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ABSTRACT

SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric Chartography) is a spectrometer
designed to measure sunlight transmitted, reflected, and scattered by the earth’s atmosphere or surface in the
ultraviolet, visible, and near-infrared wavelength region (240-2380 nm) at moderate spectral resolution (0.2—
1.5 nm, A/AA = 1000-10 000). SCIAMACHY will measure the earthshine radiance in limb and nadir viewing
geometries and solar or lunar light transmitted through the atmosphere observed in occultation. The extraterrestrial
solar irradiance and lunar radiance will be determined from observations of the sun and the moon above the
atmosphere. The absorption, reflection, and scattering behavior of the atmosphere and the earth’s surface is
determined from comparison of earthshine radiance and solar irradiance. Inversion of the ratio of earthshine
radiance and solar irradiance yields information about the amounts and distribution of important atmospheric
constituents and the spectral reflectance (or abedo) of the earth’s surface.

SCIAMACHY was conceived to improve our knowledge and understanding of avariety of issues of importance
for the chemistry and physics of the earth’s atmosphere (troposphere, stratosphere, and mesosphere) and potential
changes resulting from either increasing anthropogenic activity or the variability of natural phenomena. Topics
of relevance for SCIAMACHY are

« tropospheric pollution arising from industrial activity and biomass burning,

« troposphere—stratosphere exchange processes,

« stratospheric ozone chemistry focusing on the understanding of the ozone depletion in polar regions as well
as in midlatitudes, and

 solar variability and special events such as volcanic eruptions, and related regional and global phenomena.

Inversion of the SCIAMACHY measurements enables the amounts and distribution of the atmospheric con-
stituents O,, O,, O,(*A), O,, BrO, OCIO, ClO, SO,, H,CO, NO, NO,, NO,, CO, CO,, CH,, H,0, N,O, and
aerosol, as well as knowledge about the parameters pressure p, temperature T, radiation field, cloud cover, cloud-
top height, and surface spectral reflectance to be determined. A special feature of SCIAMACHY isthe combined
limb—nadir measurement mode. The inversion of the combination of limb and nadir measurements will enable
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tropospheric column amounts of O;, NO,, BrO, CO, CH,, H,0, N,O, SO,, and H,CO to be determined.

1. Introduction

Large and significant changes in the composition and
behavior of the global atmosphere have emphasized the
need for global measurements of atmospheric constit-
uents. Examples are (i) the precipitous loss of Antarctic
(WMO 1995) and Arctic stratospheric ozone (O,) (New-
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man et al. 1997; Muller et a. 1997) resulting from the
tropospheric emission of chlorofluorocarbon com-
pounds (CFCs, halones, and HFCs) (WMO 95); (ii) the
global increase of tropospheric O, (WMO 1995); (iii)
the observed increase of tropospheric ** greenhouse gas-
es’ such as CO,, CH,, N,O, and O, (IPCC 1996); and
(iv) the potential coupling between polar stratospheric
ozone loss and increased greenhouse gas concentrations
(Shindell et al. 1998).

To assess the significance of such changes a detailed
understanding of the physical and chemical processes
controlling the global atmosphere is required. Similarly
knowledge about the variability and temporal behavior
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of atmospheric trace gases is necessary to test the pre-
dictive ability of the theories currently used to model
the atmosphere. Consequently, the accurate assessment
of the impact of current and future anthropogenic ac-
tivity or natural phenomena on the behavior of the at-
mosphere needs detailed knowledge about the temporal
and spatial behavior of several atmospheric trace con-
stituents (gases, aerosol, clouds) on a global scale, in-
cluding the troposphere.

Over the past two decades pioneering efforts have
been made by the scientific community to establish both
ground-based networks and satellite projects that will
eventually result in an adequate global observing sys-
tem. Examples of satellite borne elements of such pro-
grams are the Solar Backscatter Ultraviolet (SBUV) and
Total Ozone Mapping Spectrometer (TOMS) on NASA's
Nimbus-7 satellite (Heath et a. 1975); the Stratospheric
Aerosol and Gas Experiment (SAGE) (McCormick et
al. 1979); the Upper Atmosphere Research Satellite
(UARS) (Reber et al. 1993) with the Microwave Limb
Sounder (MLS), the Halogen Occultation Experiment
(HALOE), the Cryogenic Limb Array Etalon Spectrom-
eter (CLAES), and the Improved Stratospheric and Me-
sospheric Sounder (ISAMS) instruments on board; and
the Second European Remote Sensing satellite (ERS-2),
which carries the Global Ozone Monitoring Experiment
(GOME) (Burrows et al. 1999). In the near future, sev-
eral new missions will be launched and will contribute
significantly to research in the fields of atmospheric
chemistry and physics: NASA's Earth Observing System
(EOS) satellites EOS-AM and EOS-CHEM, the Japa-
nese Advanced Earth Observing System (ADEOS), and
the European Space Agency’s (ESA) Environmental
Satellite (ENVISAT).

The Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY) is part of
the atmospheric chemistry payload onboard ENVISAT
being prepared by ESA. Following the call for earth
observation instrumentation in the Announcement of
Opportunity for the Polar Platform issued by ESA, the
SCIAMACHY proposal (Burrows et al. 1988) was sub-
mitted to ESA by an international team of scientistsled
by Principal Investigator J. P Burrows. After peer re-
view SCIAMACHY was selected as part of the payload
for the satellite now known as ENVISAT, which is
planned to be launched in 2000.

The heritage of SCIAMACHY (Burrows et al. 1988)
lies in both the ground-based measurements using Dif-
ferential Optical Absorption Spectroscopy (DOAS)
(Brewer et al. 1973; Platt and Perner 1980; Solomon et
al. 1987) and previous satellite atmospheric remote
sensing missions. SCIAMACHY combines and extends
the measurement principles and observational modes of
the nadir scattered sunlight measuring instruments
SBUV and TOMS (Heath et al. 1975), the solar occul-
tation instrument SAGE (McCormick et al. 1979; Maul-
din et al. 1985), and the limb scattered sunlight mea-
suring instrument Solar Mesospheric Explorer (SME)
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(Barth et al. 1983) within one instrument. SCIAMA-
CHY measures in the wavelength range from 240 nm
to 2380 nm the following:

» The scattered and reflected spectral radiance in nadir
and limb geometry,

» the spectral radiance transmitted through the atmo-
sphere in solar and lunar occultation geometry, and

« the extraterrestrial solar irradiance and the lunar ra-
diance.

Limb, nadir, and occultation measurements are planned
to be made during every orbit. Trace gases, aerosols,
clouds, and the surface of the earth modify the light
observed by SCIAMACHY via absorption, emission,
and scattering processes. Inversion of the radiance and
irradiance measurements enables the amounts and dis-
tributions of a significant number of constituents to be
retrieved from their spectral signatures and is discussed
in section 4. Figure 1 shows the wavelength range to
be observed by SCIAMACHY and the position of spec-
tral windows where atmospheric constituents are to be
retrieved.

SCIAMACHY and GOME, which is a small-scale
version of SCIAMACHY (see Burrows et al. 1999 and
references therein), represent anew generation of space-
based remote sounding sensors, which rely on and uti-
lize the simultaneous spectrally resolved measurement
of light upwelling from the atmosphere to determine
amounts of atmospheric constituents.

Using data from GOME, which was launched on
board the European Remote Sensing satellite ERS-2 in
April 1995, thefeasibility of the instrument and retrieval
concepts have been successfully demonstrated for nadir
observations. The trace gases O,;, NO,, BrO, OCIO,
SO, and H,CO have been observed as predicted (Bur-
rows et al. 1999), and studies of CIO, NO, and aerosol
retrieval are proceeding. The determination of O, profile
information, including tropospheric O,, from GOME
measurements (Burrows et al. 1999; Munro et al. 1998;
Rozanov et a. 1998) has a large number of potential
applications. In addition, the retrieval of tropospheric
column information of SO,, H,CO, NO,, and BrO from
GOME measurements was demonstrated (Burrowset al.
1999).

The goal of this paper is to provide a comprehensive
overview of the SCTAMACHY mission and instrument,
to summarize the retrieval strategies, to report on
planned data products and expected data quality, and to
demonstrate the range of applications and the potential
that lies in the concept of this new generation of hy-
perspectral UV—-VIS-NIR sensors. Section 2 provides
details about the targeted constituents. In section 3 the
instrument design and observational modes are pre-
sented. The proposed retrieval strategies are summa-
rized in section 4. Section 5 focuses on the expected
data precision and section 6 summarizes the current sta-
tus of operational data products.
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Fic. 1. Wavelength range covered by SCIAMACHY and absorption windows of the targeted constituents.

2. Scientific objectives and targeted constituents

The main objective of the SCIAMACHY mission is
to improve our knowledge of global atmospheric change
and related issues of importance to the chemistry and
physics of our atmosphere (cf. WMO 1995 and IPCC
1996) such as

» the impact of tropospheric pollution arising from in-
dustrial activity and biomass burning,

» exchange processes between the stratosphere and tro-
posphere,

« stratospheric chemistry in the polar regions (e.g., un-
der ““ozone hole’” conditions) and at midlatitudes, and

» modulations of atmospheric composition resulting
from natural phenomena such as volcanic eruptions,
solar output variations (e.g., solar cycle), or solar pro-
ton events.

Figure 2 lists the constituents targeted by SCIA-
MACHY and shows the altitude where measurements
are to be made. In Fig. 2, the combined use of nadir
and limb measurementsis assumed to yield tropospheric
amounts of the constituents down to the ground or the
cloud top, depending on cloud cover.

a. Tropospheric chemistry

SCIAMACHY will measure the backscattered sun-
light that reaches the earth’s surface (A = 280 nm). The
retrieval of tropospheric constituents is influenced and
limited by clouds. SCIAMACHY is the only atmo-
spheric chemistry sensor on ENVISAT capable of de-
termining trace gases and aerosol abundances in the
lower troposphere including the planetary boundary lay-
er under cloud-free conditions. From the SCIAMACHY
nadir and limb measurements tropospheric columns of
0;, NO,, BrO, CO, CH,, H,0, N,O, SO,, and H,CO
(cf. Fig. 2) will beretrieved. In addition, surface spectral
reflectance, aerosol and cloud parameters (cover and
cloud-top height), and the tropospheric flux from 280
to 2380 nm will be retrieved. These data are required
for studies of the oxidizing capacity of the troposphere,
photochemical O, production and destruction, and tro-
pospheric pollution (biomass burning, industrial activ-
ities, aircraft).

b. Sratosphere-troposphere exchange

For the investigation of stratosphere-troposphere ex-
change (Holton et a. 1995) SCIAMACHY measure-
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Fic. 2. Altitude ranges of atmospheric constituents targeted by SCIAMACHY. Retrieval from the occultation measurements yields infor-
mation over a wider atitude range than the limb measurements, due to its higher S/N ratio.

ments of the height-resolved profiles of the tracers O,
H.,O, N,O, CH,, and aerosol will be of primary sig-
nificance. These measurements enable investigations of
the downward transport of stratospheric O, and upward
transport of important species (e.g., aerosol, CH,, H,0,
and N,0). The CH, and N,O molecules are emitted into
the planetary boundary layer. Their long tropospheric
lifetime results in being transported to the stratosphere,
where they are the dominant source of the ozone-de-
stroying HO, and NO, radicals. Studies of relatively
small-scale features such as tropopause folding at mid-
latitudes require a high spatial resolution and are un-
likely to be unambiguously observed by SCIAMACHY.
However, larger-scale stratosphere-troposphere ex-
change as envisaged by Holton et al. (1995) will be
readily observed.

In the neighborhood of the tropopause the different
measurements modes of SCIAMACHY will have dif-
ferent vertical and horizontal resolutions. Solar and lu-
nar occultation modes yield measurements with a ver-
tical resolution of 2.5 km and a horizontal resolution of
30 km across track, determined by the solar diameter,
and extending roughly 400 km along track. For the limb
measurements the geometrical spatial resolution is ap-
proximately 3 km vertically and typically 240 km hor-
izontally across track, determined by scan speed and
integration time, and extending roughly 400 km along
track (see Table 3). More details about the geometrical

resolution of the different measurement modes will be
given in section 3b.

c. Stratospheric chemistry and dynamics

The study of the stratospheric chemistry and dynam-
ics will utilize the simultaneous retrieval of total col-
umns from nadir measurements and vertical stratospher-
ic profiles from limb and occultation measurements of
0O;, NO,, BrO, H,0, CO, CH,, and N,O (and OCIO
and possibly ClO under ozone hole conditions), as well
as aerosol and stratospheric cloud information. Tem-
perature and pressure profiles can be determined from
limb and occultation observations of the well-mixed
gases CO,, and O, assuming local thermal equilibrium.

SCIAMACHY will be making measurements when
halogen loading of the stratosphere maximizes around
the turn of the century (WMO 1995). It has recently
been pointed out by Hofmann (1996) that the springtime
polar lower-stratospheric O,, specifically the layer from
12 to 20 km, will be the first region to show a response
to the international control measures on chlorofluoro-
carbon compounds (CFCs) defined in the Montreal Pro-
tocol of 1987 and its Copenhagen and London amend-
ments. SCIAMACHY will enable this preposition to be
studied in detail.

In general, SCIAMACHY measurements will yield
detailed information about the development of strato-
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spheric O, above the Arctic and Antarctica, the global
stratospheric active halogen species (BrO, ClO, OCIO),
and the global O, budget as a function of the height in
the atmosphere. As SCIAMACHY measures simulta-
neously the backscattered radiation field and constituent
profiles, an important objective is to test the accuracy
of current stratospheric photochemical models and their
predictive capability.

d. Mesospheric chemistry and dynamics

In the upper stratosphere and lower mesosphere
SCIAMACHY measurementsyield profiles of O,, H,0,
N,O, NO, O,, and O,(*A). These measurements will be
used to study the distribution of H,O and O, and their
global circulation. There has recently been much dis-
cussion of upper-stratospheric and mesospheric chem-
istry in the context of the ‘‘ozone deficit problem”
(Crutzen at al. 1995; Summers et al. 1997). It has also
been suggested that monitoring of H,O in the lower
mesosphere may offer an opportunity for the early de-
tection of climate change (Chandra et a. 1997). The O,
destruction by mesospheric and upper-stratospheric NO
will be investigated. Finally, the mesospheric source of
stratospheric NO, will be quantified.

In contrast to the retrieval of the majority of trace
gases from SCIAMACHY data, NO and O, (*A) profiles
are to be determined from their emission features rather
than their absorptions. Satellite measurements of NO
viathe y-band emission had been demonstrated by SME
to determine profile information from the limb scan
(Barth et al. 1983, 1988) and by SBUV to determine
column amounts above 45 km from nadir measurements
(McPeters 1989). NO can be detected above 40 km via
the emission from the excited A23.* stateinto the ground
state X211, 5, (NO y-band transitions, 200-300 nm) as
determined in a model sensitivity study by Frederick
and Abrams (1982). SCIAMACHY will be ableto detect
several bands in the 240—-300-nm spectral region of the
v-band emissions of NO in limb as well as in nadir
observation mode.

O,(*A) can be detected using itsemission around 1.27
pm as shown by results from the SME (Thomas et al.
1984). The combination of height-resolved O, O,(*A),
and UV radiance products from SCIAMACHY provides
detailed information about the photolysis of O, in the
upper stratosphere and mesosphere. This will provide
an excellent opportunity to test our current photochem-
ical knowledge of the mesosphere.

e. Climate research

For use in climate research, SCIAMACHY measure-
ments will provide the distributions of several important
greenhouse gases (O3, H,0O, CH,, N,,O, and CO,), aero-
sol and cloud data, surface spectral reflectance (280—
2380 nm), the incoming solar spectral irradiance and
the outgoing spectral radiance (240—2380 nm), and pro-
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filesof pand T (viaO, and CO,). Asit isintended that
SCIAMACHY observations are to be made for many
years, this long-term dataset will provide much unique
information useful for the study of the earth—atmosphere
system and variations of the solar output and its impact
on climate change. To reach continuity with other spec-
trometers measuring solar spectral irradiance such as
SBUV or GOME, it isforeseen that SCIAMACHY will
be calibrated with standard methods also applied to the
GOME or SBUV cadlibration (Weber et a. 1998).

3. The instrument

Details of the instrument concept and design have
been given by Burrows and Chance (1991), Goede et
al. (1994), Burrows et a. (1995), and Mager et al.
(1997). The design is summarized in the following sub-
sections. Since the development of the design of SCIA-
MACHY two significant changes have occurred.

1) The original concept (Burrows and Chance 1991;
Burrows et al. 1995) used an active Stirling cooler
to maintain the infrared detectors of SCIAMACHY
at their operational temperature of 150 K. During
the development phase it was found that a passive
cooler could be used for this purpose. This has the
advantage of reducing the electrical power con-
sumption and potentialy extending the lifetime of
the mission.

2) Asan outcome of phase B studies an additional sev-
enth polarization measurement device (PMD), mea-
suring the 45° component of the incoming radiance,
was added to the spectrometer, to improve the ra-
diometric accuracy for the limb mode.

a. Design and performance

The SCIAMACHY instrument is a passive remote
sensing moderate-resolution imaging spectrometer. It
comprises a mirror system, a telescope, a spectrometer,
and thermal and electronic subsystems. A schematic
view of the light path within the instrument is depicted
in Fig. 3. The incoming radiation enters the instrument
via one of three ports.

1) For nadir measurements the radiation from the
earth’'s scene is directed by the nadir mirror into a
telescope (off-axis parabolic mirror), which focuses
the beam onto the entrance slit of the spectrometer.

2) For limb and solar/lunar occultation measurements
the radiation is reflected by the limb (elevation) mir-
ror to the nadir (azimuth) mirror and then into the
telescope, which focuses the beam onto the entrance
dlit of the spectrometer.

3) For internal and subsolar calibration measurements
the radiation of internal calibration light sources or
the solar radiation is directed by the nadir mirror into
the telescope.

Except for the scan mirrors, all spectrometer parts are
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Fic. 3. Schematic view of the SCIAMACHY optical layout. All imaging optical components (mirrors, redirecting prisms, lenses, etc.) are
omitted. All used gratings are in a fixed position. Each detector contains a 1024-pixel photo diode array.

fixed and the spectra are recorded simultaneously from
240 to 1750 nm and in two smaller windows, 1940—
2040 nm and 22652380 nm, in the near-infrared. The
solar radiance varies by a factor of about 100 between
240 and 400 nm. In comparison, the earthshine radiance
varies approximately four orders of magnitude over the
same spectral range. Spectrometers that measure these
quantities therefore need to suppresswell any stray light
within the instrument. The SCIAMACHY spectrometer
achieves this by the combination of a predispersing
prism and gratings. This is equivalent in principle to a
double spectrometer design. Initialy light from the
spectrometer slit is collimated and directed onto the pre-
dispersing prism. The main beam of light leaving the
predispersing prism forms a spectrum in the middle of
the instrument. Reflective optics are used to separate the
spectrum into four parts. The shorter wavelengths of the
spectrum are directed to channel 1 (240-314 nm) and
channel 2 (314—405 nm) respectively. The mgjority of
the light in the spectrum (405-1750 nm) passes without
reflection to channels 3-6. The infrared part of the spec-
trum (1940-2380 nm) is reflected toward channels 7
and 8. Dichroic mirrorsare used to select thewavelength
ranges for channels 3, 4, 5, and 6, and to separate light
for channel 7 from that for channel 8. Each individual
channel comprises a grating, transmission optics, and a
diode array detector. The grating further disperses the
light, which is then focused onto eight linear 1024 pixel
detector arrays. To minimize detector noise and dark
current, the diode arrays are cooled: the detector for

channels 1 and 2 to 200 K, those for channels 3-5 to
235, that for channel 6 to 200 K, and those for channels
7 and 8 to 150 K. The entire instrument is cooled to
253 K in order to minimize the infrared emission from
the instrument that might influence the detectors of
channels 6-8. In channels 1-5 the detectors are silicon
monolithic diode arrays (EG& G Reticon RL 1024 SR).
For the NIR channels 6 to 8 InGaAs detectors were
developed by Epitaxx, Inc. (Joshi et al. 1992), and space
qualified specifically for SCIAMACHY (see, eg.,
Goede et al. 1993; van der A et a. 1997).

The spectral and radiometric characteristics of the
SCIAMACHY spectrometer are summarized in Table 1.
The spectral resolution of the spectrometer varies be-
tween 0.24 and 1.48 nm depending on channel number
(see Table 1). For DOAS retrieval (see section 4) ahigh
spectral stability isrequired. Theinstrument is designed
to have a spectral stability of 1/50 of a detector pixel,
which requires a temperature stability of the spectrom-
eter of better than 250 mK over one orbit in combination
with dedicated calibration measurements. The second
relevant retrieval strategy (see section 4), the Full Re-
trieval Method (FURM) based on optimal estimation
(Rodgers 1976), requires in addition to high spectral
stability a high radiometric accuracy of the SCIAMA-
CHY measurements. Knowledge of the state of polar-
ization of the incoming light and the polarization re-
sponse of the instrument determines the radiometric ac-
curacy of the radiance, irradiance, and higher-level data
products. To achieve the required radiometric accuracy
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TABLE 1. Optical parameters of the spectrometer from the design

analysis.
Resol-
Spectral ution  Stability
Channel range (nm) (nm) (nm)
High-resolution 1 240-314 0.24 0.003
channels 2 309-405 0.26 0.003
3 394-620 0.44 0.004
4 604-805 0.48 0.005
5 785-1050 0.54 0.005
6 1000-1750 1.48 0.015
7 1940-2040 0.22 0.003
8 2265-2380 0.26 0.003
Polarization PMD1 310-377 broadband
measurement PMD2 450-525 broadband
devices PMD3 617-705 broadband
PMDA4 805-900 broadband
PMD5 1508-1645 broadband
PMD6 2265-2380 broadband
PMD7 802-905 broadband
Radiometric 2-4% absolute
accuracy <1% relative

of 2%—4% (depending on the spectral region), dedicated
on-ground and in-flight radiometric calibration mea-
surements have to be performed in combination with
measurements of the polarization properties of the at-
mosphere. For the latter purpose SCIAMACHY is
equipped with seven polarization measurement devices.
Six of these devices (PMD 1-6) measure light polarized
perpendicular to the SCIAMACHY optical plane, gen-
erated by a Brewster angle reflection at the second face
of the predispersing prism. This polarized beam is split
into six different spectral bands, as described in Table
1. The spectral bands are quite broad and overlap with
spectral regions of channels 2, 3, 4, 5, 6, and 8. The
PMDs and the light path to the array detectors(including
the detectors) have different polarization responses.
Consequently, the appropriate combination of PMD
data, array detector data, and on-ground polarization
calibration data enables the polarization of theincoming
light for the nadir measurements (Kruizinga et al. 1994;
Frerick et al. 1997) to be determined. For atmospheric
limb measurements, where both limb and nadir mirrors
are used, the light is off the optical plane of the spec-
trometer. This requires the measurement of additional
polarization information of the incoming light. A sev-
enth PMD (PMD 7) will therefore measure the 45° com-
ponent of the light extracted from the channels 3—6 light
path, as depicted in Fig. 3. All PMDs are read out every
1/40 s and they observe the same atmospheric volume
as channels 1-8. In addition to these PMD data being
used for the determination of the polarization charac-
teristics of the incoming light, they are also planned to
be used to determine the fractional cloud cover of the
observed ground scene.

Additional information about the polarization of the
incoming light can be obtained from the diode array
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overlap regions 1/2 (309-314 nm), 2/3 (394—405 nm),
3/4 (604—-620 nm), 4/5 (785-805 nm), and 5/6 (1000—
1050 nm). The polarization efficiency is different for
the measurements of the same wavelength in the dif-
ferent channels. Inversion of these measurementsyields
the ratio of plane to parallel polarization components of
the incoming light in a manner similar to that used for
the array and PMD detectors. The advantage of the over-
lap regions is that they are in small wavelength bands,
having the same spectral resolution asthe corresponding
channel.

SCIAMACHY aims to retrieve trace gas amounts
of relatively weak absorbers. For example, the dif-
ferential optical density due to the BrO absorption
around 350 nm detected with GOME (Burrows et al.
1999) is in the order of 102 and below. Therefore,
to achieve a high retrieval precision, a high signal-
to-noise ratio (S/N) is required for the scattered ra-
diance as well as for the solar irradiance and lunar
radiance from the UV to the NIR. The predicted in-
strumental S/N values as afunction of wavelength are
depicted in Fig. 4. These S/N values are calculated
for an individual detector pixel, for example, of nadir,
limb, and occultation measurements. In most cases
the predicted S/N is well above 103. Exceptions are
found in channels 1, 7, and 8. In channel 1 S/N de-
creases toward the UV primarily because the sun is
weaker and ozone absorption increases strongly from
320 to 250 nm. In the IR channels 7 and 8 the lower
S/N values arise from the higher noise of the InGaAs
detectors. For these channels the S/N is limited by
the detector noise. The apparent missing S/N in Fig.
4c for channel 1 is the result of the almost complete
absorption of the solar photons by the ozone layer
when observing the tangent height of 15 km. In gen-
eral, higher S/N values can be obtained by averaging
measurements either temporally or spectrally at the
cost of losing temporal (and consequently spatial) or
spectral resolution. This strategy enables the optimal
set of radiance and irradiance data to be generated for
a given inversion. Summation of succeeding mea-
surements on board (so-called onboard co-adding) is
to be used to match optimally the amount of down-
linked data to the ENVISAT data rate allowed for
SCIAMACHY. In order to cope with the large dy-
namic range of the input signals (limb scattered ra-
diance vs solar irradiance), which is of six to eight
orders of magnitude, the exposure time of each chan-
nel can be selected independently over a wide range
of values from 0.03125 to 80 s. In addition, an ar-
rangement involving an aperture stop and a neutral
density filter is used to limit the intensity of the in-
coming light during solar occultation measurements.
To optimize S/N over the orbit, exposure times are
varied as a function of the solar zenith angle.

To calibrate the instrument in flight and to monitor
the instrument performance, SCIAMACHY is equipped
with a Pt/Cr/Ne hollow cathode (spectral calibration), a
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FiG. 4. (Continued) Other parameters identical for all simulations: spring season, observed
atmospheric volume 55°N, U.S. Standard Atmosphere (Anderson et a. 1994), background
stratospheric aerosol, no clouds. The jump in S/N ratio around 1650 nm (channel 6) results
from the different detector material used below and above 1650 nm.

5-W UV-optimized tungsten-halogen lamp with an
equivalent blackbody temperature of approximately
3000 K (relative radiometric calibration), an extra ref-
erence mirror (monitoring of the mirror reflectivity), and
a calibrated onboard diffuser (radiometric calibration
via the sun).

b. Observational modes, spatial
coverage, and resolution

Measurements of SCIAMACHY are performed in
three different viewing geometries: nadir, limb, and
solar/lunar occultation. In nadir mode the atmospheric
volume beneath the spacecraft is observed. The nadir
mirror scans across the satellite track and each full
scan covers an area on ground of approximately 30
km along track by 960 km across track. The spatial

resolution in the nadir scan mode is determined by
the combination of the scan speed and the integration
time of the detectors. The scan speed along track is
determined by the spacecraft speed of approximately
7 km s, The across-track speed is determined by
the nadir scan mirror rate, resulting in a scan speed
of approximately 240 km s=* on ground. The effective
spatial resolution varies along the orbit for the dif-
ferent data products, influenced by S/N requirements
and by data rate limitations. From 60°N to 60°S the
data rate is the limiting factor due to the high back-
scattered radiance. Onboard co-adding results in a
typical spatial resolution in nadir of approximately 30
km along track by 240 km across track for all 8000
detector pixels (cf. Table 2). To minimize the loss of
spatial information due to onboard co-adding, se-
lected spectral windows, so-called clusters, can be
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Fic. 5. Nadir pixel size across/along track for different spectral regions (clusters) as function
of geographic latitude at the time of s/c equinox (spring/fall). In addition to O3, the interval from
425 to 530 nm also contains the spectral window for NO, retrieval (cf. Fig. 1). Also shown is
the spatial resolution of the broadband PMDs, which is independent of geographic latitude.

processed on board with reduced co-adding. Thiswill
result in ahigher nadir spatial resolution for important
constituents such as O,, NO,, H,O, aerosols, and
clouds of 30 km along track by 60 km across track,
asshown in Fig. 5. The orbit dependence of the spatial
resolution of selected clusters and the PMDsis shown
in Fig. 5. As a consequence of their high sampling
frequency, the PMDs yield measurements having the
highest spatial resolution. For 50-ms effective tem-

poral resolution of the PMD detectors and el ectronics,
the PMD spatial resolution is approximately 30 X 15
km2 (along X across). As mentioned above, PMD data
are used for polarization correction and cloud detec-
tion. The increase in the spatial resolution in the
across-track direction from midlatitudes to equatorial
regions results from a trade-off between the spatial
resolution of the non-co-added spectral regions and
that for the co-added spectral regions. Thisis because
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TABLE 2. Spatial coverage and resolution of SCIAMACHY measurement modes. In solar occultation mode the spatial resolution in
azimuth direction is defined by the diameter of the sun.

Typ. spatial resolution

Geometrical Detector
FOV Coverage arrays PMDs
Nadir Along track 25 km Continuous 30 km ~30 km
Across track 0.6 km +480 km 240 (60**) km ~15 km
Limb Azimuth 110 km* +480 km* 240 km* ~30 km*
Elevation 2.5 km* 0-150 km* 3 km* 3 km*
Solar occultation Azimuth 40 km* N.A. 30 km* ~30 km*
Elevation 2.5 km* 0-150 km* 2.5 km* 2.5 km*

* At tangent point.
** Selected spatial windows.

the high earthshine radiance in the equatorial regions
allows the use of rather short exposure times for a
given S/N value, thus generating more data than orig-
inally foreseen for SCIAMACHY by ENVISAT.

In limb mode the spectrometer slit is projected par-
allel to the horizon in-flight direction by the combination
of the limb and the nadir mirror. The instrument ob-
serves the atmosphere tangentially to the earth’s surface
taking into account effects such as the curvature of the
earth’s surface. In this measurement mode the limb mir-
ror scans the atmosphere in horizontal (azimuth) direc-
tion, whereas appropriate movement of the nadir mirror
resultsin avertical (elevation) scan direction. A typical
limb scan cycle comprises 34 horizontal scans (azimuth)
at different tangent heights (elevation), starting 3 km
below the horizon. After each horizontal scan, which
has a duration of 1.5 s, a step of 3 km in €elevation is
made by the elevation mirror. No measurements are to
be made during this repositioning, which takes approx-
imately 150 ms. Each horizontal scan of the atmosphere
in limb covers 960 km in the horizontal (across-track
direction). The vertical resolution is approximately 3
km. The latter is determined by the geometrical field of
view (FOV), the pointing stability of the instrument and
the stability of the satellite, and the multiple scattering
of light in the atmosphere, which is dependent on the
tangent height. The individual spatial resolution within
a 960-km scan in the horizontal direction across track
istypically 240 km, being determined by the integration
time. The 960-km total swath and the 240-km scenes
in limb viewing match explicitly the total swath and
individual scenes observed in nadir. For limb obser-
vation the optical light path through the atmosphere
limits the resolution in horizontal direction along track
to approximately 400 km. Due to the spacecraft vel ocity
the atmospheric volumes observed during successive
horizontal scans are slightly displaced. Within one limb
cycle with a typical duration of 60 s the spacecraft
moves roughly 400 kmin the along-track direction. This
displacement has to be taken into account by the in-
version algorithm.

The ability of the SCIAMACHY instrument to ob-

serve the same atmospheric volume first in limb and
thereafter in nadir viewing geometries within about 7
min is perhaps one of its most important and novel
features. Thisreguiresthe synchronization of integration
times, scan ranges, and viewing directions for all limb
and nadir measurements. For the dedicated limb-nadir
scanning strategy and a total swath width of 960-km
global coverage at the equator is achieved after 6 days.

Occultation measurements are performed using the
elevation and azimuth scan mirrorsin a manner similar
to that for the limb mode, but with the sun or moon in
the instrument’s field of view. The instrument tracks the
sun or the moon actively, resulting in a better pointing
performance of the instrument. Solar occultation mea-
surements are planned to be performed for each orbit
during sunrise. For the ENVISAT orbit (cf. Table 3),
solar occultation is restricted to latitudes between 65°
and 90°N. Lunar occultation will be performed from
half moon to full moon. For periods of 5-8 days per
month lunar occultation measurements will provide lat-
itudinal coverage from 30° to 90°S. The solar scanning
strategy is similar to the SAGE |1 scanning (Mauldin et
al. 1985): during sunrise SCIAMACHY scans several
times over the full solar disc. When the sun is above
the atmosphere several calibration measurements can be
performed. However, for the lunar measurements|onger
integration times are necessary and a*‘ stare’’ mode sim-
ilar to that used on the Halogen Occultation Experiment
(HALOE) (Russell et al. 1993) is implemented.

A typical orbit starts with alimb measurement of the
twilit atmosphere, followed by the solar occultation
measurement during sunrise over the North Pole and an
optimized limb—nadir sequence. If the moon is visible
in the Southern Hemisphere (30°-90°S), lunar occul-
tation measurements every second orbit are performed.
Note that all these measurements, with the exception of
lunar occultation, are done every orbit, that is, 14 orbits
per day.

In addition to the aforementioned measurements a
number of calibration measurements will be performed
on aregular basis (Frerick et a. 1997). These include
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TABLE 3. Summary of technical instrument data and parameters of
the ENVISAT sun-synchronous polar orbit.

Instantaneous field of view (IFOV)

Nominal IFOV
IFOV during solar measurements

0.045 deg X 1.8 deg
0.045 deg X 0.72 deg
Thermal control

Optical bench nominal temperature
(orbital variation)

Detector array temperature

(orbital variation)

In-flight calibration hardware
Onboard diffuser

253 K (0.25K)

150-235 K (0.02-1.0 K)

auminium reflection diffus-
er, extra mirror

hollow cathode discharge
lamp, Pt/Cr cathode with Ne
filling

tungsten—halogen 5-W lamp
with equivalent blackbody
temperature of 3000 K

Spectral line source

White light source

Measurement data
Data processing
Data rate nominal (high)

on board co-adding mode
400 000 bit s~* (1 867 000
bit s71)

10 ms (1 ms)

® sun-syncronous (1000 lo-
cal eguator crossing time)
® near polar (98.55° incli-
nation)

® 100.59-min orbit period
® 799.8-km mean altitude
e 35 days repeat cycle

Datation accuracy absolute (relative)
ENVISAT orbit

1) solar irradiance measurements,

2) spectral calibration,

3) relative radiometric calibration, and
4) dark current measurements.

Directly after solar occultation the solar irradiance
above the atmosphere will be used for radiometric cal-
ibration of the instrument. A spectral calibration is to
be performed with the onboard spectral light source.
Relative radiometric calibration isto be achieved by the
observation of the onboard white light source. During
the eclipse part of the orbit dark current measurements
and calibration measurements with the onboard light
sources will be undertaken on a regular basis. In ad-
dition, to guarantee the optical performance and to de-
tect long-term changes in the instrument throughput
arising from degradation, special calibration orbits are
defined. These will yield at least once per month the
measurement of the orbital variation of the spectral and
radiometric calibration. The degradation of the [imb and
nadir mirrors is to be monitored by using the onboard
diffuser and extra mirror measurements. This enables
the throughput of the spectrometer optics to be moni-
tored over the mission lifetime (Frerick et al. 1997). The
level 0 to 1 processing incorporates these calibration
measurements to provide a dynamic update of the spec-
tral and radiometric calibration.
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4. Measurement principle and retrieval methods

In order to determine the amounts of trace constitu-
ents from SCIAMACHY’s measurements a number of
different retrieval techniques are to be applied. For trace
gas retrieval two basic approaches are recommended.

a. DOAS

SCIAMACHY uses the retrieval technique known as
Differential Optical Absorption Spectroscopy. Thebasic
idea behind the use of DOAS to detect atmospheric
constituents can be traced back to Brewer et al. (1973),
who determined NO, concentrations from the measure-
ments of zenith sky scattered light and transmitted solar
light. Platt and Perner (1980) used DOAS for long path
measurements of tropospheric gases. The method has
been further improved for zenith sky absorption mea-
surements of tropospheric and stratospheric constituents
from the ground (Solomon et al. 1987; Richter et al.
1998). Recently the application of DOAStotheretrieval
of trace gases from spaceborne spectral measurements
has been successfully demonstrated for the first time by
GOME for O,, NO,, BrO, OCIO, SO,, and H,CO (Bur-
rows et al. 1999 and referencestherein). Inthefollowing
the basic idea of DOAS for spaceborne spectral mea-
surements will be described and in the appendix a der-
ivation of the DOAS equation for two simple cases is
presented. A detailed overview about the algorithm is
out of the scope of this paper. An example of an op-
erational implementation of the satellite DOAS method
is given in Burrows et al. (1999).

On its way through the atmosphere the solar irradi-
ance F()\) is modulated by absorption and scattering
processes of molecules and particles. Given the mea-
sured earthshine radiance 1(A) and the solar irradiance
F(A), both measured by SCIAMACHY, and the ab-
sorption cross sections o; () of all relevant species, their
slant column densities SCD, are fitted together with
polynomial coefficients ¢; according to Lambert—Beer's
law for the slant optical density:

i i

T(\) = —In(%) ~ > a,(A)SCD,(A) — > Al
1)

While molecular absorption cross sections o;(\) are
usually highly structured, absorption by particles, scat-
tering by molecules and particles, and also reflection at
the surface are broadband features. All these broadband
modulations of the solar irradiance are described in the
DOAS approach by acommon polynomial of low order.
The slant column density SCD; is the particle number
density n; integrated along the light path s, which may
depend on the wavelength of the scattered light:

SCD;(A) = J ni(s) ds(a). )
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One complication that must be taken into account is
inelastic scattering, which produces a filling in of the
Fraunhofer structures of the backscattered solar spec-
trum. This effect is known as the Ring effect after its
discoverer (Grainger and Ring 1962). Filling in is
caused predominantly by rotational Raman scattering in
the atmosphere. The Ring effect will be taken into ac-
count in the fitting procedure as an additional *‘ab-
sorber’” with an effective cross section oy;,(A), as pro-
posed originally by Solomon et al. (1987).

The spectral fit window will be selected in such a
way that the SCD, can be assumed to be independent
of wavelength. Then the SCD, will be obtained by a
linear least squares fit of

2

OV )

0,(A)SCD; + >, ¢ Al
i

Fit parameters are the slant column densities SCD, and
the polynomial coefficients c,.

Once the SCD; have been determined the conversion
to the desired vertical column densities VCD, isthe next
step. This requires for each trace gas a division by a
suitable airmass factor (AMF,):

VCD, = f n,(2) dz = SCD,/AMF,. 4

Here n,(2) is the vertical number density profile of the
ith absorber. The AMF describes the enhancement of
the absorption due to the slant path viewing geometry
and the solar elevation. It depends on the measurement
geometry and on the vertical profiles of absorbing and
scattering constituents in the atmosphere. The AMF can
be calculated with aradiative transfer model (RTM) and
is essentially the ratio of a simulated atmospheric ra-
diance including all trace gases and a second simulated
radiance with the trace gas of interest excluded in the
calculation (Sarkissian et al. 1995; Burrows et al. 1999).
The RTM SCIATRAN, which is an extension of the
radiation transfer model GOMETRAN (Rozanov et al.
1997; Rozanov et a. 1998) might be used for this pur-
pose. The RTM calculation requires trace gas profiles
as input, which will be taken from trace gas climatol-
ogies. Partial or complete cloud cover can be accounted
for in the VCD calculation (Burrows et al. 1999).

In current implementations of the DOAS algorithm,
the wavelength dependence of the AMF is neglected.
For atypical fitting window the AMF is calculated for
only one representative wavelength, which results in
additional errorsin the calculated VCD. The height de-
pendence of the absorption cross section due to tem-
perature dependence is an additional error source (Bur-
rows et al. 1999). These error sources can be minimized
by using the so-called modified DOAS approach, where
the fit parameter k; is a scaling factor for the modeled
slant optical density, SOD™ (Burrows et a. 1999, their
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appendix C). For modified DOAS the measured total
slant optical density 7. will be approximated by

7(A) = X kSOD™(), ) — X, ¢ A, (5)

with

SOD;(A) = f 04(S A)ny(9) ds, (6)

where k; is the ratio of the VCD, to be retrieved to the
VCD used for the model calculation of SOD™. In
appendix C of Burrows et al. it was shown that for an
atmosphere with only one absorber that SOD™ can be
calculated astheratio of simulated atmospheric radiance
including all trace gases and a second simulation with
the trace gas of interest excluded in the calculation. In
the appendix it is demonstrated that for single scattering
and multiple absorbers SOD™ can be calculated in the
same way, assuming an optically thin atmosphere. This
results in the modified DOAS equation for multiple ab-
sorbers:

- A,

J

= VCDmd | | ma()) )

where 1™9()) is the calculated radiance without the ith
absorber and 1md(A) is the calculated radiance with all
absorbers. As pointed out in appendix C of Burrows et
al. (1999), the modified DOAS equation (7) allows an
iterative solution to compensate for a possible depen-
dence of VCD, on VCD,

Then VCD, will be obtained directly by alinear least
squares fit of

XD

~ \/CDmd

=S D (1)

2

+ E Al

J

©)

VCD, | med(A)
- In(I mod()\)>

Fit parameters are the vertical column densities VCD,
and the polynomial coefficients c;.

Modified DOAS was first used for the interpretation
of ground-based zenith sky observations (Richter et al.
1998). An application of modified DOASto O, retrieval
from GOME satellite data is presented in Burrows et
al. (1999). In the appendix some more details about the
physical basics are presented in the form of two instruc-
tive examples for the nadir geometry for multiple ab-
sorbers: (i) light scattered at the earth’s surface only and
(ii) light singly scattered in the atmosphere.

b. FURM full retrieval method

The FURM algorithm consists of two parts: (i) afor-
ward model and (ii) an inversion scheme. SCIATRAN,
a significant extension of the radiation transfer model
GOMETRAN (Rozanov et al. 1997; Rozanov et al.
1998), will be used as the forward RTM to calculate
for the relevant geometry the radiance for a given state
of the atmosphere. The optimal estimation scheme
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(Rodgers 1976) is used to invert the data. It matchesin
iterative steps the calculated radiance to the measured
radiance by modifying model atmospheric parameters
such as the vertical distribution of O, using appropriate
weighting functions provided by the radiative transfer
model (Rozanov et a. 1998). The successful retrieval
of O, profileinformation with FURM from GOME nadir
measurements has already been demonstrated (De Beek
et a. 1997; Munro et al. 1998). Details about FURM
are presented in Burrows et al. (1999). Currently, limb
and occultation retrieval algorithms, based on the for-
ward model SCIATRAN and an inversion approach, are
being developed at the University of Bremen.

c. Retrieval of tropospheric column information

For the inversion from radiance and irradiance to tro-
pospheric column information two methods are to be
used.

1) THE RESIDUAL APPROACH

For this method the difference between atotal column
determined from nadir observations and a stratospheric
column derived from limb (or occultation) measure-
ments yields tropospheric column densities. This ap-
proach is known for tropospheric O, retrieval as the
tropospheric residual method (Fishman et al. 1990). The
feasibility of this method has been investigated for tro-
pospheric O, by subtracting SAGE stratospheric O, col-
umns from TOMS total O, columns (Fishman et al.
1990) or by subtracting SBUV stratospheric O, columns
from TOMS total O, columns (Fishman et al. 1996). In
the past one of the main limitations of the method has
been the inadequate spatial and temporal overlap be-
tween the measurement pair. SCIAMACHY overcomes
this problem by using a dedicated limb-—nadir obser-
vation strategy, described in section 3, where subsequent
limb and nadir measurements of the same air volume
are made within 7 min of one another. Using SCIA-
MACHY data, the residual method is to be applied to
tropospheric column retrieval of O;, NO,, BrO, SO,,
H,0, H,CO, N0, CO, CH,, and aerosol (cf. Fig. 2).

2) TROPOSPHERIC DATA FROM
NADIR MEASUREMENTS

For the special case of O, and possibly also for H,O
and aerosol, it is feasible to derive tropospheric distri-
butions from the analysis of saturated and unsaturated
atmospheric absorptions (Chance et al. 1996; Munro et
al. 1998; Burrows et al. 1999 and references therein).
The strong variation of the optical thickness with height
and wavelength enables the retrieval of height-resolved
information with a vertical resolution of 6-10 km, de-
pending on the altitude. This approach was first pro-
posed by Singer and Wentworth (1957) and has been
successfully applied to data from SBUV instruments
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(Bhartia et a. 1996) to derive vertical stratospheric O,
profiles from nadir measurements. In addition, it has
been pointed out that the simultaneous observation of
the T-dependent Huggins bands and the T-independent
Chappuis bands provides additional information about
tropospheric O, from nadir measurements (Chance et
al. 1996). Auxiliary information about temperature and
pressure profiles can be determined from retrievals of
the well-mixed gases CO, and O,. Explicitly, temper-
ature will be retrieved from the Boltzmann distribution
of the vibrational—rotational structure of molecular ab-
sorption bands. Their number density will be determined
from the T-invariant effective oscillator strength.

5. Precision estimates of SCIAMACHY trace
gas measur ements

From the inception of the SCIAMACHY project sen-
sitivity studies have been performed by members of the
original SCIAMACHY science team (Burrows et al.
1988; Chanceet al. 1991) and later the Science Advisory
Group and their institutes (Burrows et al. 1992; Burrows
and Chance 1992; Burrows et al. 1994; Guyenne and
Readings 1993; Rozanov et al. 1992; Schrijver et al.
1995). In the aforementioned studies, with the exception
of Burrows et al. (1992) (see section 5a), noise and
instrument performance was estimated using different
variants of a SCIAMACHY instrument model. The ra-
diation entering SCIAMACHY was simulated using a
radiative transfer model coupled with aline by line mod-
el of the atmospheric absorptions where necessary. In
this section estimates of the expected precision of SCIA-
MACHY data are summarized with respect to the cur-
rent instrument performance. Table 4 provides an up-
dated summary of the estimated precision of trace gas
absorption and emission measurements in the different
measurement modes, combining the results from the dif-
ferent sensitivity studies. The estimation of the absorp-
tion or emission precision requires the inversion of the
precision with a forward radiative transfer model de-
scribing the viewing geometry. The simplest RTM is
for occultation measurements. The estimated precision
for the limb and occultation retrievals depends strongly
on the tangent height. This is because the concentration
of gases, but not necessarily their mixing ratio, usually
falls off with altitude and because for the limb mea-
surements the signal is dependent on the amount of
scattered light, which depends on the pressure at agiven
tangent height. The retrieval precisions for occultation
measurements in the UV-VIS as well as nadir retrieval
precision in the NIR will be discussed in more detail
below.

a. Retrieval precisions for solar and lunar
occultation measurements

For SCIAMACHY occultation measurements Bur-
rows et a. (1992) reported on the precision to be ex-
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TABLE 4. Summary of theoretical precision estimates of targeted
trace gases. Note that for limb profiles the precision depends strongly
on altitude. A question mark (?) indicates feasibility study necessary
to determine retrieval precision.

Vertical profiles Nadir-limb
- tropos-

Nadir Occultation pheric
Molecule column Solar Lunar Limb column
O, ~1% ~1% 2% 10% 10%
NO, 2% ~1% 5% 10% 10%
NO, 5%  50% (day) 10% ?

(twilight)

BrO 5% 5% ? 50% ?
OcCIo? 5%¢ 2% 5% ? —
Clod 20% 50% ? 50% —
H,COgb 20%¢ — — ? 25%
SO,2 10%® — — ? 10%
H,0 1% ~1% 10% ~5%
N,O 5% =1% 5% 10% ~10%
CcO 5% 1.5% 10% ~10%
CO, 1% =1% 10% ~5%
CH, 1% ~1% 10% ~5%
NOe 20% ~1% 10% —
o, 5% 10% 20% 10%
0O, ~1% ~1% 10% 10%
0,(a) =1% ~1% 10%

a Polluted trapospheric conditions.

® Biogenic emissions and biomass burning.

¢ Estimated knowledge of column above 40 km.

9 Under ozone hole conditions.

¢ Feasibility of the retrieval of SO, BrO, OCIO, H,CO, and NO,
total column amount was aready shown by GOME (Burrows et al.
1999).

pected for the ““minor” trace gases BrO, OCIO, and
NO, (Table 4). Here the results of the retrieval precision
of O, and NO, from solar and lunar occultation mea-
surements under background stratospheric aerosol con-
dition are summarized and compared to retrieval pre-
cisions of SAGE Il (Chu et al. 1989) and OZON-M
(Timofeyev et al. 1986). Using aradiative transfer mod-
el for occultation, appropriate assumptions about the
instrument error, and an optimal estimation retrieval
scheme (Timofeyev et al. 1986) the precision of O, and
NO, for a typical midlatitude scenario at the spring
equinox was investigated. Figure 6 shows the retrieval
precision for both trace gases as a function of altitude.
For O, retrieval both the Hartley—Huggins and the Chap-
puis spectral bands were used. The instrument noise was
assumed to be constant with altitude. The total error
combines instrument and shot noise. For solar occul-
tation the combined noise to signal ratio is in the order
of 10~ (cf. S/N in Fig. 4c) resulting in a theoretical
retrieval precision on the absorption measurements of
better than 0.1% between 15 and 60 km (cf. Fig. 6a).
Below 22 km the retrieval precision decreases with de-
creasing altitude due to the presence of the stratospheric
aerosol layer, which scatters light and results in fewer
photons reaching the instrument. For the SCTAMACHY
[unar occultation measurements significantly lower light
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fluxes will be detected and the combined noise to signal
ratio is larger, being approximately 10-3. As a conse-
guence the retrieval precision for absorption islessthan
0.3% from 15 to 60 km. In Table 4 typical theoretical
retrieval precisions are included (cf. Fig. 6).

Figure 6 also includes a precision estimate for the
instruments SAGE Il and OZON-M. SAGE |1 uses sev-
en spectral bands between 385 nm and 1.02 um (Maul-
dinetal. 1985). The Russian OZON-M experiment mea-
sures solar occultation by continuously scanning in four
spectral intervals: 260—300 nm, 360—420 nm, 600—690
nm, and 910-1040 nm at a spectral resolutions of 0.2,
0.3, 0.5, and 0.8 nm, respectively. Estimated retrieval
precisions were simulated by the same method as for
SCIAMACHY and are shown in Fig. 6. The estimated
SAGE |l precision is in reasonable agreement with es-
timates of Chu et al. (1989), who predicted a precision
of about 10% between cloud-top height and 60 km.

The theoretical simulations indicate that the SCIA-
MACHY precision for ozone absorption measurements
is potentially very high. There are two main reasons for
this predicted high precision: (i) the simultaneous ob-
servation of Hartley—Huggins and Chappuis absorption
and (ii) the intrinsically low instrumental noise of the
diode array detectors.

However, in practice, the precision is expected to be
limited by a variety of effects: (i) the knowledge of the
molecular absorption cross sections, (ii) the pointing
error, and (iii) the conversion of a slant column ab-
sorption or emission to a tangent height or pressure
profile (concentration or mixing ratio).

For the NO, retrieval precision, a behavior similar to
that for O, is obtained and is shown in Fig. 6b. In [unar
occultation a retrieval precision of better than 4% be-
tween 15 and 45 km can be achieved, whereas for the
solar occultation this precision is well below 1%. The
reduction in the precision above 45 km is mainly due
to the lower abundance of NO, in this region. In com-
parison to SAGE Il and OZON-M, the precision of NO,
from SCIAMACHY is predicted to be about a factor of
more than 4 better.

It is interesting to point out here that molecular scat-
tering can also be determined from SCIAMACHY’s oc-
cultation measurements with ahigh precision and yields
estimates of the molecular number density, which can
directly be inverted to yield pressure profiles.

b. Nadir CO, CH,, H,O, N,O precisions

One important goal of SCIAMACHY s to retrieve
CO and CH,, (beside other absorberslike O,, NO,, H,0,
N,O, and CO,) down to the ground or cloud top. The
retrieval precisions of CO, CH,, N,O, and H,O in the
NIR channel 8 (2265-2380 nm) from nadir measure-
ments are discussed below. This report updates, using
the current instrument and detector performance, the
findings of previous studies (Schrijver et al. 1995). For
this study the radiance reaching the SCIAMACHY en-
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Fic. 6. Theoretical precision estimates for O, and NO, from occultation measurements under background stratospheric aerosol conditions
and comparison with SAGE Il and OZON-M. SCIAMACHY lunar occultation instrumental error: straight line; SCIAMACHY solar occultation
instrumental error: dotted line; SAGE Il instrumental error: dashed line; OZON-M instrumental error: dashed—dotted line. (a) O, retrieval
precision and (b) NO, retrieval precision. All instrument errors are assumed to be independent of height. Pointing errors and errors in the

absorption cross section are neglected.

trance dlit was simulated by using the radiative transfer
model FASCODE/MODTRAN (Clough et al. 1981).
The instrument response including detector noise was
calculated with the SCIAMACHY instrument simulator
software (Slijkhuis 1994) for an integration time of 1
s. The computed noise was used to estimate uncertain-
ties in the determination of concentrations of the rele-
vant trace gases using the Cramer—Rao formalism (Ken-
dall and Stuart 1979). The relative and absolute 1o pre-
cisions were calculated as a function of albedo, season,
and latitude for a single SCIAMACHY observation.
Figure 7 summarizes the outcome of these simulations
as a function of albedo. The origin of the difference
between the 50°N and 40°S scenario is the higher CO
total column in the Northern Hemisphere (for details
see Schrijver et al. 1995). The estimated retrieval pre-
cision of CO varies little between the different scenarios
when expressed in absolute amounts: the standard de-
viation o is mostly of the order of 107 mol cm~2. Var-
iations in the relative precisions of CO are determined
predominately by the variation of the CO concentrations
around the globe. For the Northern Hemisphere the re-
trieval precision of CO varies in the range 3%—10%,
whereas for the Southern Hemisphere for a clean remote
troposphere it can be higher than 20%. For CH ,, studies
yield minimum detectable columns of the order of 5 X
10* mol cm~2 resulting in a precision of the order of
1% for a single measurement. Variations with latitude
are much less pronounced for CH, because of the
smoother variation of the model column with latitude.

In addition, Schrijver et a. (1995) studied theretriev-
a precision of N,O and H,0. N,O can be measured
with a precision of 3%—10%, nearly independent of lat-
itude, and the H,O precision lies well below the 1%
limit. As previously reported by Ashcroft and Morel
(1995), there is a strong correlation between H,O and
CH,, in the 2.3-um wavelength region, which may make

it necessary to retrieve H,O from an independent spec-
tral window where no CH, structures appears. Never-
theless it is expected that the retrieved amounts of CH,
from the relatively high spectral resolution of 0.26 nm
around 2.3 um in channel 8 of SCIAMACHY mea-
surements have insignificant interference from the H,O
absorptions.

6. Operational data products

An operational data product is defined for SCIA-
MACHY and ENVISAT purposes as being a regularly
generated, quality controlled, and archived data product.
Currently it is foreseen that all limb and nadir mea-
surement segmentswill be processed operationally with-
in the ENVISAT ground segment. Scientific products
for process studies from lunar and solar occultation mea-
surements as well as special tropospheric products are
planned to be generated for the atmospheric research
and related communities by specific scientific groups.

SCIAMACHY operational data products are divid-
ed into two categories: the fast delivery (FD) products
and the offline (OL) products. The FD products are
to be generated directly after downlink at the ESA
ground stations in near—real time, a few hours after
the spectrum is acquired. The OL products comprise
a set of consolidated and fully calibrated products.
The latter are to be processed offline at the German
Processing and Archiving Center as part of the EN-
VISAT ground segment.

SCIAMACHY operational data products are de-
fined in several levels. The level 1 product results
from the application of calibration parameters, orbit,
and attitude information to the raw data and yields
geolocated and calibrated spectral radiance and irra-
diance. These data comprise the extraterrestrial solar
irradiance and the spectral radiance of scattered solar
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FiG. 7. Theoretical retrieval precision of tropospheric CO and CH, concentrations for four com-
binations of month and latitude as a function of albedo for 1-s integration time in channel 8 (2265—
2380 nm): (a) precision in percent and (b) precision in column density (mol cm~2).

radiation modified by absorption on its path through
the earth’s atmosphere. From these level 1 products
the profiles and column densities of various atmo-
spheric constituents are retrieved to yield geolocated,
calibrated concentrations of trace gases, as well as
aerosol and cloud information (level 2 products). At
present the level 2 FD products (third row in Table
5) are limited to nadir observations. However, they
may be extended to include limb products. These
products are to be retrieved with the well-established
and computationally effective DOAS algorithm.

These are essentially the algorithms developed for
GOME but are extended to include windows in the
SCIAMACHY IR regions. It isforeseen that the level
2 OL processor uses either DOAS or FURM in nadir,
depending on theretrieved constituents. It isproposed
that level 2 products for limb observations will use a
technique similar to FURM. The level 2 OL products
serve asabasisfor all higher level and/or value added
products, for example, interpolated and temporally
averaged data and multisensor products based on
SCIAMACHY and other ENVISAT instruments.
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TABLE 5. SCIAMACHY level 2 operational data products. Fast delivery (FD) products will be available within a few hours of spectrum
acquisition. FD processing will employ lookup tables for radiative transfer rather than operational running of the models. Offline (OL) data
products will be produced using improved ancillary data that become available after spectrum acquisition, for example, analyzed temperature

and pressure fields.

Nadir total column amount

Limb stratospheric profiles

UV/Vis IR UV-IR UV/Vis IR UV-R

FD 0O, H,O Cloud

NO, N,O Aerosol

OCIO? CO

S0, CH,»

H,CO?

BrOe
oL 0O, H,0O Cloud 0O, H,O Aerosol

NO, N,O Aerosol NO, co,

BrO CO CH,

oclo® Co, p,T

S0,2 CH,

H,CO? p.T N,O°

UV Index® BrOe COe

2 Observed under special conditions (volcanic eruptions, ozone hole conditions, or tropospheric pollution) or after averaging.

b Reduced quality product at CO fitting window.

¢ Recommended by SCIAMACHY Science Advisory Group, implementation under negotiation with agencies.

To ensure high data quality over the mission lifetime,
instrument performance will be monitored continuously
and an intensive validation campaign will be performed
at the beginning of the mission. Additionally, alonger-
term validation by regularly performed balloon, aircraft,
and satellite measurements over the whole mission life-
time is planned.

7. Conclusions

SCIAMACHY is anovel atmospheric remote sound-
ing instrument, which will be launched as part of the
ESA ENVISAT platform in 2000. SCIAMACHY will
measure the extraterrestrial solar irradiance and the
earthshine radiance in a variety of viewing geometries:
(i) aternate nadir and limb viewing and (ii) solar and
lunar occultation.

The inversion of SCIAMACHY measurementsyields

1) the amounts and distributions of trace gases (O, O,,
0,(*A), 0,, Bro, OCIO, CIO, SO, H,CO, NO, NO,,
NO,, CO, CO,, CH,, H,0, N,0) and aerosol,

2) pressure and temperature profiles,

3) cloud parameters (cloud cover, cloud-top height), and

4) surface spectral reflectance.

SCIAMACHY data products will be used for tropo-
spheric and stratospheric research. The SCIAMACHY
instrument will measure simultaneously and contigu-
oudly radiation in the wavelength range from 240 to
1750 nm. In addition, it measures simultaneously in two
shortwave infrared bands around 2.0 and 2.3 um. From
the limb and solar/lunar occultation atmospheric obser-
vations vertical distributions of the trace atmospheric
constituents are derived. Limb observations provide in-

formation about the mesospheric, the stratospheric, and
the upper-tropospheric composition, yielding important
information about stratospheric chemistry and physics
as well as exchange between the stratosphere and tro-
posphere. The combination of the near-simultaneous
limb and nadir observations yields unique information
about tropospheric and |ower-stratospheric constituents
(gases, aerosol, and clouds). SCIAMACHY isone of a
limited number of instruments that are able to detect
tropospheric constituents, such asO,, NO,, BrO, H,CO,
SO,, N,O, H,0, CO,, CO, and CH,, in the lower tro-
posphere down to the ground or the cloud top. Addi-
tionally, from the solar and lunar occultation measure-
ments accurate profiles of atmospheric constituents are
expected.

SCIAMACHY is intended to provide new insight
into the global behavior of the troposphere and the
stratosphere and is a good candidate instrument for
any future global monitoring system. Its measure-
ments and the data products retrieved from them are
to be used for the study of awide range of applications
such as the impact of pollution, the response of the
stratospheric chemistry to control strategies, and the
assessment of global change.
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APPENDIX

The Satellite-Modified DOAS Equation for
Two Instructive Cases

For the case of long path measurements (Platt and
Perner 1980), neglecting emission and assuming one
absorber only, and that light is only scattered out of the
beam, the amount of light at wavelength A reaching a
detector, I(A), is given by

1(A) = 1o(A) exp

_<naa";()\) + ne, + >, npsp>s],
(A1)

where |, is the amount of light being emitted by alight
source (lamp, sun, moon), n, is the concentration of the
absorber, and o*(A) its absorption cross section. Here
n, is the air density, ¢, is the Rayleigh scattering cross
section, n, is the concentration of scattering particles,
g, is the effective scattering cross section for particle
scattering, and s is the pathlength, which is independent
of wavelength in this case. Splitting the absorption into
two components, one which changes rapidly as a func-
tion of wavelength o,()), caled the differential ab-
sorption cross section, and one which variesonly slowly
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with wavelength, oy,,(A), the measured slant optical
density is given as follows:

1(A)
_'”<IO<A))
(na(aa()\) + Ogn(V) + ne, + D npep>s

(A2)
The term (N,040w(A) + Ne, + 2, n.e,)s does not con-
tain any narrow spectral features and, therefore, can be
approximated by a low-order polynomial, P(A). Thus
(A2) may be transformed into

T(A) — P(A) = n,o,(A)s. (A3)

When N species having differential absorption crosssec-
tions interfering in a given spectral window, the DOAS
fitting equation may be written as follows:

T(A) =

N
7(A) — P() = X naoa(N)s (A4)
i=1
Here n,s represents the column density of the ith
molecule along the light path. Knowledge of the dif-
ferential absorption cross section of all absorbers and
the path length enables the concentrations of the ab-
sorbing species to be determined by a linear least
squares fit of
2

T(A) — P(Y) — X nm(/\)%s‘ - (A5)

i=1

The fit parameters are the low-order polynomial coef-
ficients and the column densities n.

For nadir viewing geometry, the extraterrestrial so-
lar irradiance impinging on the atmosphere, F(A), is
modified during its passage through the earth’s at-
mosphere by reflection at the surface, Ry(A); molec-
ular absorption, a;(A); Rayleigh and particle scatter-
ing, S;(A) and S,(A), respectively; and emission,
E;(A). The radiation leaving the top of the atmo-
sphere, I(A), depends on the different physical pro-
cesses occurring within the atmosphere:

1(A) = f(F(A), Ri(A), &), S(A), S,(A), Ei(A)).
(A6)

Solving Eq. (A6) requires the use of aradiative transfer
model of the atmosphere that accurately describes all
these processes.

For an understanding of the DOAS approach applied
to nadir viewing geometry it is useful to consider the
different rays reaching the instrument. To outline the
physical principle behind DOAS two cases will be cal-
culated explicitly in this appendix: (a) asingle ray only
reflected at the earth’s surface and (b) rays of light scat-
tered only once in the atmosphere, neglecting surface
reflection. For simplicity an infinitely narrow instrument
FOV is assumed and emission processes are neglected.
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Case a: Surface reflection only. Ignoring inelastic
scattering processes, the radiance reaching the instru-
ment due to light reflected at the earth’s surfaceis given

by
1L,(A) = A (A) 7 F(A) cosd,

x exp(— f ™ @@ + b@)a(s, 9) dz>,

0

(A7)
with
1 1
=— + A
9(9, %) cosd  cosd,’ (A8)
total absorption coefficient:
N
a(d =2 n.dos(r 2, (A9)
i=1
and total scattering coefficient:
b = n(de, + >, n,(2s,,  (AL0)
p

with index p for particulate scatterers and index i for
molecular absorbers.

Here A,(A) is the spectral abedo of the surface, z, is
the height of the earth’'s surface, z.,, is the height of
the top of the atmosphere, ¢ is the angle between the
satellite line of sight and the local vertical at z,,,, and
¥, is the solar zenith angle. Equation (A8) holds under
the assumption of a plane-parallel atmosphere. At high
solar zenith angles g(9, ¥,) depends on the altitude due
to the curvature of the atmosphere.

Using (A9) and the definition of slant scattering op-
tical density

(2 = f " b@)g(o, 9 &z, (ALD)

the total slant optical density can be calculated as fol-

lows:
1.(A)
_In<F(A)>

f - (E N (Doa(h, z))g(ﬁ, 9,) dz

71(A)

i=1
+ 74(2,) — In(A,(A) 7 1cosd,). (A12)
Exchange of summation and integration and using the
definition of the slant optical density SOD,; yields
N
(A = Zl SOD;(zo, A) + 74(20)
— In(A(X) 7 *cosd,)
(A13)
with
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SOD;(z, A)

f - 0.4(Z, Wy (@)g(9, &) dz. (A1)

The slant scattering optical density and the spectral surface
reflection vary only sowly with wavelength and can be
subtracted by a low-order polynomial, P(A). Thus (A13)
can readily be transformed to the following equation:

N
m,(A) = D, SOD;(z,, A) + P(A). (A15)
i=1
For modified DOAS, (A15) will be approximated by
N
m,(A) = >, kSOD™4(z,, A) + P(A), (A16)
i=1

and k; is ratio of the vertical column density VCD,; to
be retrieved to the model vertical column density
VCDirod,

K = VCD,
' VCDm«

(A17)

Zmax

VCD,(2) = f n, (2 dz. (A18)

z

The VCD,; and polynomial coefficients of P(A) are the
fit parameters and SOD™ is the calculated slant optical
density for a representative model atmosphere.

Assuming that the absorption cross section is inde-
pendent of altitude (i.e., it shows no temperature de-
pendence) the SOD, is directly related to the slant col-
umn density SCD;

SOD,(z, A) = o,,(A\)SCD,(2), (A19)

with

Zmax

SCD,(2) = f n,;(zZ)g(d, 9,) dz. (A20)

z

The combination of (A15) and (A19) resultsin aform
similar to the standard DOAS equation (1):

N
m1(A) = 2‘1 04(A)SCD;(20) + P(A).
Note that for this derivation we do not need the as-
sumption of an optically thin medium. This approach
can be transferred directly to the trace gasretrieval from
occultation measurements.
Case b: Single scattering. For the treatment of singly
scattered light we introduce the following definition of
the number of scattering events at altitude z

X@ = pn@e, + 2 Pny(De,

(A21)

(A22)

Here p, is the Rayleigh or molecular scattering phase
function and p,, is the particle scattering phase function.

Ignoring inelastic scattering processes, the radiance
at the satellite is determined by single scattering events
along the instrument’s line of sight:
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L) = F() cos(d,) f " @ e exp

Summation and integration in the last exponential factor

L(A) = F(A) cos(d,) f " @e o exp

Using (see Bronstein and Semendjajew 1984)

fb f(X)g(x) dx = g(x*) fb f(x) dx, a<x* <b,
’ ’ (A25)

it follows that

1,(A) = F(\) cos(9,)

X exp(—i - N, (z)o,(Z,A)g(d, 9,) dz’)

X J x(2e =@ dz,
29

with
2o < Z* < Zor (A26)

Using the definition of the slant optical density (A14)
we arrive at

I,(A) = F(X) cos(d,) exp(—_}N‘, SOD,(z+, A))

x f o @e e dz (A27)
Defining
Ra(A) @ = cos(t) f x(\e =@ dz, (A28)

the total slant optical density can be written

LA _ < B
F(A)) = >, SOD,(z*, A) — IN(R4(A)).

- (A29)

Thelast term of the right-hand side varies only smoothly
with wavelength (Rayleigh and Mie scattering) and can
be subtracted by a low-order polynomial, P’(A):

() = —In(

T(A) = }i‘: SOD;(z*, A) + P'(A). (A30)

Again, for modified DOAS, the slant optical density can
be approximated by
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- " i n,(Z)o,(2)g(9, 9,) dZ| dz (A23)

z

can be exchanged:

_i Zm”a(z’)%-(Z’)g(ﬁ, ¥,) dz'| dz (A24)

z

T,(A) = Ei‘: k;SODmd(z, A) + P'(A), (A31)

and k; is ratio of the vertica column density VCD,; to
be retrieved to the model vertical column density
VCDd. Here VVCD; and polynomial coefficientsof P(A)
are the fit parameters and SOD™ is the calculated slant
optical density for a representative model atmosphere.
Again, assuming that the absorption cross section is
independent of the altitude (i.e., it shows no temperature
dependence) and by using (A19), (A30) can be trans-
formed to the standard DOAS form (1):

N
7,(A) = 2, 0, (MSCD,(Z) + P'().  (A32)
i=1

For surface reflection and single scattering it has been
demonstrated that the total slant optical density can be
separated into differential and broadband parts, where
the differential part contains the information about the
slant or vertical column. In general, the instrument mea-
sures light from a combination of the different contri-
butions (reflection, single and multiple scattering). Nev-
ertheless, the approach of separating the differential op-
tical density from the broadband part still holds, assum-
ing that changing the absorber concentration does not
change the light path (optical thin atmospheres). This
results in the modified DOAS equation for the measured
slant optical density 7.:
Y VCD,
) = 2 VCDy
For standard DOAS the conversion of SCD; to VCD,
will be performed by calculating the air massfactor with
a radiative transfer model as described elsewhere (Sol-
omon et al. 1987; Burrows et a. 1999). The remaining
open point for modified DOAS, which yields the VCD,
directly, is the calculation of SODd.

SOD™d(Z, A) + P'(A).  (A33)

Calculation of SODy™

In appendix C of Burrows et al. it is shown for an
atmosphere with only one absorber that SOD™ can be
calculated astheratio of simulated atmospheric radiance
including all trace gases and a second simulation with
the trace gas of interest excluded in the calculation. This
can be generalized to multiple overlapping absorbers
under certain conditions. In general, the total slant op-
tical density of theith absorber (including nonabsorbing
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processes) can be defined as the difference of the log-
arithm of the backscattered radiance calculated with the
ith absorber removed, ™, and the logarithm of the
backscattered radiance including all relevant absorbers
Imed for a model atmosphere with \ CD™:

2) = In07() — In(m() = In )
7is(A) = In(17(A)) — In(1™(1)) = ”<|mod(/\)>'

(A34)

Now it can be readily verified for the two cases (surface
reflection, single scattering) discussed above that this
definition yields directly the slant optical density of ab-
sorber i for the model atmosphere: Applying (A34) to
surface reflection only (case a), it can be shown, by
inserting (A12) into (A34), that other contributions not
related to the ith absorber cancel out and (A34) yields
the slant optical density of theith absorber SOD, without
making any further assumptions. Here, the light path is
well defined and independent of any absorber. Thisalso
holds for occultation measurements.

For the single scattering only (case b) the slant optical
density can be calculated by inserting (A24) into (A34).
Assuming that there existsaz* identical for all absorbers
[cf. (A26)] the contributions from all remaining ab-
sorbers and scatters cancel out. Thisis equivalent with
the assumption that the removal of the ith absorber does
not change the optical path (i.e., optical thin atmo-
sphere). Equation (A33) yields then the slant optical
density of the ith absorber

| mod
Tie = |n< = ) = SOD™™, (A35)

| mod

In general, the model slant optical density SOD™d will
be calculated according to (A35) with a radiative trans-
fer model, including multiple scattering and refraction
when necessary. The influence of multiple scattering on
this approximation is under investigation.

Combining (A33) and (A35) we arrive at the modified
DOAS equation as presented in the main part of the
paper (7) and the VCD, will be obtained directly by a
linear least squares fit of

2
+ 2 ||

]

VCD, I m(A)
T(A) — Z VCDmod | In(I mod(,\))

(A36)

Fitted parameters are the vertical column density VCD,
and the polynomial coefficients ¢,. Note that this ap-
proach allows an iterative solution to compensate for a
possible dependence of VCD, on VCD™ or the model
absorber profile. Model parameters can be varied and
convergence is achieved if the retrieved VCD, matches
VCDmd,
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