 300 km and measurements taken on the same day
were chosen as coincidence criterion. From earlier studies it is observed that the result
is not changed by selecting lower collocation criteria up to 500 km [Bramstedt et al.,
2003;Weber et al., 2005]. Only direct sun measurements have been used. The accuracy
of the direct sun ozone retrieval in Brewer is reported to be±1% [Staehelin et al., 2003].

Figure 7.21 displays the individual relative difference for each station, plotted all to-
gether as a function of day of year. In general a good agreement is achieved apart from
the constant bias of about -1 to -2%. This implies that for most of the stationsSCIA-
MACHY WF-DOAS underestimates the ground based values. No significant seasonal
dependence is observed. Although the available data set are not sufficient to separate
clearly a possibleSZA dependence, this comparison indicates that a clearSZA depen-
dency is not seen. Note that such dependency were reported for theSCIAMACHY op-
erationalTCO product [Hilsenrath et al., 2004;Lambert et al., 2004b;Bracher et al.,
2004, 2005].

The comparison ofSCIAMACHY WF-DOAS TCO with two independent measure-
ments, namelyGOME and Brewer, shows consistent results that theSCIAMACHY WF-
DOAS TCO is 2% too low. The reason for such systematic bias is not clear yet but likely
due to calibration errors. The reported negative bias for the southern midlatitude and
tropics and the positive bias for northern latitudes in the operationalTCO [Bracher et al.,
2005] are not observed with theWF-DOAS retrievals.

More comparisons betweenSCIAMACHY and ground based measurements globally
are needed to cover the entireSCIAMACHY period to verify the conclusions drawn here.
A more extensive validation is planned.

7.9 Conclusion

A combinedTCO data set fromGOME and SCIAMACHY instruments is important for
ozone studies, in particular for long-term trend determination. Comparative studies
of the current operationalSCIAMACHY TCO (V5.01/V5.04) with correlativeGOME WF-
DOAS V1.0results have concluded that the operationalTCO shows a mean relative bias of
about -2% and a strong dependence on latitudes, solar zenith angle, andTCO amounts.
These problems are inherited fromGDP V2.7 in the operational product and are ac-
companied by the quality of level 1 data and auxiliary data like ozone cross-section,
atmospheric parameters, etc. that are essential forTCO retrievals. Part of the problems
are resolved by the application of the new generation of algorithms forGOME such as
WF-DOAS. This article gave an overview of theWF-DOAS set up forSCIAMACHY which
is nearly identical to that forGOME (see Chapter 3 for further details).

Modifications in theWF-DOAS set up forSCIAMACHY are primarily for auxiliary pa-
rameters, in particular, ozone cross-section and cloud parameters. A detailed investiga-
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Figure 7.21:Comparison ofSCIAMACHY WF-DOAS with collocated European mid lat-
itude Brewer stations in 2003. Top Panel:SCIAMACHY (open circle) and
Brewer total ozone (solid circle). Middle panel:SCIAMACHY Brewer dif-
ferences in percent. Bigger solid circles are bi-weekly averages with 2σ

variability. Bottom panel: Same as middle panel but as a function of solar
zenith angle. Here, the bigger solid circles represent the 5◦-bin averages.



142 7 Retrieval and validation of the SCIAMACHY total ozone

tions of the influences of the auxiliary parameters have been carried out. Moreover, the
SCIAMACHY WF-DOAS implementation makes use of the improved climatology [Lam-
sal et al., 2004] and a high resolution topographic data base. The only modification in
the algorithm is that the new implementation employs online iterative retrieval process
instead of a look-up-table as forGOME.

The main conclusions of the investigation with regard to the proper use of ozone
cross-sections in theSCIAMACHY TCO retrievals are itemized below:

– From theILS fitting of solar and cross-section data it was found that the optimised
wavelength shift forGOME FM andSCIAMACHY FM cross-sections are +0.023 nm
and +0.016 nm, respectively, in the ozone window of 325-335 nm. These shifts
are particularly recommended inDOAS retrievals that use the Kurucz solar data
to wavelength calibrate the solar reference data as done, for instance, in theWF-
DOAS retrieval.

– After careful adjustments of the differences in spectral resolution betweenGOME

andSCIAMACHY a differential scaling factor fromGOME FM to SCIAMACHY FM

of 0.963(2) on average was found in the 326.6-335 nm window. Small changes in
the spectral windows may change the scaling by several tenths of a percent.

– If no differential scaling betweenGOME FM andSCIAMACHY FM is done, a bias
of about +4% in theSCIAMACHY retrieval betweenSCIAMACHY FM andGOME

FM is to be expected. This adjustment would be needed to homogenise theGOME

andSCIAMACHY retrieval under the condition that the radiometric calibration has
the same level of accuracy for both instruments.

– For SCIAMACHY WF-DOAS TCOretrieval that uses the spectral window of 326.6-
335 nm, theSCIAMACHY FM cross-section needs to be differentially scaled by
1.037 and wavelength shifted by +0.016 nm.

Additionally, the influence of inhomogeneous clouds onTCO retrievals from space
based measurements has been studied. It is confirmed that a 2 km error in cloud top
height results in more than 1% error inTCO and that a 0.2 error in cloud fraction results
in about 1 DU error in the retrievedTCO. Comparisons of cloud top heights retrieved
from FRESCOandSACURA and cloud fractions retrieved fromFRESCOandOCRA sug-
gest that theFRESCOalgorithm underestimates the cloud top heights by about 2 km
and the cloud fraction by about 0.2. It follows that the quality of retrievedTCO from
SCIAMACHY is influenced by the choice of cloud data either fromFRESCOor SACURA-
OCRA. Moreover,IPA used in ozone satellite retrievals may bias results significantly
depending on the type of cloudiness.

Comparison/validation of the ozone products has been carried out with other satellite-
based measurements (GOME WF-DOAS TCO) as well as measurements from ground-
based instrument (Brewer). The validation exercises show an offset of -1% to -2% as
compared toGOME retrievals and ground-based observations. Part of the offset is re-
lated to the quality of the level 1 data. The difference in the viewing angle given in the
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level 1 files and that corresponding to the read out time for ozone window (325-335 nm)
explains only a small part of the observed offset. Problems with the radiometric cali-
bration and polarisation correction are believed to be the main contribution. In addition,
a clear scan angle dependence in the observed biases was found, with larger biases for
west pixels. The reason for this effect is not understood at the moment.

Apart from this offset, a good agreement betweenSCIAMACHY andGOME WF-DOAS

was found. A clear dependency ofTCO on latitude, solar zenith angle, andTCO amounts
was not observed. However, further validation exercises need to be carried out for longer
time period in order to verify these conclusions.



144 7 Retrieval and validation of the SCIAMACHY total ozone



8 Overall summary, conclusions and
future perspectives

8.1 Overall summary

The main focus of this thesis has been on the development, validation, and improvement
of a retrieval algorithm for derivingTCO amounts from backscatter hyperspectralUV

satellite instruments. The newWF-DOAS algorithm has been successfully applied to
GOME andSCIAMACHY. It can be also adapted to other currently operating and future
instruments such asOMI(2004- ) andGOME-2 (launch in 2006). The updatedTCO data
have become valuable for various scientific investigations.

TCO retrieval from the traditionalDOAS-type operationalGDP algorithm consists of
three steps: (1) derivation of the slant column density by fitting the reference differen-
tial absorption spectrum of ozone to the measured earth radiance spectrum and solar
irradiance spectrum, (2) conversion of the slant column density to the vertical column
density using the air mass factor, and (3) correction for the screening of ozone below
clouds. Although the algorithm has yielded good results forTCO abundances, there are
some unresolved issues, mainly concerning the air mass factor. The major problem lies
with the use of an air mass factor calculated at an appropriate wavelength. Additionally,
the air mass factor shows sensitivity to the assumed ozone profile shape. Given the mo-
tivation for this study, the aim was to develop a robust algorithm where vertical column
density of ozone is retrieved without requiring air mass factor calculation.

The WF-DOAS TCO retrieval as presented in Chapter 3 is based on a comparison
between the measured normalised radiance and the radiances derived by radiative trans-
fer calculations. By using wavelength dependent vertically integrated ozone weighting
functions, a direct retrieval of vertical column amounts is possible. Proper modeling
of the Ring effect including Raman correction for ozone absorption have been imple-
mented. Neglect or insufficient treatment of the Ring effect can lead to errors inTCO

of several percent. The algorithm uses cloud parameter and effective albedo directly
derived fromGOME measurements. Other implementations include the use of effective
scene height accounting for cloud effects, an ozone temperature correction, and the use
of TOMS V7 climatology.

The newWF-DOAS algorithm forGOME has been extensively compared with glob-
ally distributed ground-based data, predominantly Dobson spectrophotometer data. In
mid and low latitudes it agrees on average to within half a percent withWOUDC data.
The observed bias shows small seasonal variation of up to±0.5%. Such seasonal vari-
ation is however not persistent at all stations. The predecessor versionGDP V3.0 clearly
shows a larger and persistent annual variation (±1%) at mid latitude stations and in the
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tropics it shows a constant bias of about−1% with respect to the ground-based data.
In polar regions somewhat larger differences are still observed withWF-DOAS although
the errors in the retrievedTCO is reduced as compared toGDP V3.0. WF-DOAS shows
weaker solar zenith angle andTCO dependence in the differences to the ground data.

A detailed study was carried out to assess the comparison between simultaneous
WF-DOAS and ground-based Dobson and Brewer measurements. The comparison with
Brewer measurements at Hradec Kralove and Hohenpeissenberg has demonstrated ex-
cellent agreement withWF-DOAS. The larger differences betweenGOME and Dobson
is related to the fixed ozone temperature used in the standard retrieval of ground based
instruments. Brewer wavelengths have a much weaker temperature dependence and this
explains the agreement ofWF-DOAS with Brewer data. Brewer-Dobson differences can
be as high as±2% (generally on the order of 0.5%). This variability gets maximum at
high latitudes during winter due to lower solar elevation and the enhanced stray-light
problem associated with it. The better agreement ofWF-DOAS with Brewer than si-
multaneous Dobson data confirms that the temperature shift weighting function appears
appropriate to account for the ozone temperature variation.

The validation ofWF-DOAS as presented in Chapter 3 suggest that theGOME WF-
DOAS data is very attractive for evaluating ground-based network data as presented
in Chapter 4, where Brewer measurements from 35 stations archived inWOUDC are
examined. We focused on Brewer instruments because these instruments currently lack
transparent calibration procedure and data quality program.

About 50% of the stations have meanWF-DOAS-stationTCO bias of less than 0.5%,
about 25% have mean bias in the range 0.5% - 1% and the remaining stations are found
to have a bias of 1% to 2%. For the majority of stations, the root mean squares (RMS) of
the difference betweenWF-DOAS and Brewer data have been observed to be less than
3%. The operationalGDP V4.0 TCO data have shown similar results but with somewhat
larger bias andRMS. Time series of difference betweenWF-DOAS and BrewerTCO can
help identify problems in Brewer instruments and operation. Sudden jumps in the time
series were observed, for instance, in Pohang, Longfengshan, and Sestola.

In Chapter 4, we have also comparedGOME TCO (reprocessed withWF-DOAS and
GDP V4.0) with the recent updates ofTOMS andSBUV/SBUV2 data. These data sets will
be valuable for various scientific studies including the upcomingWMO Ozone Assess-
ment. Long-term time series ofTCO from the last two and a half decade have shown
good agreement among these data sets. However, further works are still required to
improve the quality of satellite and ground-based ozone data from high latitudes.

Updated and atmospheric dynamics oriented ozone and temperature climatologies are
presented in Chapter 5. The new climatology was developed with the aim of improving
the quality ofa priori information in ozone retrievals. They are intended to be used for
ozone column and profile retrieval fromGOME, SCIAMACHY, or any other backscatter
satellite measurements. SinceTCO retrievals byGDP-like, WF-DOAS, TOMS-like algo-
rithms are sensitive to the profile shape of atmospheric ozone, this climatology provides
an opportunity to correct the profile shape errors in the retrievedTCO. These climato-
logical profiles can also be used to improve the ozone profile retrieval using the optimal
estimation technique, provided thatTCO is known fromTCO retrieval algorithm.
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Chapter 5 presents the methodology of preparation of the climatologies. The cli-
matologies are classified byTCO and are based on semi-annual intervals and 30◦ wide
latitude bins using recent ground-based and satellite data. Total column dependent pro-
file shapes have advantage that they better represent the dynamical variability of ozone
with respect to tropopause lifting and horizontal advection. In particular, the tropopause
variance of the classified profiles was successfully reduced compared to a traditional
zonal monthly mean climatology. This helps to stabilize the fit results in the profile
retrieval. A case study pursued at Hohenpeissenberg has demonstrated the usefulness
of an updated climatology likeIUP climatology. The ozone profile retrieval has been
significantly improved, in particular in the lower part of the atmosphere. Some addi-
tional analyses carried out in order to evaluate theIUP climatology suggest that they
are reliable and can represent the global ozone field. In particular, the use ofPOAM III

data andSHADOZ sonde data have improved the ozone climatology in polar region and
tropics.

In Chapter 6 we investigate howTCO retrievals are influenced by the choice of ozone
and temperature profiles from various currently available climatologies. In order to in-
vestigate the profile relatedTCO retrieval error various ozone and temperature profile
climatologies were analysed with the help of ozonesonde, lidar, and radiosonde data of
Hohenpeissenberg in mid latitude and Syowa in polar region.GOME TCO retrieved by
usingWF-DOAS shows negligible effect of climatological profiles at Hohenpeissenberg
but considerable systematic differences are observed at Syowa forSZA larger than 70◦.
Our studies based on theGOME spectral measurements and synthetic radiances that
were used forTCO retrievals usingWF-DOAS algorithm, have identified both random
and systematic errors in the retrievedTCO originating from the climatological ozone
and temperature profiles. The systematic errors can be up to 10% (e.g.TOMS V7 cli-
matology) at highSZA. Profile sensitivity ofTOA radiance is strong when theSZA

gets large. By using theIUP or TOMS V8 climatology a significant improvement in
the retrievedTCO at high SZA was observed. Such demonstration at Syowa does not
necessarily prove that theIUP or TOMS V8 climatology is the best but provides a clear
message that regular updates of ozone and temperature climatologies can remove some
of the discrepancies observed in the current satellite ozone products.

A combinedTCO data set fromGOME and SCIAMACHY instruments signifies high
importance for long-term trend assessment. Comparative studies of the current oper-
ationalSCIAMACHY TCO (V5.01/V5.04) with correlativeGOME WF-DOAS V1.0 results
have concluded that the operationalTCO shows a mean relative bias of about -2% and a
dependence of the difference on latitudes, solar zenith angle, andTCO amounts. These
problems were inherited fromGDP V2.7 that was adapted forSCIAMACHY operational
retrieval. In addition the quality of level 1 data and auxiliary data like ozone cross-
section, atmospheric parameters, etc. that are essential forTCO retrievals were not opti-
mized. Part of the problems could be resolved by the application of the new generation
of algorithms such asWF-DOAS. Chapter 7 gives an overview of theWF-DOAS set up
for SCIAMACHY which is nearly identical with that forGOME as described in Chapter 3.

A detailed investigation of the spectral resolution of Channel 2 spectra fromSCIA-
MACHY (310 nm-400 nm) was carried out using a high resolution solar spectrum mea-
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sured with the Fourier transform spectrometer. Similar investigation was carried out for
SCIAMACHY FM cross-section using theFTS spectrometer data fromVoigt et al.[2001]
and Bass and Paur data. From theILS fitting of solar and cross-section data it was found
that the optimised wavelength shift forSCIAMACHY FM is 0.016 nm in the ozone win-
dow of 325 nm-335 nm. The study also showed that forWF-DOAS TCO retrievals the
SCIAMACHY FM cross-section spectra needs to be differentially scaled by 1.037.

The influence of inhomogeneous clouds onTCO retrievals from space based measure-
ments has been studied. It is confirmed that a 2 km error in cloud top height results in
more than 1% error inTCO and that a 0.2 error in cloud fraction results in about 1 DU er-
ror in the retrievedTCO. Comparisons of cloud top heights retrieved fromFRESCOand
SACURA and cloud fractions retrieved fromFRESCOandOCRA suggest that theFRESCO

algorithm underestimates the cloud top heights by about 2 km and the cloud fraction by
about 0.2. The study concluded that the quality of retrievedTCO from SCIAMACHY is
influenced by the choice of cloud data either fromFRESCOor SACURA-OCRA.

The SCIAMACHY implementation of theWF-DOAS uses the scaledSCIAMACHY FM

cross-section and wavelength pre-shifted by 0.016 nm for the calculation of reference
spectra and the Ring spectra. Cloud data either fromFRESCOor SACURA-OCRA, an
improved climatology [Lamsal et al., 2004] and high resolution topographic data base
are other implementations. The only modification in the algorithm is that the new im-
plementation employs online iterative retrieval process instead of look-up-tables like for
GOME.

Comparison/validation of theSCIAMACHY WF-DOAS has been carried out with
GOME WF-DOAS as well as measurements from ground-based instrument (Brewer). The
validation exercises show an offset of -1% to -2% as compared toGOME retrievals and
ground-based observations. Part of the bias is related to the quality of the level 1 data.
The difference in the viewing angle given in the level 1 files and that corresponding to
the read out time for the ozone window (325-335 nm) explains only a small part of the
observed bias. Problems with the radiometric calibration and polarisation correction are
believed to be the main contribution. In addition, a clear scan angle dependence in the
observed biases was found, with larger biases for the west pixels. The reason for this
effect is not understood at the moment.

Apart from this offset, good agreement betweenSCIAMACHY andGOME WF-DOAS

was found. A clear dependency ofTCO on latitude, solar zenith angle, andTCO amounts
was not observed. However, further validation exercises need to be carried out for longer
time periods in order to verify these conclusions.

8.2 Main conclusions of this work

The main conclusions from this work are:

1. A new algorithm (WF-DOAS) for TCO retrieval from hyperspectralUV satellite
instrument,GOME, has been developed and the algorithm has been carefully val-
idated using ground-basedTCO measurements.
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2. A new climatology (IUP climatology) has been prepared with the primary aim
of improving TCO and ozone profile retrievals from satellite (e.g.GOME, SCIA-
MACHY ) measurements.

3. TCO retrievals at high solar zenith angle show a large profile shape sensitivity.
In such condition, the use of recent and updateda priori ozone and temperature
profile, for example from theIUP climatology, can improveTCO retrievals. Also,
with the use of improveda priori profile from theIUP climatology a significant
improvement in the retrievedGOME ozone profile at and around tropopause can
be achieved.

4. The WF-DOAS algorithm was successfully adapted forSCIAMACHY and the
SCIAMACHY WF-DOAS has been validated using correlativeGOME and ground-
based Brewer measurements.

8.3 Future perspectives

Total column ozone retrievals at high latitudes:

Near global validation of theWF-DOAS retrievals has shown that the accuracy ofWF-
DOAS TCO is similar to that of a well maintained Brewer or Dobson instrument for low
and mid latitudes where the solar zenith angles during satellite measurements are lower.
This is usually the case forUV nadir satellite instruments likeGOME andSCIAMACHY

that are flying in a sun-synchronous orbit with a fixed local time (around noon). At
polar latitudes the measurements are made at high solar zenith angles when the profile
effects are most prominent. Then theWF-DOAS-Brewer differences increase on average
to 2% to 5%. Under ozone hole condition the difference can be as high as 8%. The
work presented here has demonstrated that the difference can be reduced to some extent
by the use of improved ozone and temperature climatologies. This suggests the need of
regularly updating theIUP climatology presented in this thesis as the maturity of data
sets increases and in order to account for the long-term changes in the ozone field.

As with GOME WF-DOAS, GDP V4.0 and TOMS V8 also show a strong bias with
respect to ground-based measurements at high solar zenith angle in polar region. Further
assessment of retrievals should be carried out in order to improve the absolute accuracy
of TCO observations made under the extreme conditions of high ozone and large solar
zenith angles.

SCIAMACHY WF-DOAS total column ozone:

The SCIAMACHY WF-DOAS TCO retrievals are 1% to 2% lower as compared toTCO

measurements fromGOME WF-DOAS and Brewer spectrometer. This conclusion is
based on comparison using a subset of data mainly from 2003. A more extensive vali-
dation with many ground stations and for entireSCIAMACHY period should be carried
out in order to verify the conclusions drawn here.
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From the comparison betweenSCIAMACHY andGOME WF-DOAS retrievals, it is evi-
dent that there often exists a systematic scan angle dependent bias inSCIAMACHY TCO.
The west pixels show larger bias of about 2% than the east pixels. The difference be-
tween viewing angle as given in level 1 file and that corrsponds to the readout time for
ozone fitting window amounts to about 0.4◦. Change in viewing angle due to space-
craft attitude errors does not exceed 0.1◦ (Christian von Savigny,IUP Bremen, personal
communication, 2006). These cannot explain the observed scan angle dependent bias
of about 2%. Moreover, occasionally such biases are completely absent. Therefore,
the observed mean bias of 1% to 2% and the scan angle dependent bias might be re-
lated to level 1 calibration problems. When resolving these issues it is believed that the
SCIAMACHY WF-DOAS TCOwill be of the same quality asGOME WF-DOAS.

CurrentSCIAMACHY WF-DOAS algorithm makes iterative calls toSCIATRAN to com-
puteRTM quantities during retrieval. The online retrieval is better suited for sensitivity
studies in particular to adapt the algorithm for new instruments. For operational pro-
cessing the look-up-table approach is preferred since it is computationally faster. The
look-up-table approach should be followed in order to process/reprocessSCIAMACHY

data over the full instrument lifetime.
SCIAMACHY has a great potential for improving our understanding of tropospheric

ozone mainly due to its limb/nadir matching capibilities and better spatial resolution.
Improved retrievals ofTCO from nadir observation and ozone profiles from limb obser-
vation will enable us to obtain a global picture of tropospheric column ozone. Better
separation of the stratospheric and the tropospheric ozone is of critical importance to
our overall understanding of atmospheric ozone.
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