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1 Introduction

1.1 Purpose and Scope

SCIAMACHY (SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY
one of the earth observation research instruments to be included as part of the payload of 
(European Space Agency) ENVISAT-1 platform to be launched in the year 2000. The main
tific objective of SCIAMACHY is to measure distributions of a number of chemically impor
atmospheric trace species on a global basis. SCIAMACHY has a spectrometer and telesco
tem designed to observe light transmitted through and reflected and scattered from the
atmosphere over a spectral range of 240 - 2400 nm. It has an alternate limb and nadir 
capability, and will be able to perform solar and lunar occultation measurements. Nadir UV
ble measurements will provide global column distributions of O3, NO2 and a number of other
trace species (BrO, H2CO, OClO, SO2 and possibly ClO), and height-resolved profiles of O3. 

Nadir infrared measurements will generate column distributions of CO2, H2O, CH4, CO and N2O.
Limb observations will provide vertical profiles of many of these species, with particular em
sis on O3 and NO2 (UV/visible) and H2O, CH4, CO and N2O (infrared). Limb profiles of pressure
and temperature will be generated from CO2 absorption signatures near 2000 nm, and poss
from O2 A band measurements (~760 nm). Vertical profiles will also be obtained from 
occultation measurements. Aerosol profiles will be available from limb/occultation retrie
Cloud parameters and additional aerosol parameters will also be produced from a number
processing algorithms.

This Algorithm Theoretical Basis Document (ATBD) describes all algorithms required fo
operational retrieval of SCIAMACHY Level 2 data products. Both the Off-line (OL) and N
Real Time (NRT) processing elements are covered. The design, implementation and main
of the SCIAMACHY off-line Level 1b to 2 processor are the responsibility of the DLR (Ger
Remote Sensing Data Centre). Operational level 1b to 2 NRT algorithms for SCIAMACHY
be implemented by an industrial consortium, with detailed product and algorithm specific
provided by DLR.

The ATBD will provide physical descriptions of the level 1b to 2 algorithms, together with es
tial mathematical background. This documnet also deals with product generation and ass
issues appropriate to the implementation of the algorithms in an operational environment
ATBD will also summarise the necessary input/output requirements for level 1b to 2 data pr
ing, including reference databases.

Issues of this document from the present to the time of launch will be restricted to algo
implemented for the retrieval of an established list of level 2 products to be generated on a
basis at the time of launch. In the interim, it is expected that ongoing scientific investigation
result in changes of some of the algorithms; the development of algorithm prototypes wi
generate modifications. TThis is particularly true for the OL algorithms; there is less flexi
with the NRT processor..

Post-launch updates of this ATBD will reflect experience gained from operational processin
ing and after the commissioning phase. The algorithms will be fine-tuned in response to 
and feedback from  verification and validation programmes, and and further improved o
basis of relevant scientific research. Once the basic algorithms described in the pre-launc
of the ATBD are functioning, post-launch updates will probably contain descriptions of syne
between nadir and limb SCIAMACHY products.
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R. J. D. Spurr (Harvard-Smithsonian Center for Astrophysics) prepared the original (draft
sion of this document in May 1998. This first draft was written as part of the document pa
produced for the SCIAMACHY Data Processing ADC Review Meeting (June 15, 1998
number of comments received after this meeting were incorporated in the first issue (July 
The first issue was confined to off-line developments.

In September 1998, ESA requested a new ATBD for the level 1b to 2 NRT algorithms. Sin
group of NRT algorithms is for the most part a subset of that for the OL, it is expedient to in
NRT descriptions as part of a single ATBD for SGP level 1b to 2. This has been agreed, a
second issue was prepared for release in mid-December 1998, in time for a major rev
selected ENVISAT ATBDs at the ESAMS conference (18-22 January 1999). In addition t
new material on NRT applications, the section on limb retrieval has been greatly expanded

The author would like to thank W. Balzer, S. Slijkhuis and D. Loyola and colleagues at DL
comments, and K. Chance and T. Kurosu at SAO for valuable feedback.
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1.2 Abbreviations and Acronyms

AAIA Absorbing Aerosol Index Algorithm 
AMF Air Mass Factor
AO Announcement of Opportunity
AOTA Aerosol Optical Thickness Algorithm
ATBD Algorithm Theoretical Basis Document
ATSR Along-Track Scanning Radiometer
AVHRR Advanced Very High Resolution Radiometer
BIAS Basic Infrared Absorption Spectroscopy
BUV Backscattered ultra-violet
CRAG Cloud Retrieval Algorithm for GOME
DFD Deutsches Fernerkundungsdatenzentrum
DLR Deutsches Zentrum für Luft- und Raumfahrt e.V.
DOAS Differential Optical Absorption Spectroscopy
ECMWF European Centre for Medium-range Weather Forecasting
ENVISAT Environmental Satellite
ESA European Space Agency
FD Fast Delivery
FTS Fourier Transform Spectrometer 
GDP GOME Data Processor
GOME Global Ozone Monitoring Experiment
HALOE HALogen Occultation Experiment 
HRFA Height-Resolved Fitting Algorithm
IAS Infrared Absorption Spectroscopy
ICFA Initial Cloud Fitting Algorithm
IR infra-red
LBL Line-by-line 
LORE Limb Ozone Retrieval Experiment
NRT Near Real Time
NWP Numerical Weather Prediction
OE Optimal Estimation 
ODIN
OSIRIS
PMD Polarisation Measurement Device
SAGE Stratospheric Aerosol and Gas Experiment
SAO Smithsonian Astrophysical Observatory
SOLSE Shuttle Ozone Limb Sounding Experiment
SSAG SCIAMACHY Science Advisory Group
P-T Pressure and Temperature 
PCCA PMD Cloud Coverage Algorithm 
RCFA Revised Cloud Fitting Algorithm 
SAGE Stratospheric Aerosol and Gas Experiment
SCIAMACHY Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
SGP_12OL SCIAMACHY Ground Processor level 1 to 2 Off-Line 
TOA Top of Atmosphere
UV ultra-violet
UVAS UV/Visible Absorption Spectroscopy
VMR Volume Mixing Ratio
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1.3 Applicable Documents

We give here the list of applicable SCIAMACHY project documents (both general and spec
Other references arising in the main body of the ATBD will be listed separately in Chapter 8
includes relevant GOME project documentation).

[A1] Burrows, J. P., K. Chance, P. Crutzen, H. van Dop, J. Geary, T. Johnson, G. Harris, 
sen, G. Moortgat, C. Muller, D. Perner, U. Platt, J. -P. Pommereau, H. Rodhe, E. Ro
ner, W. Schneider, P. Simon, H. Sundquist, and J. Vercheval, SCIAMACHY A Europ
proposal for atmospheric remote sensing from the ESA polar platform, Max- Planck
tut fuer Chemie, Mainz, Germany, 1988

[A2] Burrows, J. P., K. Chance, P. Crutzen, J. Fishman, J. Fredericks, J. Geary, T. Johnso
Harris, I. Isaksen, H. Kelder, G. Moortgat, C. Muller, D. Perner, U. Platt, J. -P. Pom-
mereau, H. Rodhe, E. Roeckner, W. Schneider, P. Simon, H. Sundquist, and J. Verc
SCIAMACHY Phase A Study Scientific Requirements Specification, 1991

[A3] SCIAMACHY Requirements Document, SCIAMACHY Scientific Advisory Group, Issu
1A, in preparation, May 1998

[A4] Scientific Requirements Document for Data and Algorithm Development, SCIAMACH
Algorithm Development and Data Usage Subgroup, Issue 2A, January 1998

[A5] SCIAMACHY Instrument Requirements Document, PO-RS-DAR-EP-0001, Issue 3/1
December 1995

[A6] SCIAMACHY Operations Concept: III. Instrument States, PO-TN-DLR-SH-0001/3, 
Issue2/0, July 1996

[A7] ENVISAT Mission Conventions Document, PO-IS-ESA-GS-0561, Issue2/0, April 199

[A8] SCIAMACHY Level 1b to 2 NRT Processing, Input/Output Data Definition, ENV-TN-
DLR-SCIA-0010, Issue 3/A, 16. July 1998

[A9] SCIAMACHY Level 1b to 2 NRT Processing, Detailed Processing Modules / Parame
Data List, ENV-TN-DLR-SCIA-0011, Issue 1, 7. July 1998

[A10] SCIAMACHY Level 1b to 2 Off-line Processing, Product Specification Document, EN
PS-DLR-SCI-2200-0004, Issue 1/A, June 1998

[A11] SCIAMACHY Level 1b to 2 Off-line Processing Interface Specification Document, EN
IS-DLR-SCI-2200-0005, Draft, June 1998
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1.4 Document Overview

In chapter 2, we give an overview of the algorithms required for level 1b to 2 SCIAMAC
processing in the context of the mission objectives and the list of level 2 data products. Thi
ter also includes a summary table; this represents the baseline on algorithms/products at 
of writing.

Chapter 3 is concerned with SCIAMACHY nadir-mode retrieval algorithms. There are two
tral sections on the UV/visible and infrared trace gas column retrievals, and a section on
and aerosol pre-processing algorithms. An additional topic deals with the optional O3 profile
retrieval. Apart from the latter, all algorithms in this chapter have NRT applications, and the
covered in dedicated sub-sections.

Chapter 4 (limb/occultation algorithms) deals with limb pressure/temperature retrieval, limb
gas volume mixing ratio retrieval, and occultation profile retrievals. These algorithms are o
only.

Requirements on radiative transfer models are discussed in Chapter 5, with applications 
NRT and OL algorithms. Chapter 6 deals with input/output and database requirements. Ch
contains appendices on auxiliary mathematical operations, and is followed by the list of
ences.

Each algorithm exposition includes a physical description, along with the most important an
evant mathematical formulae. We discuss aspects of the retrieval strategy, and the evalu
targeted products and their diagnostics. In addition, there are some remarks on the ope
implementation of the prototype algorithms (performance aspects, testing and verification, q
control). Aspects of the forward problem (simulation of intensities and weighting functions
noted as appropriate, with further detailed discussion of forward model simulation confin
Chapter 5.
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2  SCIAMACHY Algorithms Overview

2.1 Status of SCIAMACHY Data Processor

Mission Objectives and Level 2 Products

In the AO proposal [A1], the following gases were targeted for measurement: O2, O3, O4, NO,
NO2, NO3, CO, CO2, H2CO, CH4, H2O, SO2 and possibly ClO and OClO under ozone hole co

ditions. As a result of the initial sensitivity analysis, N2O, BrO and O2 (
1∆g) were then included.

This list constitutes the set of primary scientific mission objectives. Secondary mission obje
include pressure and temperature profile generation, the determination of selected cloud an
sol properties, and the derivation of tropospheric distributions from combined limb/nadir re
Detailed discussion of scientific objectives for SCIAMACHY may be found in the Phase A S
Report [A2], and the Scientific Requirements Document [A3] (currently in draft version). 
cific scientific requirements on algorithms to retrieve trace gas constituents and other geop
parameters have been laid down in the Report of the SCIAMACHY Algorithm Developmen
Data Usage Subcommittee [A4].

On the basis of this report and subsequent discussions at the Advisory Group Meetings, a
SCIAMACHY Data Products was generated by SSAG; this is given below in Table 1, wit
status as of February 1997.

The basic division here is between nadir-mode total column retrieval products and limb
ospheric profile retrieval products on the one hand, and between off-line (OL) and the fast
ery (NRT) products on the other. The OL list is the baseline that provides the Priority I pro
for off-line level 1b to 2 processing (see table in section 2.3). All NRT products have Prio
status.

Nadir Total Column Amount Limb Stratospheric Profiles

UV-Vis IR UV-IR UV-Vis IR UV-IR

NRT

O3 H2O Clouds

NO2 N2O Aerosol

BrO CO

SO2 CH4

OClO

H2CO

OL

O3 H2O Clouds O3 H2O Aerosol

NO2 N2O Aerosol NO2 N2O

BrO CO BrO CO

SO2 CO2 CO2

OClO CH4 CH4

H2CO p, T

UV Index

Table 1: List of proposed geophysical parameters to be retrieved
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The above table does not include occultation or nadir profile retrieval products; these have
ity II status at present; they include O3 profiles (nadir) and the set of occultation stratospheric p
files (very similar to the list for limb in the above table).

With the exception of the UV Index, the present ATBD will describe all algorithms for Prior
and II off-line and near real time products as listed in the above table. The discussion of
limb value-added tropospheric products is beyond the scope of the ATBD (see [A3] for a
mary).

Since SCIAMACHY channels 1 to 4 are similar in scope to those for GOME, GDP algor
have been taken over for use in the UV/visible nadir-mode column retrievals for SCIAMA
(see below). The first major new development for SCIAMACHY was the specification and g
ation of an operational prototype algorithm for the NRT processor, for the total column ret
of trace species (CO, N2O and CH4) from SCIAMACHY channels 7 and 8 infrared nadir mea
urements. This algorithm (chapter 3.3) will be taken over for the OL processor, and given g
flexibility and power without the constraint of NRT performance limitations. For the off-
products, limb retrieval algorithms must be developed from scratch; the first operational 
types are now under development, and will be described in detail in this issue.

Relation to GOME Data Processor

The Global Ozone Monitoring Experiment (GOME) was originally conceived as a scaled-
version of SCIAMACHY. It was given fast-track development status by ESA [G1], and 
launched on 21 April 1995 on board the second European Remote Sensing Satellite (ER
has 4 spectral channels covering the range 240-790 nm, and is a nadir-only instrument. Th
urement capability of GOME closely matches the UV/visible nadir capability of SCIAMAC
the mission objectives are very similar.

The GOME Data Processor (GDP) was developed and implemented at DFD with the help 
eral scientific institutions [G2]. GDP became operational in July 1996, with earthshine sp
and retrieved total O3 columns the main products generated on a routine basis. Total co
amounts of NO2, H2CO, SO2, OClO and BrO have been retrieved successfully from GO
back-scatter measurements. The experience gained with GOME in the implementation of
tional nadir UV-visible total column retrieval will be invaluable, as there is considerable ov
with SCIAMACHY. Parts of the current ATBD will follow closely the descriptions in the GD
Technical Documentation [G3][G4].

The main algorithm in GDP is the DOAS (Differential Optical Absorption Spectroscopy) fit
for the retrieval of O3 and NO2 columns; this can be used directly for SCIAMACHY OL an
NRT applications. It is expected that an updated form of the current cloud pre-processing
rithm in GDP will be adapted for SCIAMACHY OL, to include a new PMD cloud-clearing al
rithm for cloud fractional cover (the cloud treatment in NRT will be confined to this la
development).  

Substantial progress has been made in GOME studies with height-resolved O3 profile retrieval
algorithms, and developments in this field for SCIAMACHY will run in tandem with those
GOME. Study work done for GOME under the aegis of ESA is of relevance to several asp
SCIAMACHY Data Processing (Cloud and aerosol studies, DOAS retrieval studies, Ring s
ing study). The documents and reports from this work are noted under the section GOME 
Documentation and Study Reports in Chapter 8 (references [G5] to [G11]).
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2.2 Algorithms Overview

Nadir Algorithms Overview

In this and the following section, summaries of algorithms are given without references 
will be given in the main text). The summaries given include all the OL algorithms; limita
and special considerations for the NRT processor are noted in italics.

Cloud/aerosol pre-processing algorithms

These algorithms will deliver cloud information (fractional cover, cloud optical properties, c
classification) and initial aerosol information. The term ‘pre-processing’ indicates that these
rithms will be the first to be executed in SGP level 1b to 2 processing chain. In particula
cloud results will be used to correct subsequent UV/visible trace species retrievals for
scenes flagged as partially or totally cloudy. There are two main component cloud algor
they are listed separately here, but may well be used together in the (off-line) operational 
sor.

• PMD Cloud Coverage Algorithm (PCCA). There are two approaches here, both using
pixel PMD (Polarization Measurement Devices) measurements. One method is bas
dynamic thresholding, the other on cloud-free composites. Prototypes have recently
developed for GOME (3 PMDs), and these will be extended to SCIAMACHY (7 PMDsAt
present an older version of PCCA is specified for the NRT, but it is expected that the up
planned for OL will also be taken on for the NRT.

• Revised Cloud Fitting Algorithm (RCFA). An algorithm for the retrieval of cloud opti
parameters based on least squares fitting of measured nadir back-scatter intensities w
simulated equivalents in and around the O2 and O4 absorption bands in the visible/near-infra
red. Main retrieval products will be cloud-top pressure and optical depth; combined wi
cloud-cover algorithm, a determination of cloud type will be possible. Development o
algorithm will again follow that for GOME. Not part of the NRT processor.

• Aerosol Absorbing Index Algorithm (AAIA) is stand-alone at present, and the results wil
be used in later algorithms. Both NRT and OL.

• Aerosol Optical Thickness Algorithm (AOTA). Also intended to be stand-alone, this 
present an option to be considered for the OL processor. (Aerosol profiles retrieved from
and occultation measurements are treated separately). Not part of the NRT processor.

UV-Visible Absorption Spectroscopy (UVAS) Algorithm

(Applies equally to NRT and OL).

This algorithm is the one that most closely matches the corresponding DOAS algorithm in
It is based on the least squares fitting of effective slant column amounts of certain trace sp
the UV and visible parts of the spectrum. The DOAS method will be one of the major op
optical densities are fitted linearly for column amounts, with accompanying non-linear fittin
spectra wavelength mismatches. The baseline will be two windows optimised for O3 and NO2
retrieval. Another option to be considered will be the direct non-linear least squares fitting o
ance to determine slant columns. Recent developments with GOME have demonstrated its
to measure BrO, H2CO, OClO, SO2 and even ClO, and the SCIAMACHY OL and NRT alg
rithms will include fitting windows for these species. Columns of O3, NO2, BrO, SO2 and H2CO
will be retrieved on a global basis, with OClO for special cases only (ozone hole scenarios
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In the first operational prototype, the conversion to vertical column amounts will be done u
single Air Mass Factor for each trace species and fitting window (the ‘AMF-modified’ DO
approach will not be described in this ATBD). Experience with GOME has shown that it is p
able to use look-up tables of AMFs in an operational environment, rather than calculate
from scratch using radiative transfer code. The development for GOME of improved O3 and NO2
profile climatology for the generation of new AMF look-up tables for these species will be i
porated as part of the SCIAMACHY algorithms. The correction of vertical column densit
cloud-contaminated scenes currently in use for GOME will be taken over as the baseli
SCIAMACHY.

The IR Absorption Spectroscopy (IAS) Algorithm

(Applies equally to NRT and OL, with additional performance considerations for NRT).

This algorithm is based on the direct (non-linear) least squares fitting of effective vertical c
amounts of trace species in the infrared part of the back-scatter spectrum (SCIAMACHY
nels 7 and 8). In its simplest form, the algorithm assumes scattering can be approximate
multiplicative closure term on the transmittance, provided the optical depth is not too lar
small selection of micro-windows will highlight retrieval of the important species (CO and 2O
are the drivers, with CH4, H2O and CO2 columns also retrieved). 

The same technique can be used to derive the pressure height of an equivalent Lambertian
ing surface assuming the known absorption of CO2 near 2030 nm in channel 7 (relatively lo
optical depth). It is more consistent to execute this CO2 height fit first before attempting trace ga
retrievals; the height result is used as the lower boundary in the subsequent retrieval of tra
cies from Channel 8 infrared measurements. It is anticipated that the infrared absorption sp
copy results will be stand-alone (no incorporation of results from the cloud pre-proce
algorithms).

The OL version will include a full line-by-line capability for cross section evaluation, and a
tracing formalism in a curved refracting atmosphere. The NRT algorithm will use look-up table
of pre-computed trace gas cross-section templates at a high resolution, and an additional t
ray-traced slant path factors. In the specification documents for NRT, the algorithm is n
BIAS (Basic Infrared Absorption Spectroscopy).

The height-resolved fitting algorithm (HRFA) for O3 profiles

(Not in the NRT processor).

This is based in part on the BUV technique, where the wavelength dependence of O3 scattering
heights in the UV below 300 nm is used to infer stratospheric O3 profiles. The algorithm also
takes advantage of the temperature dependence of the Huggins bands O3 absorption (300 - 360
nm) to extract height-resolved information in the troposphere; inclusion of points in the v
(Chappuis) O3 absorption region may also provide an additional constraint. The algorithm us
iterative optimal estimation technique to update the state vector of profile components; an a priori
profile is used to constrain the problem.

The forward part of the algorithm requires repeated calculation of intensities and their par
derivatives (weighting functions). Radiative transfer simulations must be performed with
multiple scatter, and this is (at present) prohibitively time-consuming for realistic inclusion 
operational environment. However, results derived from GOME back-scatter measureme
special scenarios and campaigns have shown clearly the feasibility of this technique, a
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anticipated that an operational algorithm will be implemented once the performance bottlen
overcome (perhaps with the help of extensively parameterised look-up tables).

Limb and Occultation Algorithms Overview

(Not part of the NRT processor).

At the time of writing, there are still unresolved questions about the overall retrieval strate
limb profiles. In order to keep options open, both onion peeling and global fit methods w
considered (and perhaps an admixture of the two). There is also a distinction betwee
retrieval and trace gas volume mixing ratio (or concentration) vertical profiles. In both case
osol scattering profiles will be retrieved simultaneously. The use of optimal estimation or u
strained non-linear least squares has also not been decided for the various limb and occ
applications.

P-T retrieval should be performed first, to allow the retrieved temperature and/or pressure p
to be used in subsequent trace species limb retrievals. The P-T and VMR retrieval algorith
regarded are given a stand-alone treatment in this issue of the ATBD, and it is intended 
with the integration of these limb applications in later versions.  Note that the limb and oc
tion products will contain both the VMR and the number density values; the algorithm is lab
‘-VMR’ for convenience in this and following sections.

The P-T profile limb algorithm (Limb-PT)

This algorithm will use non-linear least squares fitting to derive profiles of temperature and
sure from limb scatter measurements of CO2 in channel 7. Fitting windows for each limb sca
must be selected to include suitable combinations of pressure and temperature sensiti2
absorption lines. The atmosphere is assumed to be in hydrostatic equilibrium; exact knowle
the pressure and temperature at one height will enable the tangent heights to be retrieved
method.

Simulation of limb scatter intensities and associated weighting functions will be carried out 
analytically in the single-scatter line-by-line approximation; multiple scattering effects (sm
this part of the spectrum) will be parameterised. Aerosol scattering and extinction profiles w
retrieved in conjunction with the atmospheric variables. Pressure and temperature profile
also be retrieved from O2 A band limb back-scatter measurements around 760 nm, but this i
under investigation and will not be described here. The question of onion peeling versus
fitting has not been resolved yet for this algorithm.

The VMR profile limb algorithm (Limb-VMR)

This algorithm retrieves volume mixing ratios (VMRs) of selected trace species for layers d
by the limb scan sequence (equivalently, one can retrieve concentrations, but for simplic
stay with VMR for the remainder of the document). For SCIAMACHY channels 1 to 4, the 
emphasis is on measurements from the UV (O3) and visible parts of the spectrum (NO2, O3).
From two or more micro-windows in channel 8, this algorithm can also retrieve VMRs for 
species N2O, CO and CH4 (and possibly H2O); CO2 limb profiles can be retrieved from channel
measurements. In all cases, aerosol scattering and extinction profiles will be retrieved in co
tion with the main output. The algorithm will retain options on the use of optimal estimation
sus non-linear least squares.

It is likely that the first version of the prototype will use the global fit technique, especially fo
UV/visible applications. Also it is probable that ‘measurements’ as defined in this algorithm
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actually be ratios of limb scan radiances at two different tangent heights. Again, single 
simulations will be quasi-analytic in the retrieval parameters, with corrections for multiple 
tering effects extracted from look-up tables. All targeted species’ cross-sections are tempe
dependent. In addition it is advisable to use a retrieval heightgrid based on the foregoing P
results.

Occultation algorithms

In principle, the list of products defined for the first limb profile retrievals in SGP_12OL can
be retrieved for solar occultation measurements. There is scope for only a few occultation
ucts per orbit due to the limited time (~ 60 s) spent in this viewing mode. The forward simu
part of the retrieval algorithms is simpler, because it requires only computation of direct-
transmittances (scattering can be neglected). Though measurement signal-to-noise an
sponding retrieval precision are high, there are radiance calibration (and possibly also wav
calibration) problems due to the measurement strategy employed by SCIAMACHY.

Input/Output and Reference Database Overview

The main input to this part of the whole SCIAMACHY Data Processor is the level 1b pro
comprising measurements for nadir, limb and occultation states, and an extra-terrestrial su
ence spectrum taken by the instrument. Each atmospheric measurement contains a nu
observation records (geolocation information and spectra). Also required as input is a 
parameters controlling the execution of the component algorithms in level 1b to 2 processin
comprises the ‘Initialisation File’. Additional real-time ancillary data may also be requ
(assimilated meteorological forecast/analysis fields, for example).

Main output will be level 2 products, as specified in [A10]. Each component algorithm as su
rised above will generate its own component output data set, in addition to the housekeep
geolocation data required for completeness. In addition to retrieved parameter values, s
covariance output from the fitting algorithms will be specified where possible, though no de
spectral information will be included in the products. During the testing and commissio
phases, detailed results and scenarios will also be generated as part of the output.

Reference data may be divided into three classes. The first class contains fixed global and
tological data sets (topography, surface properties, atmospheric profiles including a priori values)
and reference spectra (spectroscopic line parameters, absorption and Ring effect cross 
aerosol and cloud optical properties). The second class comprises fixed pre-calculated 
tables of radiative transfer simulated data (AMFs for the UV/visible column retrievals, mu
scatter correction factors for limb retrievals, line-by-line transmittances). The third class co
data sets that are pre-calculated for each orbit (in particular, the preparation of instr
response functions required for the convolution of high-resolution templates to instrument 
length grids).
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2.3 Summary Table

So far as possible, this table complies with table 1 in section 2.1 on page 14 above. Priori
been subdivided. An asterisk denotes NRT product. For acronyms, see section 1.2.

Parameter Priority Algorithm Remarks and Baseline

Cloud cover I-a   * PCCA PCCA also in level 0 to 1b processing
Cloud top pressure I-a RCFA Used perhaps in conjunction with PCCA
Cloud optical depth I-a RCFA Used perhaps in conjunction with PCCA
Cloud type I-b RCFA/PCCA Status uncertain
Aerosol index I-b   * AAIA Absorbing aerosol index
O3 column I-a   * UVAS AMF lookup-table

NO2 column I-a   * UVAS AMF lookup-table

SO2 column I-a   * UVAS Special scenario, may be globally

BrO column I-a   * UVAS Global coverage
H2CO column I-a   * UVAS Special scenario

OClO column I-a   * UVAS Special scenario
CO column I-a   * IAS Channel 8 infra-red
N2O column I-a   * IAS Channel 8 infra-red

CH4 column I-a   * IAS Channel 8 infra-red

H2O column I-b   * IAS Channel 7, also channel 5 possibility

Reflecting height I-a   * IAS Channel 7, CO2 infra-red

O3 profile II HRFA Nadir, developed with GOME, UV/visible

P-T profile I-a Limb-PT Global fit preferred, CO2 infra-red

O3 profile I-a Limb-VMR Global fit preferred, UV/visible

NO2 profile I-a Limb-VMR Global fit preferred, visible

BrO profile II Limb-VMR Status TBD
CO profile I-b Limb-VMR Global fit or onion peeling, infra-red
N2O profile I-b Limb-VMR Global fit or onion peeling, infra-red

H2O profile I-b Limb-VMR Global fit or onion peeling, infra-red

CH4 profile I-b Limb-VMR Global fit or onion peeling, infra-red

Aerosol profile II Limb-VMR Global fit or onion peeling, infra-red
P-T profile II Occul-PT Global fit or onion peeling, CO2, infra-red

O3 profile II Occul-VMR Global fit or onion peeling, UV/visible

NO2 profile II Occul-VMR Global fit or onion peeling, visible

Minor profiles II Occul-VMR UV/visible: BrO, SO2, H2CO, OClO

Minor profile II Occul-VMR Infra-red: CO, CH4, N2O

Aerosol profile II Occul-VMR Status TBD

Table 2: Geophysical parameters versus algorithm including anticipated options
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3 Nadir Retrieval Algorithms

3.1 Cloud and Aerosol Retrieval

3.1.1 Introduction to Cloud Algorithms

First, we outline the historical development of cloud parameter retrieval for GOME. To date
have been no specific developments in this field for SCIAMACHY, but the commonality o
two instruments ensures that all the GOME work done so far is relevant. There have be
approaches to cloud retrieval - the use of sub-pixel PMD data to derive fractional cloud cov
the use of a least-squares fitting algorithm comparing reflectances in and around the O2 A band
for fractional cover and more recently, cloud-top pressure and optical depth.

The first algorithm using PMD data was developed in 1993 as part of a scattering study spo
by ESA [G8]. Using a combination of reflectance and colour (ratio) thresholds, sub-pixel s
were assigned ‘clear’, ‘cloudy’, or ‘undetermined’ status. The algorithm used static thres
and simulated data, and distinguished between land and ocean surfaces. This algorith
adapted for use in GOME but never actually used in the operational context. It has also been
specified for SCIAMACHY NRT as the cloud clearing algorithm, but recent developments
paragraph) have superceded it, and it is anticipated that an upgraded cloud clearing algo
will be incorporated in NRT.

A more sophisticated algorithm has been constructed as part of the CADAPA project for G
[G10]. This is designed to work with real GOME PMD data; it contains sets of maximum
minimum thresholds for the PMD signals compiled from two years of GOME data. The algo
returns fractional coverage; it also possesses a dynamic threshold update capability. A
clearing algorithm for cloud coverage has recently been developed for the GOME PMD
[C2]. The key component here is a global cloud-free composite, again based on GOME his
data. These newer algorithms will form part of a new operational cloud retrieval package (C
to be installed in GDP in 1999 [G11].

An O2 A band algorithm (ICFA - Initial Cloud Fitting Algorithm) was developed originally f
GOME to determine cloud fraction [C1]. In its current operational version for GOME, ICFA 
linear least-squares fitting, matching a combination of transmittances to ground and cloud
and around the O2 A band. The cloud-top height is taken from climatology, the optical dep
assumed constant, and cloud-top reflectances are pre-computed from forward model co
tions. ICFA is part of GDP and has received some validation [C3]. More recent work [G9
focused on non-linear least squares fitting of the O2 A band reflectance values, with optical dep
and cloud-top height the free parameters. This work will eventually form the basis of R
(Revised Cloud Fitting Algorithm). RCFA will also form part of CRAG.

In the next two sections we review these GOME developments in more detail, up to the p
state of knowledge. Extensions to SCIAMACHY will be indicated where appropriate, an
review some developments at the end.

3.1.2 PMD Cloud Coverage Algorithm (PCCA)

(To be considered as part of NRT).

For now we consider only the three broad band PMD devices covering GOME channels 2
4 (approximate ranges 300 - 400 nm, 400 - 600 nm, and 600 - 800 nm); SCIAMACHY has
parable devices with similar ranges. For each diode array short integration read-out (1.5 se
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the PMDs are read out 16 times (integration time 98 ms). For the regular 960 km GOME sc

swath, this translates to 3 x 16 sub-pixel footprints, each of size 40 x 20 km2 (sizes will be compa-
rable for SCIAMACHY). For each nadir scan, the GOME level 1 product contains 3 x 16 
reflectances (sun-normalised intensities); these are converted to nadir values (albedos) through
division by µ0 (solar zenith angle cosine), division by µ1 (line-of-sight zenith angle cosine) an
multiplication by π.

Thresholding technique

Computation of PMD sub-pixel cloud cover is performed as follows. Denote the PMD albe

,  and  and suppose that the minimum value (clear sky) thresholds for the PMD

, and the maximum value (cloudy) thresholds . Suppose also that ma

 and  for these thresholds have been defined. An actual PMD albedo  will then

the clear or cloudy threshold test if  or  respectively. Th

are absolute tests; another test involves the colour ratio  of the ‘red’ and ‘g

PMD albedos. Thresholds  and margins  are defined in a similar f

ion. When the four clear and cloudy threshold tests have been completed with no determin
a totally clear or completely cloudy sub-pixel footprint, then a fractional cloud cover is ass

as follows. When we encounter the first of the  to lie between their threshold values 

 (the order of the tests is discussed below), then we assign fraction cloud cover (in %)

(1)

If this assignment fails, then we look to an adjacent pixel, and if the latter has been classif
assign a partial cloud fractional percentage by interpolation; failing this, the pixel is genu
indeterminate. The absolute tests are always the same for each PMD albedo, but the 
which they are performed depends on the surface type. In addition, the colour threshold te
ates differently according to ocean or land surface types. For cloudy conditions, the colour 
close to 1, because the scattered light from the cloud has a flat signature. For cloud-free
tions, the colour ratio depends on the underlying surface over oceans, green is reflected m
red so R < 1, while over land the reverse is true (R > 1). For a land surface, the algorithm perform

first the cloud-free testing using minimum absolute thresholds  and the maximum c

threshold , in the order , R, , . It then tests for cloudy sub-pixels using max

mum absolute thresholds and a minimum colour threshold; the test order is the same. The
assignment test is then applied if required. For ocean surfaces, the threshold test structu
same, except that the cloud-free colour test uses Rmin while the cloudy colour test uses 

the order is , R, , . Flow diagrams of all tests can be found in [G10]. The algorit
is designed to update thresholds when sub-pixel PMD assignments have been classified a
or cloud-free (this is the dynamic threshold update). Thresholds are assigned to a 1°  x

1° or 1/2° x 1/2° latitude/longitude grid. A representative set of monthly minimum and maxim
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values was created by running the algorithm in dynamic update mode through two ye
GOME data (January 1996 to January 1998). This set will be updated dynamically as the 
mission continues.

The classification of surface type follows the scheme adopted for GDP, which is based on
work from NASA [C4]. In the GOME PMD algorithm, no distinction is made between ‘sn
and ‘water’ surface types; all land surface types are treated equally. It should be possib
SCIAMACHY to distinguish easily between ice and liquid water. Since SCIAMACHY has a
tional PMD detectors out in the infrared, an additional threshold test could be added for th
tinction by comparing the PMD output from the channel 6 PMD (range ~ 1000-1700 nm) t
of the channel 5 PMD (range ~ 800-1000 nm). For the GOME algorithm, a set of static thre
has been generated for test simulations using spectral albedos for five different surfac
(snow, water, sand, soil and vegetation; data compiled by R. Guzzi (private communicatio
also [C5] and [G4]).

Geolocation information is important in cloud detection using this algorithm. The sub-pixe
tude and longitude assignments may be found by interpolating the available geolocation in
tion in the level 1 product to the centre of the footprint. The solar zenith angle should rea
specified at the top of the atmosphere (TOA) - this value has not so far been part of the 
geolocation for GOME. A patch was written to provide this information so that the algor
could run with level 1 input alone. An alternative solution uses the orbit propagator suppl
ESA as part of level 0 to 1 processing to return exact geolocation values; this has now
grafted on to the algorithm (currently undergoing tests). Initial investigations as part of the C
project indicate that the PMD albedos are not very sensitive to TOA height (T. Kurosu, p
communication); a baseline TOA of 60 km has been proposed.

For ‘ocean’ surfaces, a simple sun-glint condition has been incorporated . If the viewing geo
indicates forward scatter, and if the difference between the solar and line-of-sight zenith an
less than 0.5, then threshold testing is not done. However, post-processing using extrapol
interpolation from adjacent successfully classified sub-pixels can often overcome the inde
nacy resulting from a sun-glint flag.

Qualitative validation of the thresholding algorithm has been performed with a selection of
cident AVHRR images [G10]. It is intended to make a more comprehensive validation of the
rithm using the Apollo cloud coverage algorithm [C6] on coincident ATSR images (a s
instrument to GOME on ERS-2, with common data stream).

The algorithm as it stands can be directly adapted for use in SCIAMACHY. The only differe
are the number of sub-pixel PMD measurements (10 in SCIAMACHY) and the read-out 
The same applies to the cloud-free composite clearing algorithm described next.

Cloud-free composite technique

Another approach to cloud cover determination has been demonstrated using GOME PM
this work is also part of the CRAG study for GOME [G9]. It is a generic cloud recognition a
rithm that works for optical remote sensors. It relies on the generation of an off-line global c
free composite from historical data [C2], which is then compared linearly with actual mea
ments to determine a fractional cover.

A simplified model of the earth-atmosphere reflectance is used for the image formation
PMD reflectance  at location  and wavelength  is defined as the ratio o

PMD radiance value  to the solar irradiance , divided by the cosine of the inc

ρ x y λ, ,( ) x y,( ) λ
I x y λ, ,( ) I0 λ( )
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solar zenith angle, and the cosine of the viewing zenith angle. The use of this geometry-in
corrected reflectance ensures that comparisons can be made between measurements. (Th
tion is in line with that for PMD albedos in the previous algorithm). Zenith angles should be
culated at the top of the atmosphere and the above remarks concerning the satellite-to-atm
correction of these zenith angles are also appropriate here. Also, selection of the TOA he
required.

For each location, we then find the minimum reflectance (brightness) level over an ext
period of time as follows. From GOME PMD data, we generate 3 images [“Red (R)”, “G
(G)”, and “Blue (B)”]. We represent colour characteristics in RG-space by defining co-ordi

 and , where  defines the normalis

tion factor (the location  is assumed). If there are M red-green pairs  at this location

then the one that designates the cloud free (CF in the equation below) value is defined by:

       (2)

where W is the white point in the RGB chromaticity diagram [C2], and the modulus denote
tance in RG-space.

For GOME, global monthly cloud-free composites are created using this method, and the
then merged to form an annual composite. Monthly composites are not totally cloud-free 
cover in the tropics translates to 10 measurements per month at the equator). Combining m
composites removes ephemeral snow cover, but permanent snow and ice fields are still 
(further work is needed to separate these). GOME historical data from 4 months in 1996
were combined in this way to generate the first cloud-free composite.

The fractional cover at a given location is then a measure of the difference between the
measurement rg and the cloud-free value  at that location, that is, , wh

S is a proportionality factor. The algorithm can process whole orbits quickly, and is well sui
an operational environment. The algorithm has been compared with ICFA results taken from
level 2, and preliminary results show favourable qualitative comparisons with selected Me
images [C2]. Comparisons with the thresholding technique will be carried out as part 
CRAG study.

Concluding Remark

It has now been agreed that the PMD cloud coverage algorithm should be installed as a
alone part of the GOME level 0 to 1 processing (by user-community demand), as well as 
tuting part of the overall cloud retrieval algorithm in GDP level 1 to 2. This may also be co
ered for SCIAMACHY. A requirement on such a level 0 to 1b implementation is the use of a
TOA height, which must be agreed on by all parties at the outset. In level 1 to 2 processi
top-of-the-atmosphere height is a generic input (allowed to vary).

3.1.3 Cloud Fitting Algorithms (ICFA and RCFA)

(Not part of NRT).

The use of back-scatter spectra in and around the O2 A band to determine cloud-top pressure ha
long history (see for example [C7] and [C8]). The depth of the main A band absorption in the cen
tre of the R branch (~ 760 nm) below the adjacent continuum level of the reflectance sp
gives an indication of the penetration depth of the atmosphere (for fully cloudy conditions
now describe the main features of the fitting problem, with its applications to cloud frac

r Nρ λR( )= g Nρ λR( )= 1 N⁄( ) ρ λR( ) ρ λG( ) ρ λB( )+ +=

x y,( ) rgi{ }

rgCF W– rgi W–≥ i 1 2 … M, , ,=

rgCF f S rg rgCF–=
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cover (ICFA) and the application to cloud-top pressure and optical depth retrieval (RCFA
assumed in both algorithms that the cloud-top can be treated as a reflecting boundary; l
discuss the validity of this assumption.

Least-squares fitting involves the chi-square merit function minimisation (see equation (1
page 32). Suppose  are measured reflectances (sun-normalised radiance value

plied by ) in a fitting window covering all or part of the A band . Let  be the cloud fraction o

the pixel scene (  may be known from some other source or (for ICFA) it may be a free p

eter in the fitting). Then the simulated reflectance may be written as a linear combination of
to cloud-top and to ground level:

(3)

Here  and  are the pressures at cloud-top and ground levels respectively, and  is the

thickness of the cloud. In the fitting studies carried out for GOME, the main focus has been
parameters . For non-linear fitting, the repeated computation of full multiple sc

intensities is too time-consuming for operational use. This is largely because of the need to
late simulated intensities at a high spectral resolution prior to a slit-function convolution 
wavelength grid of the GOME measurements.

ICFA description and status

First we shall describe the Initial Cloud Fitting Algorithm (ICFA) currently in operational us
GDP [G3]. ICFA fits only the cloud fraction ;  and  are assumed known. ICFA assu

also that the simulated reflectance is a linear combination of the slant path transmit
 and  plus an additive closure term to deal with sc

tering contributions:

(4)

(λ* is a reference wavelength, for example the mid-point of a fitting window covering all or
of the A band).  and  are the line-of-sight and solar zenith cosines respect

 is the bi-directional cloud-top reflectance function which depends on the rel

azimuth  as well as the zenith geometry,  is the ground albedo (assumed Lambertian), a
a closure coefficient (a linear term in wavelength has been assumed in the above equation

If we define parameters ,  and , the

equation (4) is linear in the parameters ,  and , and the fitting is then linear least sq

The result  comes from the fitted parameter  and knowledge of ; apart from a requir

to examine the fit diagnostics, the other two parameters are discarded.

The bi-directional reflectance  is an important quantity in this algorithm. It consists of

terms - a reflectance  due to an infinitely optically thick cloud, and a second 

 represesnting transmission loss through the cloud.  must be c

lated using an invariance principle controlling the diffuse reflection from a semi-infinite opti

Rmeas λi( )

π Fc

Fc

Ysim λi( ) Fc Ycloud τc pc λi, ,( ) 1 Fc–( ) Yground pg λ i,( )⋅+ +=

pc pg τc

Fc pc τc, ,{ }

Fc pc τc

Tcloud λ j pc µ µ0, , ,( ) Tground λ j pg µ µ0, , ,( )

Ysim λi( ) Fcµ0α τc µ0 µ φ, , ,( )Tcloud pc λi µ0 µ, , ,( ) 1 Fc–( )µβTground pg λi µ0 µ, , ,( ) γ 1
λi

λ∗
------– 

 + +=

µ µ0

α τc µ µ0 ϕ, , ,( )

ϕ β γ

A1 Fc µ0 α τc µ µ0 ϕ, , ,( )⋅ ⋅≡ A2 1 Fc–( ) µ0 β⋅ ⋅≡ A3 γ≡

A1 A2 A3

Fc A1 α

α
α0 µ µ0 ϕ, ,( )

Cesc τ µ µ0, ,( ) α0 µ µ0 ϕ, ,( )
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thick plane-parallel atmosphere [R1][R13]. The correction factor  deals with

finite optical thickness and is calculated using asymptotic theory [R14]. For water droplet c
above a critical optical thickness , the correction factor is:

(5)

This expression contains constants g and , the escape function  which gives the relat

angular distribution of the radiation transmitted through the (optically thick) cloud, and
desired dependence on optical depth (see [C9] for detailed explanations).   is the albed

underlying ground surface (assumed Lambertian); the effect of  can be very considera

thinner clouds over highly reflecting surfaces like snow and ice. The above definition as
that the clouds have single scatter albedo equal to unity (conservative scattering); for the
droplet clouds defined for GOME [C10], the Mie scattering theory shows this assumption is
at wavelengths around 760 nm in the near infrared. The approximation in equation (5) is
ciently accurate for .

A database of cloud-top reflectance quantities has been created for GOME [G9]. 27 qua
cosines from 0 to 1 cover the zenith angle cosines  and . The azimuth dependence i

expressed through a Fourier cosine series, for which 35 terms are generally sufficient us
‘Delta-m’ approximation [R12]. 10 water-droplet clouds have been classified thus, for 3 w
lengths 750 nm, 775 nm and 800 nm.

The validity of the clouds-as-reflecting-boundaries approximation has been extensively in
gated as part of the cloud study work for GOME [G9]. A full layer treatment of clouds has
incorporated into the radiative transfer model GOMETRAN [R4], and this has been used i
junction with the DISORT forward model [R11] to compare back-scatter intensities. The r
tend to show a persistent underestimation of the intensity in the reflecting boundary appr
tion, but it is difficult to establish any sort of consistent pattern. One suggestion for further w
the generation of a parameterised ‘reflectance correction’ data set to be used in tandem 
above database for reflectance .

The ICFA as implemented in GDP does not contain any line-by-line computations of tran
tance. Instead, pre-calculated layer vertical transmittances were computed at 11001 points

enumber space (12,780 to 13240 cm-1 at 0.04 cm-1 resolution) covering the O2 A band. A 16-layer
atmosphere was distilled from the US Standard atmosphere, with effective layer temperatu
pressures used in the line-by-line (LBL) cross section computation. [For an explanation 
LBL computation, see section 3.3.4 on page 45].

For solar zenith angles less than 75 degrees, the secant factor  is accurate

for the layer slant path factors (plane parallel approximation); for higher solar zenith ang
small look-up table of ray-traced path factors has been computed. For a given geometry, c
tive transmittances are given as the product of vertical layer transmittances with layer sla
exponents. The results are then convoluted with the GOME Channel 4 instrument respons
tion to generate quantities used as templates in the fitting problem.

Cloud-top pressures (assumed known in ICFA) are taken from the ISCCP database [C11];
are given on a 1x1 latitude/longitude grid, and the level 1b geolocation footprint co-ord

Cesc τ µ µ0, ,( )

τcrit

Cesc τc µ µ0, ,( )
4 1 Ag–( )K µ( )K µ0( )

3 1 Ag–( ) 1 g–( ) τc 2q0+( ) 4Ag+
---------------------------------------------------------------------------------=

q0 K µ( )

Ag

Ag

τ τcrit> 9=

µ µ0 α0

α

1 µ⁄( ) 1 µ0⁄( )+
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(centre of pixel) select the entry. Convoluted transmittances in equation (4) must be interp
from those computed at the levels specified in the reference atmosphere.

It is important to have an accurate line spectroscopic database for O2 A band absorption in the cal
culation of transmittances. This been the subject of some investigation in GOME, a
improved database has been created for ICFA [C12]. The line intensities and broadening
tainties cause errors of up to 15%. Recent laboratory work is likely to provide more accura
[C13]. This will be incorporated into the upgraded CRAG algorithm for GOME and by exten
to the corresponding SCIAMACHY algorithm.

ICFA has a tendency to overestimate cloud fraction for scenes with inhomogeneous cloud
and there are some conceptual problems associated with cross-correlation of parameters

 (the convoluted transmittance shapes to cloud-top and ground are very similar). The

additional question marks over the simple closure treatment of scattering, and also over sh
tortions of the A band signature perhaps due to interference spectra not considered so far
spectral fitting (under-sampling correction for GOME, Ring filling of absorption features
Raman scattering). These latter issues are currently under investigation.

RCFA developments

The non-linear fitting of  and/or  has also been the subject of some investigation [G9

liminary results have shown that the cloud-top pressure is a robust parameter that may b
with some degree of confidence, but the optical thickness is less certain, particularly if the
fraction is also a free parameter to be fitted. It seems likely that one of the two abovemen
PMD cloud-clearing algorithms will be the method of choice for cloud fraction, with  an

 derived from a revised cloud-fitting algorithm; a combination of methods may yield a 

accurate approach.

With the cloud fraction assumed known, we may use an iterative technique (non-linea
sqaures, optimal estimation) to fit for  and , using the combination of quantities in equ

(3) for the simulated back-scatter. Separate intensities to ground and to cloud-top may b
lated using the GOMETRAN radiative transfer code in a formalism with clouds [R5]. An in
study has been carried out for one scenario containing a number of scenes over and arou
can Fran (4 September 1996). A look-up table of simulated instensities was created for the
priate viewing conditions, and a chi-square grid-search was used to find a pair of values 

 corresponding to a minimum value of chi-square. The results are very promising, in par

for the cloud-top height, as verified by available synoptic information (T. Kurosu, private com
nication).

Two additional methods have been suggested for cloud fraction retrieval. The first uses a
linear regression on continuum intensities (GOME or SCIAMACHY channel 4, away from 2O
or O2 absorption bands), using a look-up table. The second is also a linear regression on 
ties in and around the prominent Ca II Fraunhofer lines (~ 393 nm). This method utilises t
ference in the levels of Raman scattered light for cloudy and clear scenes.

Further developments for SCIAMACHY

The database of cloud-top reflectance quantities has recently been extended to cover SC
CHY wavelengths. Mie theory computations show that single scattering albedos are signif

A1

A2

τc pc

τc

pc

τc pc

τc

pc
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different from unity for SCIAMACHY infrared wavelengths, and in consequence the expre
for the transmission loss term in the asymptotic approximation contains extra terms. W

notation as in equation (5), and with constants m, n, l, k and  calculated under the assumptio
of non-conservative scattering [C9], the loss term is:

(6)

As far as O2 A band fitting algorithms are concerned, GOME and SCIAMACHY developme
are concomitant. However, SCIAMACHY does have infrared channels, and there are add
possibilities for cloud information retrieval using related spectral fitting algorithms in the w
bands around 930 nm (channel 5), and the CO2 bands around 2000 nm (channel 7). In particu
the retrieval of cloud-top pressure from CO2 absorption is in principle very similar to the IAS
application for the retrieval of an equivalent reflecting height (see section 3.3 on page 42)
one could assume that the cloud fraction was known, and then compute transmittances t
the cloud-top pressure and optical depth. Light scattering by clouds is non-conservative 
part of the infrared and expression (6) would be required for the reflectance escape functi
rection.

Finally a word on cloud type. It should be possible with the PMD information available 
SCIAMACHY to distinguish between water and ice clouds, with a further classification o
clouds into optically thin and optically thick types (examination of brightness values in infrar
The cloud fitting algorithm will provide additional information about the cloud-top height and
optical depth, but this is not in itself enough to make an unambiguous assignment of wate
type. An assignment of cloud type should probably be made according to the WMO schem
also intended to look at fractional polarisation values (as delivered by the level 0 to 1 algo
for the identification of cirrus.

3.1.4 Introduction to Aerosol Pre-processing Algorithms

The last section deals with the retrieval of aerosol from SCIAMACHY nadir data. This fie
still under development; we confine our attention to the generation of an absorbing aeroso
value (the AAIA algorithm), and the generation of an optical thickness value (AOTA algorit
The AAIA has been considered for GOME as well, and the treatment is the same The AOT
been developed for GOME, and the treatment is also applicable direclty to SCIAMACHY.

The AAIA appears in the NRT specifications; AOTA is not part of NRT.

3.1.5 Aerosol Absorbing Index Algorithm (AAIA)

(Applies equally to SCIAMACHY OL and NRT).

It has been shown that an absorbing aerosol index (AAI) may be obtained for remote sens
observations by looking at the logarithmic difference between two earthshine reflectanc
have been corrected for Rayleigh scattering. The usefulness of this index as a tracer for d
smoke aerosols was first demonstrated for the TOMS instrument for measurements of b
smoke burning over the Amazon basin [C14]. Similar results have been obtained using G
level 1 data (J. Gleason, private communication, 1997). For the specification of the SCI
CHY NRT algorithm it was decided to adopt this definition of an absorbing aerosol index 

A∗

Cesc τc µ µ0, ,( )
m 1 AgA∗–( ) l Agmn

2–[ ]K µ( )K µ0( )e
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The AAI in itself is not a physical quantity, but recent work has established a relation betwee
index and aerosol optical depth [C15].

Reflectances at 340 nm and 360 nm have been selected for the TOMS work. Trace gas ab
is low at these wavelengths, and the spectral signature of non-absorbing aerosols is flat in 
of spectrum. However, absorbing aerosols such as soot have low single scattering albed

UV, and the absorption shows a marked fall-off with wavelength. Thus once the Rayleig
signature has been accounted for, the corrected reflectance ratio should mark the presen
absorbing aerosols. The definition of AAI is:

(7)

The calculation is facilitated by using the measurement albedo at 360 nm in the theoretica
lation at 340 nm. High values of the logarithm of the reflectance pair ratio will indicate the 
ence of absorbing aerosols. It has been noticed that even without the Rayleigh correction, t
of reflectances at 340 and 360 nm shows a marked deviation from normal values in the p
of smoke aerosols [U9]. Such absorbing aerosols are found principally in the atmopsheric 
ary layer and their detection is compromised for partially and totally cloudy scenes. 

SCIAMACHY earthshine and solar measurements are smoothed and binned in small 
around each wavelength, and reflectances calculated for these buffers. Mean values of ref
are then taken across the buffers. A simulated reflectance for a pure Rayleigh atmosphe
then be calculated at 340 nm, using the reflectance at 360 nm as the surface albedo. A se
calculated look-up table coefficients was derived for the extraction of appropriate Rayleig
rection reflectances. 

3.1.6  Aerosol Optical Thickness Algorithm (AOTA).

We confine our attention here to summarising what has been done so far for GOME; the a
tion to SCIAMACHY will be clear. Some of the GOME work has been done as part o
CADAPA study [G10], and the following summary is drawn from that source. In conjunc
with this study, further work was done as part of a project to develop operational cloud and
sol products at I-PAF (see for example, the presentation at GOME and SCIAMACHY Wo
Sessions 7, April 1998), and this operational implementation is now under way.

Aerosol optical thickness is best retrieved from nadir reflectance measurements in parts
spectrum where trace gas absorption is minimal. For GOME, there are 3 suitable region
from 357-430 nm, plus two other regions adjacent to the O2 A band (750.8 - 758.4 nm, and 774
- 787.0 nm). Wavelength windows were chosen by examining a number of simulated reflec
(produced by MODTRAN [R10]) for which atmospheric trace gas transmittances were g
than 0.996 over ranges greater than 3 nm. A total of 28 wavelengths were selected from th
three regions (3 nm resolution from 361 - 427 nm, plus 5 others from channel 4). Some m
ments around 425-430 nm may require correction for O3 Chappuis absorption.

These GOME measurements span channels 2, 3 and 4, and it is important to take care 
channel discrepancies at the channel 2/3 border (cross-over gradient, jump mismatch 
ances). Box averaging was used to render the spectra Ring-free [C16]. A new and flexib
base of aerosol optical properties has been assembled for this work [C17]. Properties for
number of aerosol classes can be derived from a data set of basic component propertie

λ 4–

AAI 100
Imeas 340( )
Icalc 340( )
-------------------------- 

 log⋅–=
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internal or external (WMO) mixing [C18]. 15 aerosol classes were considered for the p
algorithm.

The simulation of nadir back-scatter measurements was done using a modified form of th
ORT model. In the absence of trace gas absorption, multiple scattering can be approximate
a limited number of zenith stream angles, so long as the single scatter contributions are m
with full accuracy [C19]. A direct inversion retrieval for this problem has not been attempted
each pixel scene, simulations of reflectance values at the chosen wavelengths are ma
number of values of aerosol optical thickness and for a number of aerosol classes. These
are then compared with measurements to find the best fit; simulated values are not analyt
tions of aerosol optical thickness, so the fitting is non-linear least squares. For each aeros
the fitting is performed for the single varying parameter (the aerosol optical thickness at 50
the desired result is obtained for that class which has the lowest chi-square merit function 

Sensitivity analyses have been carried out for two effects. The first is cloud contamination a
results clearly indicate that the AOT retrieval is seriously compromised in the presence of c
The second study focussed on the effect of heterogeneous footprint surfaces; results are u
for a predominantly water surface with some land contamination, less so for mixed land
footprints. Therefore only cloud-free pixels have been considered in the test cases consid
far for the GOME application. A dust aerosol test case over the Sahara and Atlantic Oce
selected. Contemporaneous METEOSAT images were used for scene selection, with some
tion measurements from a ground-based station [G10]. Preliminary results show good
quantitative estimates of AOT over the ocean and desert, though difficulties were found 
definition of suitable dust aerosol classes [C20].

Derivations of aerosol optical thickness values are possible from SCIAMACHY near inf
nadir measurements (channels 5 - 8), but there are no algorithms on the table at the time
ing.
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3.2 UV-Visible Absorption Spectroscopy (UVAS)

3.2.1 Introduction

Long-path differential absorption is a well-known method for measuring amounts of atmos
trace gases. The technique has been used widely in the last two decades for the derivation
species abundance from a variety of ground-based, balloon and air-borne, and ship-base
ments measuring the zenith sky in the near UV and visible ([U1] [U2], [U3] and refere
therein). The use of DOAS (Differential Optical Absorption Spectroscopy) in GOME total
umn retrieval represents the first successful application of this technique to measuremen
space-borne passive remote sensing instruments [G3]. Besides O3, abundances of a number o
trace species have now been detected with GOME (see table below).

Since SCIAMACHY has a similar nadir-scan measurement capability to GOME, the D
retrieval technique is clearly applicable to its UV and visible back-scatter spectra. Much 
following algorithm description applies equally well to either instrument.

We start with a description of DOAS, following for the most part the exegesis in [G3]. This i
lowed by a summary of a new variant on the slant column fitting of trace species which m
considered as an option for SCIAMACHY OL. The discussions on fitting window choice and
erence spectra are based on the text in [G3], with special applications to SCIAMACHY. Th
lowing two sections are concerned with Air Mass Factor (AMF) computation and the 
evaluation of vertical column densities respectively. The last section deals with operational 
mentation issues.

For the NRT, the DOAS algorithm as used in GDP has been taken over. AMF tables will b
ated especially for the NRT, based on O3 and NO2 profile climatology used in GOME. Because 
the need to freeze specifications at an early stage, recent developments on these A
described below will not be considered for NRT. Similarly the ‘direct fitting’ slant column a
rithm will only be considered for the OL processor.

3.2.2 The DOAS algorithm

Trace gas absorption is based on the Beer-Lambert law - the optical density due to tra
absorption is the coefficient of absorption times the absorber column amount. If  is the

uated intensity and  the incoming intensity at the top of the atmosphere, then we write

(8)

Here,  is the effective slant column density of the jth absorber over path length s, and 

is the coefficient of absorption.

Incident solar light is further attenuated by molecular (Rayleigh) scattering, by absorptio
scattering due to particulate matter (clouds and aerosols), and by reflection from the eart
face. In contrast with the differential (sharp with moderate resolution) spectral features cha
istic of some trace gas absorption in the UV/visible, these other attenuation effects all con
broad-scale features to the back-scatter spectrum. The broad features are approximated 
order additive polynomial in wavelength, and the simulated optical density  is given

I λ( )
I0 λ( )

I λ( )
I0 λ( )
------------ 

  σ1– λ( ) A1 s( ) σ2 λ( ) A2 s( ) …–⋅–⋅=ln

Aj s( ) σj λ( )

Ysim λ( )
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(9)

The measured optical density may be expressed in terms of the SCIAMACHY-measured
back-scatter spectrum  and the extra-terrestrial reference spectrum  as th

rithm of the reflectance ratio: .

Least-squares fitting involves minimisation of the chi-square merit functional for N observa
included in a given fitting window:

(10)

The simulated optical density in equation (9) has a linear dependence on the set of fitting
tudes ; the fitting for these quantities is a straightforward multi-linear regression. I

sion of the measurement errors  makes the fitting weighted; an assumption of co

error produces an un-weighted fit.

The trace gas cross sections are assumed known, and are usually taken from laboratory m
ments (see below) - they constitute reference data for the fitting. Experience with DO
GOME has shown that an additional reference spectrum should be added to the list of fitte
tra; this is the “Ring” spectrum, due to atmospheric inelastic Raman scattering of the Frau
spectrum. In the fitting, the Ring spectrum is treated as a linear pseudo-absorber.

In practice, there will be some uncertainties in the wavelength matching between the v
spectra, and the fitting can be improved by compensating for these registration errors. Eac
ence spectrum can be translated in wavelength by a single value (shift), and stretched o
pressed by a single value (squeeze) about some reference point. The shift/squeeze adjust

(11)

 depends non-linearly on the shift/squeeze parameter pairs, which must be dete

iteratively using a non-linear least squares method [U4]. The linear regression for  i

embedded in the non-linear shift/squeeze fitting, and must be performed at each iteration
the non-linear fit has converged, another linear regression is performed to establish the fin
ues of the amplitudes .

In this DOAS approach, wavelength calibration of measured spectra is already performed i
0 to 1b processing, and there is no attempt to further reference them. Another assumption
the form of the SCIAMACHY instrument response function (sometimes called the “slit f
tion”) is assumed known, so that convolution of reference spectra to the wavelength resolu
the instrument (if required) is in principle known for all wavelength calibrations. Convolutio
not necessary when reference spectra have been derived from flight model laboratory m
ments (as part of the pre-launch calibration program); this has been the practice in GOME w3
and NO2 cross sections. The advantage of using such cross sections is that some inst
derived distortions can be accounted for in the fitting [U5]. For “minor” absorbers, it has 
proved expedient to run a low-pass smoothing filter over the measurement data to improve

Ysim λ( ) I λ( )
I0 λ( )
------------ 

  σ1– λ( ) A1 s( ) σ2 λ( ) A2 s( ) …– B1– B2 λ λ0–( )– B3 λ λ0–( )2–⋅–⋅=ln≡

Inadir λ( ) Isun λ( )

Ymeas λ( ) Inadir λ( ) I sun⁄ λ( )[ ]ln=

χ2 Ymeas λ i( ) Ysim λ i( )–

εmeas λi( )
------------------------------------------------- 

  2

i 1=

N

∑=

Ai Bj,{ }

εmeas λi( )

λ∗ λ shift〈 〉 squeeze〈 〉 1–( ) λ λref–( )⋅+ +=

Ysim λ( )

Ai Bj,{ }

Ai Bj,{ }
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at the expense of some precision. (If GOME spectra are smoothed, then so must the re
spectra be smoothed).

The most important diagnostics from the least-squares fitting are the solution covariance m

 and  for the linear and non-linear problems respectively. For weighted fitting, the f
amplitude errors are the square roots of the diagonal entries of these matrices; thus the 

effective slant column  is . For un-weighted fitting, the fitting amplitude errors mus

multiplied by , where  is the number of degrees of freedom (number of observa
less number of fitted parameters). Off-diagonal entries in the solution covariance will be
conveniently expressed in terms of the cross-correlation matrix, given 

.

Chi-square is also a diagnostic. Another single-number diagnostic is the RMS value:

(12)

The goodness-of-fit statistic is sometimes useful for weighted fitting; this is the probability
the final value of chi-square obtained in the fit should occur by chance, and is given by the

of the incomplete gamma function , where  is again the number of degrees o

dom. (Un-weighted fitting is equivalent to the assumption of a good fit).

For SCIAMACHY retrieval, trace gas slant column amplitudes constitute the main results
included in the product, which will also contain some diagnostic information (see chapter
product content). Before we discuss fitting windows and targeted trace species, we me
recent improvement in spectral fitting.

3.2.3 Direct Fitting UV-Visible algorithm

An alternative approach involves the direct fitting of measured back-scatter spectra to thei
lated equivalents [U6]. There are no logarithms; in the above equations, we use  in

of  as the basic measurement quantity of the fit. The amplitudes  plus po

mial closure terms are fitted directly by non-linear least squares iteration. The fit includes a
correction.

Shifts and squeezes are not fitted in this algorithm; instead all radiance and irradiance spe
wavelength-registered against a very accurate external Fraunhofer reference spectru
before the fit takes place. Using least squares fitting for this registration also allows an ind
ent determination of the (assumed Gaussian) instrument response half-width. Reference
are also pre-calibrated against more accurate standards.

The fitting of GOME spectra for trace species retrieval includes an additional reference sp
to account for unwanted structures in the measurement spectra caused by incomplete sam
the slit function (FWHM for GOME in channel 2 is typically 1.7 pixels, below the Nyquist li
of 2 pixels). A synthetic under-sampling spectrum is constructed from a convolution of the hig
resolution Fraunhofer reference spectrum with the fitted Gaussian slit function by contr
sampled representations of this convoluted spectrum. Inclusion of this under-sampling in th

S
L( )

S
N( )

Ai Sii
L( )

χ2 ν⁄( ) ν

Cab Sab Saa Sbb[ ]⁄≡

RMS
1

N
-------- Ymeas λ i( ) Ysim λ i( )–[ ]2

i 1=

N

∑⋅=

Q
1
2
---ν 1

2
---χ2, 

  ν

Inadir λ( )

Ymeas λ( ) Ai Bj,{ }
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gas retrieval improves the fitting dramatically; the results are more precise, and there is n
for additional smoothing.

The technique has been tried for whole orbits of GOME data to produce global distributio
BrO [U6]. The enhanced accuracy of the method (in particular the inclusion of the under

pling correction) allows absorption features of several parts in 10-4 to be seen by GOME; it is now
possible to measure global background SO2 and ozone-hole ClO with this method (K. Chanc
private communication, 1998). Work is currently underway to extend this technique to NO2 and
H2CO retrieval. 

3.2.4 Choice of Fitting Windows 

There are several considerations to bear in mind when choosing fitting windows. In genera
window should contain a set of SCIAMACHY observations from a single cluster readout, w
cross-channel or cross-cluster mixing of measurements. (Measurements are usually, but n
essarily, contiguous). The number of points in a window should not be too low (poor fit qu
or too high; 50 < N < 500 is suitable.

Windows are selected to highlight particular trace gases. Interfering species should if poss
avoided, along with regions containing strong Fraunhofer lines (though the Ring effect c
partially compensated for, as noted above). One should also avoid regions of low signal-to
(large measurement uncertainty) and wavelengths at which unwanted instrumental re
present in the measurement spectra (stray light corruption, dichroic effects).

In the ‘classical’ DOAS approach, a single Air Mass Factor (AMF) is used to convert slant t
tical column density. For a given trace species, the window should be chosen so that the

sponding AMF is representative; for minor absorbers showing optical depths 10-2 to 10-4, this is
not a problem, and one normally selects the window mid-point wavelength for the AMF com
tion. However, for strong non-linear absorption in the O3 Huggins bands, this AMF issue is a
important driver in the choice of window limits (see below in section 3.2.6).

In the table above, the first two windows for O3 and NO2 were selected for GDP, and it is pro
posed that they be also used for SCIAMACHY. Work done on minor trace species D
retrieval from GOME measurements has helped to define windows for H2CO, BrO, SO2, OClO

Window (nm) Featured Absorber Interfering Species Usage to date Source

325 - 335 O3 (Huggins) NO2, Ring GDP [U8]

425 - 450 NO2 O3, Ring GDP [U8][U10]

510 - 560 O3 (Chappuis) NO2, Ring, H2O, O4 GDP proposed [G3]

336 - 354 H2CO O3, NO2, Ring, BrO GOME off-line [U9][U10]

314 - 327 SO2 O3, Ring GOME off-line [U10]

340 - 360 BrO O3, NO2, Ring GOME off-line [U11][U6]

350 - 380 OClO O3, NO2, Ring, BrO GOME off-line [U11]

305 - 312 ClO O3, NO2, Ring GOME off-line KC

Table 3: Fitting Windows in the UV and visible wavelength range
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and ClO. For minor species in the UV, O3 is often a serious interfering species and must be fi
simultaneously; the ClO signatures are particularly hard to distinguish from the very subs
overlying O3 absorption. In the visible, NO2 and O3 (Chappuis) are fitted together; the main iss
here is to avoid wherever possible regions of H2O and O2-O2 absorption. [The fitting of H2O
requires a different approach and has not so far been considered for SCIAMACHY].

As far as the products are concerned, research on BrO and SO2 retrieval using GOME data indi-
cates that the fitting is mature enough to consider these two gases as retrievable on a glob
This will be the default for SCIAMACHY. For HCHO the fitting is still most effective for spec
scenarios such as biomass burning, but despite this, a decision has been made to retrieve
cies on a global basis for SCIAMACHY. OClO is restricted to special circumstances, and a
line has to be determined for the scenarios to be considered for fitting this gas. The ClO s
still too undeveloped for a determination yet as a SCIAMACHY product.

3.2.5 Reference Spectra

Ozone

The benchmark UV data of Bass and Paur [U12] was used in the original GDP and is still a
date for SCIAMACHY UV fitting. The well-known temperature dependence in the Hartley-H
gins bands is expressed through the quadratic parameterisation:

(13)

 is the cross section at reference temperature  (273.15K);  are parame

tion coefficients. For the visible, the unpublished data of Johnson [U13] was used origina
GOME (no temperature dependence); this is probably out of date now, and a more suitable
lation should be considered (for example, see [U14]).

As part of the calibration programme, laboratory measurements were made with a reacti
and the GOME flight model during the pre-launch calibration phase. O3 UV and visible cross sec-
tions at 5 temperatures were derived from these measurements; the results have recently
calibrated [U15], and these ‘flight model’ cross-sections are now the default for GDP. The 
ratic parameterisation in the previous equation has been applied to the data. Unlike the old
ature data, they do not require convolution or smoothing before use in the fitting. It is inten
derive cross sections from pre-launch laboratory measurements with SCIAMACHY at the 
the calibration phase (October 1998). A further option for the future will be the use of high
lution cross sections derived from laboratory Fourier Transform spectrometer (FTS) me
ments (work in progress at a number of institutions). 

NO2

The original data [U16] used for GOME have now been supplanted by GOME ‘flight mo
cross sections also derived from pre-launch laboratory measurements taken during the ca
phase [U17]. This molecule has in recent years been the subject to a number of new lab
studies, and there is wealth of new data available [U18][U19]. It was agreed last year (SSA
Brussels, October 1997) that a new compilation should be made, and this work has now 
The compilation will distil the work of several FTS teams active in the field. Temperature de
ence is turning out to be important for this species, but only preliminary attempts have bee
so far at a parameterisation scheme [U20]. It is also intended to derive SCIAMACHY f
model cross sections for this gas. 

σλ T( ) σλ T0( )= 1 aλ T T0–( ) bλ T T0–( )2+ +( )⋅

σλ T0( ) T0 aλ bλ,{ }
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A differential Ring cross section was derived from GOME pre-launch zenith sky observa
using an established measurement technique [U21]. Theoretical Ring spectra have been
from model studies of Raman inelastic scattering [U7][R6][G12]. It now seems clear tha
model-produced Ring reference spectra are to be preferred, and the theoretical results obt
GOME studies can certainly be used again for SCIAMACHY. Some zenith sky measureme
planned with the flight model to determine an instrumental Ring absorption spectrum. 

Other Species

For BrO, the literature reference spectrum used for GOME [U22] is still extant, though new
work is expected to provide more accurate data (P. Wennberg, private communication, 199
SO2, the situation is much the same: for the GOME standard, see [U23]. For ClO [U24], O
[U25], H2CO [U26] and O2-O2 [U27], improvements over the spectra currently used for GO
are also needed.

Temperature Dependence

For trace species with temperature-sensitive cross-sections, the choice of a representative
ature to use in the DOAS fitting is important. The current default for GOME GDP O3 is to choose
the temperature at an altitude corresponding to the peak number density of an appropriat
profile (temperature and ozone profiles are part of the same climatology or model outpu
improvement here might be the use of analysed ECMWF temperature fields rather than c
logical profiles.

Studies on GOME data have shown that O3 columns are sensitive to the choice of cross sec
temperature; in this connection, a ddata set of effective temperatures for DOAS-type retrie
UV ozone has been derived for use on a global basis (A. Piters, GOME and SCIAMACHY W
ing Sessions 5, February 1997).

Another alternative is to treat the temperature as a variable to be extracted from the fitting. 
end, one employs two O3 cross sections at different (but known) temperatures in the fitting, 
the actual ozone slant column content and effective temperature are then derived from the
ting parameters associated with the two reference spectra (A. Richter, GOME and SCIAMA
Working Sessions 7, April 1998).

For GOME GDP NO2, the flight model cross sections at 221 K are used (nearest represen
temperature corresponding to the peak concentration of NO2 in the stratosphere). The temperatu
dependence for this species is not so marked as that for ozone, and it is not clear yet whe
value is really optimal.

3.2.6 Air Mass Factors

Irrespective of the form of the fitting algorithm, trace gas slant columns must be converted 
tical column amounts (which are independent of viewing geometry). This conversion is a
plished by dividing with suitable Air Mass Factors (AMFs); these represent the enhancem
trace gas absorption due to slant paths of incident light through the atmosphere. For a giveg,
the AMF is the ratio of slant path to vertical optical depths, and is defined by:

(14)AMFλ g( )
Inogas λ( )( ) I total λ( )( )ln–ln

τvert λ( )
---------------------------------------------------------------------=
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 is the back-scattered intensity including all absorbers except the trace gas of interes

 is the intensity including all absorbers. The vertical optical depth is determined from

extinction integration of profile concentration  multiplied by the cross section 

the wavelength  of interest:

(15)

For a trace species with small optical depth and for a plane-parallel atmosphere, the AMF
approximated by the geometrical secant factor , where the angle

the solar and nadir line-of-sight zenith angles respectively. For long paths and for regimes
the trace species absorption is deeper and non-linear, a full radiative transfer (RT) simulat
curved refracting atmosphere is required.

For an accurate computation of the AMF, one must run the RT forward model twice to co
 and . In some circumstances, a good approximation to the AMF may be obt

from a single computation of   and its associated weighing function output [R7]. Note 

top of the atmosphere (TOA) height must be defined for the RT transfer simulations. 

The UV/visible vertical column retrieval as described so far is conveniently separated into 
ting algorithm for the slant column and a pure simulation of the AMF. However, there is a fl
this logic. It is assumed that the trace species profile is known in advance in order to comp
AMF to achieve the retrieved column amount for that species. In most cases (and in gen
low optical depths) the column amount is insensitive to choice of assumed profile in the
computation. There are circumstances in which AMFs are sensitive to profile shape, and ch
a profile which bears little resembalance to the actual atmospheric profile can lead to an AM
is incorrect and hance to a vertical column result that is inaccurate or wrong. In the next s
on vertical column calculation, a simple quality control method for AMF selection is outlined

Details of AMF simulation depend on the nature of the RT model used for the computation
AMF will depend not only on viewing geometry, but also on the chosen trace species climat
on the assumed molecular density and aerosol loading, and on the lower boundary surface
ing property. For cloud-contaminated scenes, AMFs to the ground and to cloud-top are re
The assumption adopted for GOME is that clouds may be treated as bi-directional reflectin
faces. This is good enough for water droplet clouds above a certain optical thickness (see a
section 3.1 on page 21, and for more details, see [G9] for example). 

A full multiple scattering treatment cannot be avoided in the UV and visible regions. For S
MACHY (as was the case for GOME), viewing geometry information is available several 
over one pixel, and assuming horizontal homogeneity in all other atmospheric variables, it 
sible to calculate several AMFs and form a weighted sum that will be representative for tha
print. This is known as the “extended field-of-view (FOV)” weighting option [G3]. For GOM
the 3-sum weighting was done with intensity ratios and parabolic weights (W1 = W3 = 1, W2 = 4)
in the following manner (the assumption of small optical depth is a prerequisite of this resu

(16)

Inogas

I total

Cg z( ) σg z λ,( )

λ

τvert λ( ) σg z λ,( ) Cg z( ) zd⋅
0

z0

∫=

AMFgeom θ0 θ1sec+sec=

Inogas I total

I total

AMFfov g( )
Inogas i( )
I total i( )
--------------------

i 1=

3

∑ Wi AMFi g( )⋅ ⋅=
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For species with small optical depths, AMFs do not vary much with wavelength over the re
fitting windows, and a value computed at the mid-point of the window is representative 2
AMFs were calculated at 437.5 nm for example). For O3 in the Huggins bands, the absorption 
stronger and non-linear, and the AMFs show considerable variation with wavelength betwe
and 335 nm, and variation also with solar zenith angle. Studies carried out for GOME have 
that the choice of 325 nm for the AMF gives a value closest to the actual enhancement o
path absorption [G6]. Ideally one should account for the wavelength dependence of the A
the O3 Huggins window, and perhaps try to fit for the vertical column density by using an A
modified cross section in the fitting (see remarks below). 

It was intended originally with GOME to calculate the AMFs from scratch, but due to unfore
circumstances, an interim solution was adopted for the first operational GDP. In this, the 
scatter AMFs are computed ab initio using a model developed at the University of Heidelbe
[G6], and multiple scatter correction factors are then used to scale up the AMF to its full 
These factors were parameterised in a look-up table, and pre-calculated using the GOME
model [R4]. No attempt was made to estimate errors on the AMFs due to model input as
tions.

The updated GDP planned for 1999 will use look-up tables only, with no radiative transfer 
lations from scratch; this update will also use improved climatology for NO2 and O3 profiles in
the AMF selection. The SAGE-II/Balloon Climatology for O3 [U28] contains 26 profiles
expressed as column Umkehr layers (units [DU]), and a single error covariance matrix (in u

[DU]2). By evaluating the AMF derivatives with respect to these Umkehr amounts, one ca
use the error covariance to compute variances for the AMFs, and ultimately to examine er
the vertical column result due to the O3 profile choice uncertainties (see next sub-section). 

GOMETRAN is a suitable RT model for generating look-up tables of O3 AMF components, and
the weighting function output from this RT can be used directly to compute AMF Umkehr co
derivatives (see section 5.1 on page 75 for details). The work undertaken for GOME can b
over directly for SCIAMACHY. It is proposed to use new look-up tables based on the impr
climatology for O3 profiles in both the NRT and OL processors for SCIAMACHY. 

For NO2, a suitable profile climatology for AMF computation does not exist, and the model
put profiles used for GDP [G4] have so far proved unreliable. Work is currently underway to
erate a new climatology. In the stratosphere down to the tropopause, this is based on HALO2
occultation profile data [U29]. Stratospheric profiles show little variation on a zonal basis
stratospheric NO2 AMFs are fairly insensitive to the column content above the tropopause. T
ospheric NO2 is very variable, and large boundary layer concentrations can greatly affect 
values. To allow for this, the ground level concentration is regarded as a variable paramete
number of analytic tropospheric profiles are matched to the stratospheric data to generate
matology. AMFs constructed from this basis may be used iteratively to generate a vertical c
result that supports the fitted slant column amount (see next section).

Remark on Modified DOAS

This is a form of DOAS wherein reference cross-sections are multiplied by pre-computed 
in the DOAS fitting environment; the fitted parameters are then vertical column amounts. 
this has been applied only to Huggins O3 in the UV [G6]; the advantage here is that the wav
length dependence of the AMF can be accounted for in the fitting window 325 - 335 nm. O
case studies have shown that the fit quality is improved by this method, but there is some
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go before the method could be implemented globally in the operational environment (at th
least, a comprehensive parameterisation scheme would be required). Operational implem
would have to rely on pre-calculated look-up tables; AMFs would have to be computed at
wavelengths, adding an extra dimension to the size of the tables already being developed
ular DOAS. Status TBD.

3.2.7 Vertical Column Density 

For a clear sky footprint, the vertical column V to the ground is simply the slant column E divided
by the Air Mass Factor , the latter computed or extracted for the appropriate vie

geometry and climatological profile (and also ground height, surface reflectance and part
loading). In order to deal with cloud-contaminated scenes, we assume that clouds are equ
tributed over the footprint scene with the same cloud-top height. We then take the fractiona
cover result  from the cloud pre-processing algorithm, and compute a total AMF for the s

(17)

(If the option has been set, the extended-FOV weighting is assumed for these AMFs). F
cloudy parts of the pixel, the AMF is known only to the cloud-top, and we have no knowled
the vertical column between ground and cloud-top. This latter column is the “ghost vertica
umn (GVC)”, required for the final computation of the total vertical column  to the gro

The end result is: 

(18)

The ground height (topography data base) and cloud-top height (retrieved from RCFA clou
processing) are assumed known. One way of estimating GVC is to integrate the appropria
of the trace gas climatological profile chosen for the AMF evaluations (this is the current G
default). Another way (so far untried) is to use results from two different fitting windows. I3
has been fitted with slant column results E1 from the UV (Huggins) window and E2 from a visible
(Chappuis) window, and the corresponding clear sky AMF values are A1 and A2, then an estimate
for GVC is (E2/A2) - (E1/A1). 

So far with GDP, there has been no simple way to exercise any sort of quality control on th
cal column result. In the classical DOAS/AMF approach, only one set of AMFs can be com
for a given scene; there is no way to improve upon the VCD result if the AMFs are not co
The most serious situation where this could occur is in a depleted O3 scenario (associated with th
ozone hole phenomenon). Here, AMF values computed with a ‘normal’ (non-hole) O3 climato-
logical profile will be in error by as much as 10%; they are not representative for the corres
ing low slant column result obtained from the DOAS fit.

The use of look-up tables based on the SAGE-II/balloon column-classified O3 climatology allows
us to adjust the AMF and the vertical column result, so that the computed AMFs for that foo
reflect the true content of the atmosphere. To do this, we take an initial guess V0 for the vertical
column and use it in the look-up table to return our first calculations of the AMFs to groun
cloud-top. A new estimate of the vertical column V1 is then obtained using equation (18). Th

process is repeated until the iteration converges. The result is then  if 

AMFclear

Fc

AMFtotal Fc AMFcloudy 1 Fc–( ) AMFclear⋅+⋅=

Vtotal

Vtotal

E Fc GVC AMFcloudy⋅⋅+

AMFtotal
----------------------------------------------------------------=

Vn 1 Vn Vn 1–⁄( )– ε<
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after the nth iteration (ε is a pre-set convergence criterion). Note that the ghost column will be
ated automatically with this climatology (the ghost column height is the difference betwee
ground and cloud-top heights).

V0 may be taken from a nearest neighbour Level 2 result, or from climatology; the TOMS 
mean O3 total column climatology [U30] is a suitable candidate for the latter option. In m
cases the first guess V1 is sufficient, since for regular O3 scenarios, AMFs are insensitive to pro
file shape and column amount. In these cases iteration is not necessary. However for lon
paths and/or depleted O3 scenarios, where initial guess AMF values may be incorrect, the i
tion will act as a quality control on the AMFs. The look-up table enables AMFs to be repea
extracted quickly from database, without the need for lengthy RT simulations. It has been

in practice that a few iterations are sufficient for a convergence criterion of . Despi
repeated extraction from look-up tables implicit in this iteration, the procedure is many 
faster than the original GDP scheme for AMF and VCD computation. Work is now underw
validate this approach.

A similar iteration is possible for the NO2 vertical column, using the suggested climatology me
tioned above. Local uncertainties in the tropospheric NO2 burden could be accounted for in th
method (work under way).

Finally for O3 vertical columns, we derive the total error on the VCD including AMF uncert
ties from the SAGE II/balloon climatology. In equation (18), we assume that the errors on
parameters E (slant column) and  (fractional cloud cover) are independent of each other

also independent from errors due to O3 profile choice. From the Gaussian error propagation l
we have: 

(19)

The matrix  is the error covariance matrix present in the SAGE-II/balloon climatology.

climatology is parameterised in terms of a number of Umkehr column amounts . The 

derivatives may be found from the definition in equation (18). In particular the deriva
 depend on the AMF and ghost column derivatives  and . 

ghost column is a linear combination of the database Umkehr columns, so its derivative is 
compute. A note on the AMF derivatives is given in section 5.1 in the summary of the AMF 
up table construction. 

So far in GDP, AMF uncertainties have been ignored in computing the error on the vertica
umn density result (that is, only the first two terms in the right hand side of equation (19) are
puted in GDP).

3.2.8 Operational Considerations 

Because of the similar measurement capability in the UV/visible, and the similarity of the 
rithms, operational experience gained with GDP using the DOAS/AMF algorithm is invalua
the implementation and testing of the SCIAMACHY UVAS algorithms. For example, the u
an ab initio single scatter model and a look-up table for the multiple scatter correction in GD

ε 10
4–

=

Fc

εtotal
V∂
E∂

------ 
  2

Eδ( )2 V∂
Fc∂

-------- 
  2

Fcδ( )2 V∂
Uk∂

--------- 
  Ckm

V∂
Um∂

---------- 
 

k m,
∑+ +=

Cij

Ui

V Ui∂⁄∂ A Ui∂⁄∂ GVC( ) Ui∂⁄∂
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proved hard to interpret. From the start with SCIAMACHY, it is intended to use updated clim
ogies and pre-computed look-up tables to return AMF values.

Some optimisation is possible with the spectral fitting. By re-mapping the spectra wave
grids onto diode numbers, interpolation over integer diode numbers can proceed much
quickly using B-spline interpolation (C. Leue, GOME and SCIAMACHY Working Session
October 1997). The situation with regard to under-sampling is not yet clear for SCIAMACH
measurements of the channel instrument response functions are pending (preliminary high
of the channel 8 slit function half-widths have been shown to cause retrieval degradation, s
tion 3.3 below).
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3.3 IR Absorption Spectroscopy (IAS) 

3.3.1 Introduction 

The infrared absorption spectroscopy (IAS) algorithm, as applied to SCIAMACHY nadir-m
earthshine data in channels 7 and 8, is a straightforward application of non-linear least squ
ting for the retrieval of trace gas total column amounts. The wavelength ranges covered a
to 2040 nm (channel 7) and 2265 to 2380 nm (channel 8), and the 5 trace species of inte
H2O, CO2, N2O, CO, and CH4. It is also possible to retrieve an equivalent reflecting height w
this algorithm. The fitting depends on the selection of points from certain micro-windows 
lighting specific trace gas absorbers. In channel 8, CO and N2O are drivers for the window selec
tion, as both species possess limited numbers of absorption lines that can be u
differentiated from the interfering species signatures (H2O and CH4). A separate window will
also be allocated for CH4, even though it can be retrieved as an adjunct species from CO or2O
fitting. In the initial definition, micro-windows will be made up of (possibly non-contiguous) s
ments within the ranges given below in the table. 

Provided the optical depth is relatively small, the simulation of back-scattered radiance 
approximated as the product of two terms. These are the transmittance term, due solely
direct attenuation of the solar beam by trace gas absorbers; and the closure term, which 
all slowly varying spectral signatures (reflection from ground surfaces and cloud-top, a
extinction and scattering, Rayeligh scattering). This separation is basic to the algorithm; it 
to the use of an additive polynomial in the UVAS algorithm. In the version of IAS described
non-linear fitting will be used to determine the vertical column amounts (there is no se
AMF conversion of the slant column).

An initial version of the IAS algorithm was developed for the SCIAMACHY NRT prot
[A8][A9].  The OL algorithm (described here) is essentially the same. The main differenc
with the use of look-up tables of slant path factors and LBL-computed cross sections in th
algorithm (OL has options to calculate these from scratch, plus a larger set of reference da

Following the basic theory of the algorithm (next section),  we then discuss the channel 7
application and the channel 8 trace gas applications respectively. The penultimate sect
recapitulation of the standard line-by-line calculation of trace gas cross sections required 
algorithm. The final section deals with the operational requirements for implementing this
rithm in SGP_12, and includes a discussion on NRT aspects.

3.3.2 IAS Least-squares Fitting Algorithm

Least-squares fitting involves the minimisation of the chi-square merit function (see equatio
on page 32). As before,  are the SCIAMACHY earthshine reflectance values (sun

SCIA Channel
Approximate Window 

(nm)
Absorbing Trace 

Species
Retrieved Parameters

7 2030 - 2040 CO2 and H2O Equivalent height, H2O

8 2265 - 2276 H2O, N2O and CH4 N2O (driver), CH4

8 2358 - 2365 H2O, CO and CH4 CO (driver), H2O, CH4

Table 4: Fitting windows in the IR wavelength range

Ymeas λi( )
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malised radiance), and the errors  can be taken directly from the measurement

tainties (weighted fitting), or all set to a constant input value (un-weighted fitting). Following
closure/transmittance separation for BIAS, the simulated earthshine reflectance will be writ

(20)

where  is the closure term, and  is the trace species atmospheric transmi

The symbol  denotes the vector of closure parameters to be fitted, while  is the vector o
gas parameters to be fitted. Together these constitute the set of fitting amplitudes for th
problem. To a good approximation, the closure term can be treated as a low order polyno
wavelength with  the polynomial coefficients:

 (21)

(  is a reference wavelength, for example the mid-point of the fitting window). Three clo
parameters are normally sufficient (quadratic polynomial).

The closure term includes the effects of Rayleigh scattering (small in the infrared), aeroso
tering and extinction, surface reflectance property and the far-wing H2O continuum absorption. If
the surface reflectance property (assumed Lambertian) is the only contributing factor (othe
erties being neglected) then the closure term is simply the constant value  (albedo time

zenith cosine).

 is the convoluted atmospheric transmittance for a set of trace gas absorbers. The

eters , are simply the total column amounts normalised to the total

umns in a reference atmosphere. We are actually retrieving scale factors rather than 

amounts in absolute physical units [mol.cm-2]. The transmittance may be written:

(22)

where the symbol  denotes the instrument slit function convolution to wavelength 

the high-resolution wavelength grid . In this equation,  is the slant path atmosp

optical depth for the mth trace species at wavelength .

The computation of high-resolution slant optical depths requires knowledge of the slant pa
tors computed by means of ray tracing. For this latter, a variant of the code developed 
retrieval of FIRS [N1] was used, with only the direct solar path receiving a refractive sphe
shell treatment in the nadir mode. A single height grid is selected for the transmittance co
tions. Path factors and effective layer temperatures and pressures (Curtis-Godson equiva
ues; for more, see section 4.2 on page 57 below) will be returned by the ray-tracing packa
low solar zenith angles, the path factor is well approximated by the geometrical secant

 for solar and nadir line-of-sight zenith angles  and  respectively. 

εmeas λi( )

Ysim λi( ) P λi c,( ) T λ i b,( )⋅=

P λi c,( ) T λi b,( )

c b

cj

P λ c,( ) cj 1 λ λ∗⁄–( )j 1–∑=

λ∗

Aµ0

T λi b,( )

bm{ } m, 1 … Ngases, ,=

T λi b,( ) bmτm λk( )
m 1=

M

∑–exp〈 〉

i

=

…〈 〉 i λi

λk{ } τm λk( )

λk

θ0 θ1sec+sec θ0 θ1
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In the first version of IAS, the set of reference atmospheres will be taken from the well-k
AFGL database [N2], which has climatological profiles of pressure, temperature and nu
mixing ratio for the 5 main absorbing species. 

The cumulative slant path optical depth to height  is given by:

 (23)

Here, the layer between levels  and  has thickness ,  is the concentration 

for trace species m, the species effective slant path factor for this layer is , and 

the corresponding absorption cross section at the specified height and wavelength. The co
tion profiles are derived from the climatology; the cross sections require line-by-line com
tions (see below). Equation (23) employs average extinction values computed from qua
expressed at the layer boundaries - an alternative is to use vertical extinction calculated
effective (Curtis-Godson equivalent) heights of the layers.

In the NRT prototype, all cross sections and concentrations were pre-calculated on a single
ence atmosphere; this atmosphere is a 17-level distillation of the US Standard atmosphere..

The quantity  is the fitting function. In non-linear least squares, we also require the

nel matrix of parameter derivatives of the fitting function (these are sometimes called the w
ing functions). From the above definitions, we have:

 (24)

(25)

for the trace gas parameter and closure parameter derivatives respectively. The first of the
tains an additional convolution, to be performed after the derivative of the high-resolution 
mittance had been calculated analytically.

As with the UVAS algorithm applications, a standard set of fitting diagnostics will be gene
from each IAS fit. This will include the fitting amplitude variances (diagonal elements o
solution covariance matrix), the cross-correlation matrix, the root-mean-square and chi-
values, plus the goodness-of-fit statistic (weighted fits only). The number of iterations requ
the non-linear process will also be retained in the output. Chi-square for this algorithm is d
in the usual way, while the other diagnostic definitions have been given already in the sec
UVAS. Signal-to-noise is critical with these infrared measurements, and the fitting will alwa
weighted with the estimated measurement errors. 

3.3.3 CO2 height retrieval application 

In channel 7 in the region 2030-2040 nm, there is relatively weak CO2 and H2O absorption (other
regions of channel 7 are too optically thick with respect to CO2 absorption for the IAS approxima
tion to work). We assume that the level of CO2 in the atmosphere is known; this is simply a sca
factor f times the concentration of the appropriate reference atmosphere. In the AFGL clim

zL

τm λk zL,( ) 1
2
--- σm zl λk,( )Cm zl( ) σm zl 1+ λk,( )Cm zl 1+( )+[ ] zl Sl⋅δ⋅

l 1=

L

∑=

zl zl 1+ zlδ Cm zl( )

Sl m, σm zl λk,( )

Ysim λi( )

Ysim λi( )∂
bm∂

----------------------- P λ i c,( ) τm λk( ) bmτm λk( )
m 1=

M

∑–exp⋅–〈 〉

i

⋅=

Ysim λi( )∂
cj∂

----------------------- 1
λi

λ∗
------– 

 
j 1–

T⋅ λi b,( )=
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ogy, the CO2 reference atmospheres are uniformly mixed (at least to 70 km) with a volume
ing ratio of 330 ppmv. The CO2 scale factor would depend on geographical location and sea
and an auxiliary data set should be created for its generation (based perhaps on the Ma
record, see [N3]). 

The main physical assumption in this IAS application is that the atmosphere has an equ
Lambertian reflecting surface at some lower boundary height, regardless of the state of 
ness. While this is to some extent not physical, it is the most expedient method available
present time for dealing with cloud contamination. The unknown (assumed Lambertian) alb
subsumed in the first coefficient of the closure polynomial, while the unknown height w
retrieved separately along with the H2O column. This process is analogous to the retrieval o
reflecting height in the revised cloud fitting algorithm from O2 A band back-scatter spectra.

The equivalent Lambertian assumption makes the IAS applications stand-alone, and it pre
the use of retrieved cloud parameters from other algorithms in SDP. One could envisage u
results of the cloud pre-processing algorithms PCCA and RCFA (fractional cover and clo
pressure) as input to this IAS application, with the known CO2 absorption then used to generate
temperature at the cloud-top. In the next section we show how the equivalent height result
IAS application may be used in the channel 8 trace gas applications. 

The free parameters to be fitted are the reflecting height h and the normalised water column w,
plus the closure parameters. The fitting function is: 

(26)

The notation is as before; the transmittance term has been written explicitly. In the off-lin
sion, the layering of the atmosphere is repeatedly changed to reflect the fact that the lower
ary height is a free parameter; for each guess of this height, the ray-tracing and line-
cumulative slant path optical depth calculations are executed. Finally we note that the tra
tance is not an analytic function of lower boundary height, and the kernel derivative with re
to this height will be evaluated by finite differences.

In the NRT prototype, the cumulative transmittances and their parameter derivatives are 
lated on the lowest 7 levels of the 17-level BIAS reference grid mentioned above. For an
value of h in the fitting iteration, actual transmittances must be interpolated to h (interpolati
over the lowest 7 levels; convolution takes place before interpolation). The NRT solution i
venient and faster, but there is a loss of accuracy.

3.3.4 Trace gas retrieval application 

Using the same window in channel 7, one can retrieve a total CO2 column if the cloud fraction
and cloud-top height are given (perhaps already retrieved from the cloud pre-processin
rithms). In this case the parameter f in the above section is now to be fitted, and h in equation (26)
is either the cloud-top height or the ground topography height. A combined simulated refle
is constructed as a linear cloud-fraction-weighted combination of simulations from cloud-to
ground.

A similar approach could be adopted for channel 8 IAS retrievals, but we here descr
approach using the equivalent reflecting height h.This assumes that the equivalent Lambert
reflecting surface approximation is valid for all IAS applications; the CO2 height retreival must be

performed first. The error  (a diagnostic result from the channel 7 IAS application) on th

Ysim λi( ) P= λi c,( ) fτCO2
λk h,( )– wτH2O λk( )–[ ]exp〈 〉

i
⋅

ε h( )
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ted parameter h can be treated as a ‘process’ error (sometimes called a ‘model’ or ‘system’ 
in the IAS trace gas retrievals. This combination of IAS applications allows for a degree o
sistency in the near infrared nadir column retrievals from SCIAMACHY.

The basic mathematical exegesis has already been given above. In the definition of chi-squ
weighting is given by the inverse of the measurement error covariance matrix . We assum

channel 8 measurement errors are independent, so that Sm has diagonal entries equal to 

for j = 1, ... N (number of points in fitting window). When   is included as a process error
measurement error covariance matrix is replaced by: 

 (27)

The derivatives with respect to height are defined as in the previous section, and will be
using finite differences.

It has been noted that CO and N2O are important drivers for window selection. In the Phase
sensitivity study, it was shown that for CO, only three lines (P7, P8 and P9 from the first 
tional overtone ) would produce a signature detectable by SCIAMACHY [A2]. The 
algorithm requires that regions of significant optical depths from interfering species othe
CO must be masked in the selection of the fitting points. One must be careful to mask out
H2O and CH4 lines from the fitting windows - hence the requirement for non-contiguous 

ments. For N2O, the P19, P15, P13 and P12 lines of the  transition are rec
mended for micro-window selection. 

There are a number of possibilities for selecting a window for CH4 retrieval; a determination ha
not yet been made, but it should be straightforward to select a one-segment window in ch
for this absorber (large number of lines spread over the channel). 

In all applications, it has been assumed that the shape of the slit function is known, and 
convolutions would be carried out with a known instrument response half-width. One can
the IAS algorithm to fit this half-width as a free parameter in a manner similar to the direct f
method described above as an option in the UVAS algorithm; this has not yet been attemp

 However, in response to concern about the effect of instrument slit function width on the
racy of CO and N2O retrieval, sensitivity studies were carried out to test this effect [N4][N
These studies were performed with SCIAMACHY measurements simulated using LBL cod
next section] and the forward model GOMETRAN, plus the SCIAMACHY Instrument Sim
tion Software Package [N6]. IAS fits were made for a number of solar zenith angles, with c
lution using Gaussian response functions of various half-widths. Results are shown in th
below for three values of the slit function full width half maximum (in pixel numbers). It is c
that, in general, the CO precision is reduced by a factor of 2, but the N2O retrieval is seriously
compromised by wide slit widths (poorly resolved optics). The N2O result for FWHM 4.7 pixels
is particularly poor, but is not surprising given that the useable P branch lines (mentioned 
are typically separated by ~0.52 nm, which is about 4.7 pixels at the nominal SCIAMACY 
tral resolution for this channel.

Sm

ε λj( )2

ε h( )

Sm( )′i j Sm( ) ij

Yi∂
h∂

-------
Yj∂
h∂

------- ε h( )2⋅ ⋅+=

2 0←

0002 0000←
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3.3.5 Line-by-line cross sections 

The standard result for the computation of the line absorption coefficient for a single speci
given temperature T, pressure P and wavenumber  is: 

 (28)

Here the sum is over all contributing line transitions. h is Planck’s constant, k is Boltzmann’s con-
stant, c the speed of light. The ratio of rotational partition functions is to a good approxim

given by . For CO, CO2 and N2O, the exponent n is 1.0; for CH4

and H2O, n = 1.5. The vibration partition functions require explicit computation using the w

numbers  and degeneracy values  of the vibrational modes [L6]: 

 (29)

In equation (28),  are the lower state energies,  the line positions and  the line inte

measured at a reference temperature . The profile shape function  depends on the 

 from the line position, the Doppler half-width  and the air-broadened half-w

.  is specified in the database at a reference temperature and pressure , 

temperature-dependence exponent  gives values at other temperatures via the following

(30)

The set  are taken from the HITRAN96 data base [N7], with 

atmosphere and . The shape function is the Voigt profile, defined by:

SZA CO in Window N2O in Window

% error for 
FWHM 2.0

% error for 
FWHM 3.3

% error for 
FWHM 4.7

% error for 
FWHM 2.0

% error for 
FWHM 3.3

% error for 
FWHM 4.7

16 7.39 10.28 13.95 2.21 5.39 11.94

30 7.85 10.92 14.82 2.33 5.69 12.57

45 8.80 12.25 16.59 2.60 6.31 13.88

60 10.63 14.77 19.94 3.12 7.47 16.21

70 13.01 18.01 24.26 3.81 8.97 19.02

75 17.77 23.66 30.62 4.45 10.32 21.47

80 22.46 29.81 38.39 5.71 12.94 26.13

Table 5: Accuracy of CO and N2O retrievals for different slit width

ν

α ν P T, ,( ) Si

Qrot T0( )
Qrot T( )
---------------------

Qvib T0( )
Qvib T( )
----------------------

Ei

kT0
--------

Ei

kT
------– 

  1 hcνi kT⁄–( )exp–

1 hcνi kT0⁄–( )exp–
-------------------------------------------------- Vi ν P T, ,( )⋅ ⋅exp⋅ ⋅ ⋅

i

∑=

Qrot T( ) Qrot⁄ T0( ) T0 T⁄( )n∼

ϖm dm

Qvib T( ) 1

1 hcϖi kT⁄–( )exp–[ ]
di

---------------------------------------------------------

i 1=

N

∏=

Ei νi Si

T0 Vi

ν νi– γi D, P T,( )

γi L, P T,( ) γi L, P0 T0

βi

γi L, P T,( ) γi L,= P0 T0,( ) P P0⁄( ) T T0⁄( )
β i⋅ ⋅

Ei νi Si γi L, P0 T0,( ) βi, , , ,{ } P0 1=

T0 296K=
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  where    and  (31)

A number of standard packages are available for the numerical computation of this integ
far, the IAS prototype algorithms have tested three implementations of the Voigt fun
[N8][N9]. Recent work [N10][N11] has shown how line profile calculations may be optimised
speed. In particular the modules prepared for the MIPAS project (also on ENVISAT-1) sho
available for use in the SCIAMACHY off-line operational algorithms. Finally, we note that
LBL computation of cross sections also applies to transmittance calculations in the limb
ospheric profile retrievals, and the formulae mentioned above are valid also in section
page 54.

The NRT algorithm will use only look-up tables of calculated according to the above, so
performance considerations do not apply. 

3.3.6 Operational Considerations 

This algorithm is less complicated to implement and maintain in an operational environmen
the UVAS package. The range of databases is smaller, and the calculation of simulated ba
ter somewhat simpler. However there are a number of crucial performance considerations.

The most important is the line-shape profile computation. As noted above, there has been
progress in optimising this task; the main idea is to minimise the number of calls to a Voigt
tion module by using interpolation wherever possible, and by pre-computing as many qua
as possible to avoid repetition. Though this complicates the line-shape determination, the
in run time is impressive [N12]. 

Another possible time saver in these algorithms involving LBL computations lies in the pre-
putation of convoluted quantities. If the wavelength calibration is known beforehand, then a
malised slit function values can be pre-computed, thus reducing the convolution integ
simple summations. This consideration also applies to the cloud fitting algorithms and th
retrieval algorithms. Such a procesdure assumes that the slit function shape and half-wi
fixed values known in advance. This time-saving applies also to the NRT algorithm but has no
far been considered for the specifications.

Further improvements in speed can be obtained by optimising the ray-tracing (a) only to o
at sufficiently high solar zenith angles where the plane parallel approximation is invalid; an
to have all climatological pressure, temperature and refractive indices pre-calculated on op
fine-level height grids. This does not apply to the NRT algorithm, where slant path factors
pre-computed in a look-up table.

Another improvement can be gained by reducing the number of iterations in the non-linear
squares fitting loop. This depends on the first guess of the set of fitting parameters; a very 
cant saving can be achieved if the first guess is closer to the final fitted set of values in par
space. This would suggest that those nearest neighbour results (in space and time) from 
IAS applications should be used as first guess values. 

Complete system tests on the IAS applications will require the simulation of SCIAMACHY 
1b data. For this task, the radiative transfer model GOMETRAN (see section 5 on page 7
be used in conjunction with LBL code to generate back-scatter reflectance values, and the
MACHY Instrument Simulation Software Package will generate measurement error values
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with
other option that will be attempted is to merge all applications of IAS in a kind of global fit 
three or four windows, for all trace species amounts and the equivalent reflecting height. 
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3.4 O3 Profile Retrieval 

3.4.1 Introduction - Optimal Estimation 

This first section is a general introduction to the mathematical technique of optimal estim
The application of this technique to the particular problem of height-resolved retrieval 
SCIAMACHY (and GOME) nadir measurements is the subject of the rest of this chapter. Op
estimation will be used again in the limb retrievals. Suitable general reviews can be fou
[P1][P2], and in the context of GOME studies, the SERCO/ESA Trace Gas Study Final R
[G5] and its follow-up [G6]. 

Given a vector of measurements y with noise covariance , how do we find the best estimate

the true state vector x (of atmospheric constituents), knowing that x and y are related by a forward
model F, that is ? We assume that the solution of the inverse problem is constrain

the existence of an independent a priori state vector  with error covariance . The best e

mate for the inverse  is the one that maximises the conditional proba

; if the statistics are Gaussian, then this is equivalent to minimising the following f

tional: 

(32)

If we linearise the forward model about the state , and write  for the matr

forward model weighting functions evaluated at , then the minimisation yields the fo

ing estimate for the next guess :

(33)

where: 

(34)

Here, the symbol  denotes the matrix transpose. A test for convergence may be m
examining the root mean square of the deviation of the state vector from one iteration to th
Alternatively one can examine the convergence of the so-called cost function (sum of we
deviations of state vector x from a priori  and measurement vector y from simulation )

[P3][P4]. 

Upon convergence, the matrix G in equation (34) is recalculated using the last estimate of

state vector. The resulting inverse  is the solution variance-covariance matrix, from 
parameter errors and the cross-correlation matrix can be derived. Other diagnostics from
ting are the RMS values of the residuals, the cost function itself, and the averaging kern
contribution functions. The averaging kernel represents the response of the system to 
function impulse of the true state [P2]; widths of the peaked rows and columns of the ave
kernel are a measure of the resolution of the retrieval. 

Besides the a priori and measurement noise, errors due to uncertainties in the model para
can also be worked into the formulation. If the vector of model parameters is b with error covari-
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ance , then it is necessary to replace  by  in the above formulatio

include this additional source of uncertainty [ . in this definition].

3.4.2 Height-Resolved Fitting Algorithm (HRFA) 

The retrieval of ozone in the stratosphere has been established with the SBUV instrume
The method is based on the variation of effective back-scatter height with wavelength in the
ley and short-wavelength Huggins absorption bands. This is the so-called BUV technique
which allows profiles to be established down to peak ozone concentration levels. SBUV ha
11 wavelengths; with higher resolution and wider spectral coverage, GOME and SCIAMA
should be able to extend the retrieval, most importantly to the troposphere, where the temp
dependency of the Huggins bands absorption should yield additional information. This is i
the case, as was demonstrated in the initial study for GOME. This study used a non-line
squares fitting algorithm to examine the profile retrieval, and also proposed optimal estim
for operational use [P7]. 

The measurement vector  of back-scatter reflectances is constructed by taking the 

the level 1b earthshine radiance to the extra-terrestrial solar data. Although both level 1 
are instrument-calibrated in the level 0 to 1b processing step, it has been found neces
improve the wavelength calibration before this ratio is taken. One possibility is to fit for a
between the two spectra. Another way is to match the spectra against an accurate Fra
standard [U7], allowing for an independent determination of the instrument response fu
across the chosen fitting window (this is analogous to the procedure in section 3.2 for dire
visible fitting). 

The most important elements of the state vector are the ozone profile concentration va
selected heights on the retrieval grid; it is customary to retrieve volume mixing ratios. Studie
ried out for GOME have shown that it is necessary to include a number of additional para
in the state vector [G5]. These include a parameter for the Ring effect, wavelength regis
shifts of the ozone cross section reference and the (re-calibrated) solar level 1 spectrum
the (re-calibrated) radiance spectrum, total column amount of NO2, a surface albedo, and (some
times) total aerosol and molecular optical depths. 

One of the forward models of choice is GOMETRAN [R4]; this has the multiple scatter for
ism necessary for intensity calculations in the UV and visible, and it has the additional cap
to generate all required weighting function information simultaneously with the simulated 
scatter intensity [R7]. MODTRAN version 3.5 and above [R10] is also suitable for forward m
simulation (it contains the DISORT multiple scatter formulation [R11]). More information ca
found in section 5 on page 75. In all studies so far, Ring reference spectra have been de
model simulations [U7][R5]. A temperature shift parameter has been included in the l
parameters to be fitted in some of the investigative work [G6], as it is now possible to d
weighting functions in GOMETRAN with respect to this parameter (R. de Beek, GOME
SCIAMACHY Working Session 6, Brussels, October 1997). 

The choice of an a priori state vector and associated error covariance is important. For GO
the MPI model-output database has been used with a specially constructed error covarian
Another source is the stratospheric ozone profile climatology based on SAGE II data [P8];
a true climatology based on real measurements and their uncertainties. For the tropospher
it is only necessary to impose a loose constraint on the a priori values. A priori and starting values
for temperatures, NO2 columns, aerosol and air density profiles are usually taken from clim

Sb Sy Sm Sy KbSbKb
T

+=

Kb F b∂⁄∂( )=

Ymeas
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ogy, with suitable a priori covariance chosen on an ad hoc basis. A starting value for the albed
can be taken from a global data set, but it is better to use a value from the measurement d
earthshine albedo at 400 nm is a suitable candidate (lower Rayleigh scattering, very low tr
absorption). This value can also be used as the albedo a priori though this is not strictly necessary

The retrieval strategy depends not only on the choice of state vector parameters but also on
ting window definition. For GOME, 3 separate channels cover the range of ozone abso
with band 1A (237 - 307 nm) covering the Hartley band (240 - 300 nm), and band 2B (312
nm) the Huggins bands (310 - 340 nm). Bands 3 and 4 cover the Chappuis region. Becaus
signal-to-noise, band 1A is normally read every 12 seconds, as opposed to 1.5 seconds (
seconds before co-adding) for bands 2B, 3 and 4. Band 1A footprints cover the whole swa
mally 960 km width), and include many individual band 2B scenes. It is apparent that unde
mal scanning operations, band 1A and 2B data cannot readily be included in the
measurement vector. Not only do the reflectances not cover coincident scenes, but also t
some real problems associated with the representative and accurate simulation of back-s
light from such mixed-scene footprints. 

One strategy is to adopt a two-step approach [P9][P10][P3]. The first stage fits an ozone pr
the stratosphere using 1A measurement data only from the Hartley bands. For this, a w
between 260 and 300 nm is suitable; there is a mask to take out NO -band emission line
corrupting the spectra. Rayleigh single scattering is dominant at these wavelengths, and it
sible to greatly reduce the computation time taken over simulations by turning off the mu
scatter formalism in the forward model. An average intensity for the large footprint scene re
a number of simulations for various viewing geometries. However, the single scatter assu
is not really valid for  > 295 nm, and valuable spectral information may be lost if these w
lengths are omitted. 

The second step involves an optimal estimation fit in the Huggins bands (band 2B data) us
1A retrieved profile as a priori. This places a reasonably tight constraint on the a priori for the
second fit; the tropospheric a priori on the other hand is loosely constrained. GOME band 2 ea
shine spectra at wavelengths below 320 nm are not considered reliable for inclusion in 
(straylight corruption). Besides a contiguous region inside the prominent part of the Hu
bands (< 340 nm), it is also possible to include points from band 3 in the Chappuis - this ma
vide a little more information for the troposphere. Unlike the band 1A retrieval, the surface a
and NO2 column parameters should be included in the state vector.

Results for selected cloud-free scenarios with O3 sonde validation data have shown that the tro
spheric ozone profile retrieval is reliable and reasonably accurate. A typical averaging kern
combined 1A/2B two-stage GOME-retrieved profile has narrow peaks in the stratosphere
widths less than 5 km), and broader but still well-defined tropospheric peaks. There is a
advantage in using a single fitting step, particularly if one can use a contiguous and spatia
sistent set of measurements covering all required UV wavelengths. 

Recently a change was made to the virtual pixel boundary in GOME channel 1A; this bou
has been moved from 307 nm to 282 nm. This allows 1B data from 282 - 307 nm to be re
alongside the other (short-readout) bands. One could then define a single window with 
covering both the Hartley and Huggins bands, thereby obviating the need for the tw
retrieval. Despite the loss of signal concomitant with the reduced band 1B integration tim
thought that the rich information present in the spectrum below 307 nm is enough to sec
accurate retrieval of the stratospheric part of the profile. The spatial coverage would be the

γ

λ
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The effect on retreival accuracy is currently beoing investigated. A similar proposal is now 
table for SCIAMACHY. 

Investigation has started on the treatment of clouds in this retrieval. The simplest idea for p
cloudy scenes is to assume a linear combination of cloud-top and surface intensities in the 
tion of the total reflectance. This is similar to the treatment of cloud-contaminated scenes
total column differential absorption fitting (see section 3.2 on page 31); it assumes atmos
homogeneity across the footprint and all clouds at the same height. This method is also re
simple to implement in an operational environment. It is also possible to carry out the re
assuming the clouds as layers, using a version of GOMETRAN with a proper parameterisa
clouds [R5]; this investigation has just started. 

All four groups working on this type of profile retrieval have shown that partial orbits (or 
whole orbits) of GOME data may be processed to generate substantial amounts of profile
mation. However, such tasks demand many hours of computer run time (10 - 20 minutes p
is typical), and we now address the performance issue for this algorithm. 

3.4.3 Operational Considerations 

For SCIAMACHY and for GOME, the major bottleneck for the operational implementatio
this algorithm has been the performance time. The basic problem is the time required for 
ous multiple scatter simulations of the back-scatter reflectance and their weighting functio
a considerable number of wavelengths, for many viewing geometries, and for a number o
tions in the optimal estimation process. To date, no suitable parameterisation scheme h
devised for the construction of reliable and comprehensive look-up tables of simulated var
The performance improvement issue is now being addressed for GOME. The intention is to
a retrieval throughput of 10% of the data acquisition rate in 1998, this figure hopefully risi
100% within a 3-year time frame with further increases in computing power (B. Kerridge, p
communication). 

There are some other issues regarding operational usage. Though it is possible to shift the
ature by a single number at all levels, studies have shown that the O3 profile precision is sensitive
to temperature uncertainty [G6]. Model output climatology is probably not accurate enough
ally one should use assimilated data from an NWP program such as that run by ECMWF
This would require an additional input to the retrieval to be generated by an independent p
sor. ECMWF data files will be ingested into the Envisat PDS ground segment on a regular
and will thus be available for SCIAMACHY data processing. The data will contain 4 ana
files and 4 forecast files, each file of size 8.7 Mbytes, ingested every 6 hours; the analysi
will be used for the off-line algorithm data processing as described in the present documen
will be use forecast fields). 

Another suggestion has been the use of nearest neighbour previously-retrieved profiles
this would in principle greatly reduce a priori errors and thereby cut down on the number of it
ations in the optimal estimation, there is a risk of a “forward time bias” creeping into the res

A lot of work has already been done to show the feasibility of this technique, and the r
obtained so far mark a significant advance in our ability to measure tropospheric ozone p
More work is required to ensure that the algorithm will be capable of dealing with all geoph
scenarios likely to be encountered by these instruments. 
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4 Limb and Occultation Retrieval Algorithms

4.1 Introduction and Retrieval Strategy

Before going into details on SCIAMACHY limb and occultation retrievals, we give a genera
cussion on retrieval strategy. This will set the scene for the detailed retrieval algorithms to f
Much of the nadir retrieval for SCIAMACHY is based on the experience gained with GO
limb/occultation retrieval is a new departure. At the time of writing the present issue, algo
development for limb is still in an early phase and some of the descriptions here are theref
as comprehensive as those in section 3. 

Limb stratospheric profiles for pressure, temperature and trace gas volume mixing ratio
been retrieved routinely from atmospheric emission spectra in the infrared (and beyond
microwave regions). A typical example is the MIPAS instrument [L1], which will fly alongs
SCIAMACHY as part of the ENVISAT-1 payload; the list of target species includes O3, H2O,
CH4, N2O and HNO3. In contrast, SCIAMACHY limb profiles will be derived chiefly from back
scatter spectra in the UV/visible and near-infrared. Although there have been a number o
ous limb scatter experiments (see for example the literature on SME [L17] and the balloon-
NO2 measurements [L18]), there are a number of new passive remote sensing applic
Besides SCIAMACHY, NASAs SOLSE/LORE experiments (demonstration instruments) 
flown recently on a Shuttle mission [L2], and the OSIRIS instrument on ODIN [L3] is sched
for launch in the near future.

It has been pointed out that at sufficiently high altitudes, fluorescent and chemi-lumine
molecular emission will be the main light source for limb radiances. In this document, we sh
concerned with limb measurements in the troposphere and low/middle stratosphere, for
scattering is the dominant source, and emission effects (including thermal) can be neglecte

As with other remote sensing applications for SCIAMACHY, the limb retrieval will involve le
squares minimisation of chi-square merit functions. Normally the simulated quantities are n
ear in the retrieval parameters; the fitting then uses either a standard iterative non-linea
squares algorithm [U4] or the commonly used optimal estimation method [P1]. These fitting
rithms will be standard for SCIAMACHY. The modified Chahine inversion technique [L4] 
been used particularly in occultation retrieval, but so far is not being considered for SCIA
CHY. 

Limb retrieval has traditionally followed the onion peeling strategy [L5]. Here, each limb sc
fitted individually, starting with the top-most scan, and working down to the lowest tangent h
in the sequence of limb scans. At any given level, retrieved profile values from all the previ
fitted higher levels must be included in the fit; it is important to include parameter error esti
propagating downwards from the higher levels. Onion peeling is convenient and relativel
As it is normally used, layers below the current scan do not contribute, so the weighting fun
are truncated below this level. This method has been used successfully for a number of b
borne instruments [L6][L7]. 

The more sophisticated global fit strategy [L8] requires the simultaneous fit of all limb scan 
urements in a sequence; entire atmospheric profiles are fitted in one operation. This is a mo
sistent approach, allowing for a more accurate rendition of the simulated spectra and we
function matrix. However it is more cumbersome and harder to interpret, and often impo
excessive computational burden. One variant that has been suggested is to carry out
processing global fit on a set of onion peeling results (K. Chance, private communication, 
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The global fit approach has been taken as standard for MIPAS on ENVISAT [L9]. It is the
ferred method for simultaneous P-T retrieval (see for example SAGE III algorithm descr
[L10]), and has been used for SOLSE/LORE and OSIRIS O3 limb profile retrieval from UV/visi-
ble measurements. 

For SCIAMACHY, limb back-scatter intensities will contain diffuse contributions from multi
scattered atmospheric and surface-reflected light. This mitigates against the onion peelin
nique (unless climatological contributions from below the tangent layer are included). Mu
scattered light contributes more strongly in the UV/visible than in the infrared. It is possible
to compensate for surface reflected light by using ratios of two limb scans as the measur
instead of the actual limb radiance. 

If the limb instrument has a P-T retrieval capability, it is important to ensure consistency 
use of pressure and temperature information in the trace gas retrievals. This is certainly t
for SCIAMACHY, which has two P-T capabilities (O2 and CO2 absorption). Thus the require
ment for SCIAMACHY will be to perform P-T retrieval alongside the various targeted trace
retrievals. There are some concerns in SCIAMACHY regarding the pointing accuracy in
[A5], and it is thought that tangent height (pressure) levels derived from limb fitting will be m
accurate than the ephemeris-derived values. 

All limb trace gas products will be given in VMR and number density units, the latter de
using temperature and pressure values retrieved concomitantly with the trace gas VMR ret
Regarding the retrieval of aerosol parameters, at this stage it is not clear how much infor
on aerosols can be extracted. For an initial baseline, we will assume that aerosol scatter
extinction coefficients can be retrieved for each limb scan, and for all limb applications. T
variables are the simplest to use in the retrieval; an alternative might be layer optical thi
and single scatter albedo. It has been decided not to derive additional aerosol properties 
ent on particle size distribution (for example, the mode radius). 

A word on geolocation is in order. It is important to have geolocation quantities clearly de
for limb retrieval. The top-of-the-atmosphere height (TOA) will be defined as the atmosp
height above the surface at the point of entry of the line of sight beam. The actual value 
TOA will depend on the instruments capability, but a baseline needs to be agreed on by m
of the SSAG (need not be the same as that defined for the nadir algorithms). The solar
angle should also be defined at the TOA height. A recommendation was made to include tw
ues of the tangent height in the geolocation, one calculated by pure geometry, the other 
additional refraction calculation, and this will be adopted. Derivation of geolocation quan
must follow the methods described in the Mission Conventions Document [A7]. 

The above discussion refers to limb strategy. In occultation viewing, the instrument detects
sunlight attenuated along an oblique atmospheric track; atmospheric scatter is not a sig
source of light. Simulation is restricted to absorption (transmittance) along the line of 
Space-borne occultation instruments have looked at a number of spectral regions, for exam
FTS ATMOS instrument in the middle infrared [L11], HALOE in the visible [U29], and the v
ous SAGE missions (visible, near infrared) [L12][L10]. For trace species emission retrieval 
infrared, the onion peeling approach has been satisfactory. P-T retrieval has been attempt
both retrieval strategies [L13]. A different approach is used in the SAGE II and III inversion 
rithms [L12] whereby an initial fitting for slant column amounts or slant optical depths is
formed using differential absorption and multi-linear regression, and this is followed by a
linear inversion for the vertical profile values. The list of products retrieved from occultati
similar to that from limb retrievals (see table in section 2.3). 
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retrieval from limb scans, second, the trace species limb profile retrievals, and finally a de
tion of the occultation algorithms.
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4.2 Limb P-T Retrieval 

The motivation is to assign a pressure-temperature profile and a tangent height to each lim
measurement, so that trace gas profiles can be retrieved with a minimum of uncertainty
atmospheric information (in this regard, climatological atmospheric data are often insuffic
accurate). The derivation of P and T profiles brings an important degree of self-consistency
whole limb retrieval process.

The distributions of O2 and CO2 are assumed known; the dependence of their absorption fea
on pressure and temperature provides the key to the retrieval. We confine ourselves here 
cussion of P-T retrieval from CO2 absorption (channel 7), but most aspects of the discussion
hold for P-T retrieval using channel 4 data around the O2 A band. 

There are a number of pressure- and temperature-sensitive CO2 absorption lines in channel 7
Once a P-T profile has been obtained, a height assignment can be made by assuming one
pressure-height correspondence and hydrostatic equilibrium for the rest of the atmosph
such a correspondence is absent, then the whole retrieval could be repeated with an im
hydrostatic reference point until convergence is reached.

Assuming for a single P-T retrieval that a global fit analysis is in force, the state vector of 
parameters will consist of P-T pairs, one for each limb scan included in the fit, plus a num
additional parameters. The latter may include H2O mixing ratio values (if this gas is an interferin
species), plus closure parameters for the continuum level of the spectra. For O2 A band P-T
retrieval, O3 and (possibly) NO2 are interfering species.

The vector of observations will be made up of a number of micro-window segments, eac
ment containing a small number of observations around a prominent CO2 line or a small set of
lines selected for either pressure sensitivity or temperature sensitivity. Interference from2O
lines cannot be ruled out with the sort of resolution SCIAMACHY possesses (it will probab
necessary to fold in some H2O line optical depths in the instrument response function conv
tion). A study needs to be carried out to optimise the choice of lines. 

The assumed profile of CO2 mixing ratios is also important here. It is enough to assume that 2
is uniformly well mixed up to the mesopause, and that there are no non-LTE effects belo
altitude. In any case, signal-to-noise ratios for scattered light from limb scans above 35 k
be too small for useful information retrieval above this altitude (see [A5] for instrument per
ance simulations). The value of the volume mixing ratio might be derived from measureme
the stratosphere (e.g. [L14]) updated to the current year, and with some allowance for the s
level (photosynthesis cycle). The O2 mixing ratio is usually taken as 20.95%. 

The forward model part of the algorithm will require the simulation of limb-scattered radi
values. Formulae for the line-by-line computation of absorption cross sections have alread
specified (see section 3.3). Limb scatter requires ray tracing for both the solar and line-o
paths, and we shall use the following as the definition of transmittance for a ray with pa
ordinate s: 

(35)τ ν s,( ) k ν s',( )η s'( ) sd

s0

s

∫–exp=
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Here  is the number density of air, and the weighted cross section  is the sum o

vidual cross sections  multiplied by trace species mixing ratios . In this app

tion  is assumed known and constant, and the transmittance will depend on P and T

through the number density and the cross section dependence. 

With onion peeling, we would be restricted to using the pressure heights as retrieved succe
by the algorithm, and this would define the vertical structure of the atmosphere to be used
simulations. With global fitting, we can choose any height grid we want for the retrieval, tho
is more convenient to use a grid suggested by the data; this issue has not been resolved
customary to use a finer grid for the simulation, to account for variations of temperature and
sure across the various layers. Rather than use mean values (requiring a finer structure),
use a coarser height grid and Curtis-Godson (CG) equivalent pressure and temperature
The CG temperature is defined for each trace species m and for each layer L as follows: 

(36)

Here  and  are defined as above, and z is the local vertical co-ordinate; the effective pressure
defined in a similar fashion. For P-T retrieval we assume also that the atmosphere is horiz
stratified, and obeys the hydrostatic equation , where K is a constant and

 is the acceleration due to gravity. The variation of  with height may be modelled a
the lines suggested in [L9], and this is explained in more detail in one of the Appendices.

The retrieval requires a set of initial values, and for P and T these may come from clima
(e.g. [G4]) or from an additional data set of assimilated P-T fields generated by a num
weather prediction model [P12]. Initial values of tangent heights are taken from the geolo
information ephemeris results. It is of course possible to constrain the retrieval with these s
values used as a priori, but experience has shown that this is not advisable (at least as far 
tangent height information is concerned). As a consequence, the preferred fitting for P-T re
from limb measurements has been non-linear least squares rather than optimal estimation

Elements of the Jacobean matrix (weighting functions) should be derived analytically (as
this is possible). For the single scatter formalism, analytic expressions derived for the tra
tances and scattered fluxes may be differentiated with respect to P and T values for each 
generate parameter derivatives. This means that the T and P dependence must be 
through the definitions of air density and cross section, the latter including P- and T- depen
in the Voigt profile shape, and T-dependence in the line strength. Voigt profile derivatives m
found from the properties of the complex error function (of which  in equation (31) i
real part; see [N9] for definitions).

η s( ) k ν s,( )
αm ν s,( ) χm s( )

χCO2
s( )

Tm L,
eff

T z( ) χm z( ) η p z( ) T z( ),[ ] sd
zd

----- zd⋅ ⋅⋅⋅
zL 1–

zL

∫

χm z( ) η p z( ) T z( ),[ ] sd
zd

----- zd⋅ ⋅⋅
zL 1

zL

∫

------------------------------------------------------------------------------------------------=

η χ

p z Kη z( )g z( )–=d⁄d

g z( ) g z( )

K x y,( )
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4.3 Limb Trace Gas VMR Retrieval

4.3.1 Introduction

A primary application is the derivation of O3 profiles from limb measurements in the UV and vi
ible parts of the spectrum. A number of other trace gas limb profile applications have bee
sidered for the UV/visible, with the possibility to retrieve NO2 and BrO profiles on a global basis
and SO2, OClO and H2CO in special scenarios. In all cases, Rayleigh scattering and aeroso
tering and extinction must be accounted for, and in particular the retrieval of aerosol para
will be undertaken concurrently. In the infrared, H2O in Channel 5, CO2 in channel 7, and CH4,
CO and N2O in Channel 8 are the target species. For these species, the line-by-line comp
of cross sections is required, but this need only be done once in the fitting, once the temp
and pressure are assumed known; convolution to SCIAMACHY wavelengths is nece
Rayleigh scattering is much reduced in the infrared, but aerosol parameters will still pl
important role.

The choice of fitting strategy and fitting windows depends on the target species and the s
region. In limb viewing of scattered light, it is difficult to account for diffuse multiply scatte
contributions in the atmosphere and from the lowest surface layers. This is especially the 
the UV and visible, where O3 absorption is optically thick and multiple scattering effects 
large. Multiple scattering is not so significant in the infrared, especially in Channel 8. An
problem with Channel 8 measurements is the low level of light; under most circumstances
will only be enough signal-to-noise to distinguish the CO and N2O features in the lowest views in
a limb scan sequence.

This issue of retrieval strategy has received some attention in the Requirements Phase Do
tation. In all scattering applications in the UV and visible, global fitting has been the pref
method. Onion peeling has been successfully used in many limb applications, and options
kept open to use this strategy alongside and maybe in conjunction with global fitting. Que
of retrieval strategy will not be considered in this issue of the ATBD.

It will not be possible in the initial operational data processor to perform simulations from sc
with a full multiple scattering RT model. In common with other new limb scattering deve
ments, a single scattering model with analytic weighting function derivatives will be im
mented, along with a look-up table of correction factors to handle the multiple scat
contributions (see [L12] and also the discussion below). At the time of writing, limb radi
transfer modelling has concentrated on the O3 UV problem, and the following sections deal wit
this application. However many aspects of the modelling (such as ray tracing, for examp
relevant for the infrared applications.

In the next 3 sections, we give a description of a single scatter forward model. The first s
deals with the overall scattering formalism and the derivation of fluxes and weighting func
This is followed by a section on the baseline optical properties of the atmospheric const
used in the radiative transfer. The third section deals with ray tracing and initial radiative tr
computations. The fourth section has some material on multiple scatter corrections and the
ratioed limb intensities in the retrieval. The last part deals with the preparation of the ret
describing the current state-of-the-algorithm.
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4.3.2 Single Scatter Flux Model

We shall assume that direct scattering of the solar beam into the line-of-sight is the only so
light; we omit for now any multiple scattering processes. A sequence of limb views defi
layer structure for the atmosphere through the computation of tangent heights, together w
assumption about the hydrostatic nature of the atmosphere. The TOA (top of the atmos
level above the first tangent height is defined by the user, and all input viewing geometries 
be specified at this level. It is assumed that atmospheric refraction is neglected above thi
and that solar radiation reaching the atmosphere at this level has not been attenuated. 
illustrates schematically a limb view through 3 layers of the atmosphere.

Figure 1: Limb-path geometry
for a view through 3 layers of the atmosphere, with tangent point T. Note cumulative earth-centered angles, in
ular ξ at point Q on the far side of tangent point T. Geolocation for this beam is specified at TOA point G, whe
solar zenith angle is θ0.

ξ

To
Spacecraft

Q

T

G
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If the limb path travels through N tangent layers, there are 2N+1 different solar rays that n
accounted for. The first of these is the TOA ray on the far side of the tangent point - the sca
point is at TOA level, so no ray tracing is necessary. Similarly the last solar ray is scatte
TOA at the point where the limb path line-of-sight exits the atmosphere. All intermediate
have some passage through the atmosphere to lower tangent levels, so these must be r
(see Figure 2). Note that each solar ray scattered into the limb path has a unique angle of
the top of the atmosphere.

Denote the aerosol scattering coefficient at level n by  and the molecular (Rayleigh) s

ing coefficient is . Referring to Figure 1, solar beams on the far side of the tangent po

scattered “downwards” into the limb path on its way to the tangent point, and “upwards” in
limb path on the near side of the tangent point. In terms of the molecular (Rayleigh) and a
phase functions PMol and PAer, and the cumulative atmospheric transmittance Cn of the solar beam

that is to be scattered at the nth level, the scattering source terms at this level are given by:

Figure 2: Sun path geometry
to point Q on the limb path Solar zenith at point W is θ1 = θ0 − ξ (See Figure 1). In the diagram, ζ = θ1 − β = ζRefrac

tion(β).

θ1
β

ζ

Q

W

SOLAR
RAYS

σn
Aer

σn
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The index R denotes the solar ray and runs from 1 (first solar ray at TOA on far side of ta
point) to 2N+1 (final solar ray at point of exit of limb path). The level index n is related to R
R for “downward” scatter points, and n = 2N+2-R for “upward” scatter points. In addition to
limb path ray tracing, each of the 2N+1 solar rays has a unique path through the atmo
which must be determined from ray tracing. At TOA, we have no attenuation of the solar ra

             and    

Now consider scattering on the far side of the tangent point. If the limb path transmi
through layer m is Tm, then the “downward” flux Fm+1 emerging at the bottom of this layer 
expressed in terms of incident flux Fm at the top of the layer, and the downward scatter sou
terms as follows:

                 

Here, Dm is the slant distance through this layer along the limb path. This relation can be a

repeatedly from m = 1 to m = N (the tangent layer), with . A similar recurrence rel

exists for the “upward” fluxes Gm emerging from the top of the mth layer: 

                 

At the tangent level, we have , and this provides the link between the two r

sion relations. The end result is G1, which constitutes the single-scatter simulated intensity
backscattered light from a single limb view. This procedure must be repeated for each 
views in a scan sequence, and all values of G1 lumped together in a vector of ‘simulated intens
ties’ for use in the global fit algorithm. The above recursion relations can be used to 
weighting functions (derivatives of the outgoing intensity with respect to certain atmospheri
iables), but first we must set up a state vector of such variables.

Let Xm be the state vector of atmospheric variables to be retrieved or modelled at level m. 
UV application, this will include (as a minimum) two trace gas volume mixing ratios (for O3 and
NO2), the Rayleigh scattering coefficient, and the aerosol extinction and scattering coeffic
[We will also include a variable for the inelastic component of molecular scattering, but thi
be parameterised after the RT model simulation; this is discussed later in this chapter]. T
quantities (2 trace gas VMRs, 1 Rayleigh coefficient, 2 aerosol coefficients) will constitut
default baseline of atmospheric constituent variables to be included in the single scatter
simulation.

The aerosol coefficients are the values at a fixed wavelength (for example, the midpoint o
ting window). One can parameterize the wavelength dependence of the aerosol optical pro
and introduce additional parameters characterizing this dependence. In the discussion of
properties below, we suggest a linear-with-wavelength parameterization of aerosol extincti
scattering - this would introduce two more variables to be scaled and retrieved, bringing th
to 7 quantities in the state vector. It is not clear yet whether these is enough information
spectra to retrieve these additional aerosol quantities. The molecular (Rayleigh) scattering

Sn
R σn

Mol
PMol Θn

R( ) σn
Aer

PAer Θn
R( )+

4π
----------------------------------------------------------------------------- Cn

R⋅=

C1
1 1= C1

2N 1+ 1=

Fm 1+ TmFm Sm 1+
m 1+

Tm+ Sm
m( )Dm+=

F1 0≡

Gm TmGm 1+
Sm

2N 2 m–+
Tm+ Sm 1+

2N 1 m–+( )Dm+=

FN 1+ GN 1+≡
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cient has a wavelength dependence that is known to a high degree of accuracy (see next
and this is not parameterised. We assume also that phase functions for molecular and aero
tering are known in advance (no retrieval).

It is convenient to use normalised (dimensionless) quantities for the vector Xm, where the entries
in the vector are just scale factors with respect to a set of baseline variables. Baseline R
and aerosol quantities are discussed separately below. Trace gas VMRs may be taken dir
a reference climatology, and cross-sections from a suitable source - see section below for
The use of normalised atmospheric parameters is helpful in an iterative retrieval, as mos
radiative transfer can be done using baseline values before the iteration starts. In addition t
guess’ in an iterative retrieval is usually Xm = 1 (unity) for all levels m (though this first gues
could be derived dynamically in an operational context).

To compute backscattered intensities and weighting function kernels quickly and expedit
we express optical thicknesses and scattering source terms as linear combinations of the
vectors of (normalised) atmospheric variables. For the transmittance Tm along the limb path for
layer m, we can write:

                 

Tm has been expressed in terms of scaled atmospheric variables Xm and Xm+1 at the two layer
boundaries. The optical thickness baseline vectors Φm are computed from baseline optical prope
ties expressed in the reference hydrostatic atmosphere, taking into account the slant path v
across the layer due to changes in temperature and pressure and refractive index. In se
below, we illustrate the computation of the components of Φm.

The above expression is convenient for computing parameter derivatives. With the no

 where vector Xm has components Xmα, we may write:

             and    

              for        and      

Similar considerations apply to the solar ray transmittance  for which the solar ra

passed through m layers down to a scatter point at level m+1 (ray index R = m+1 (“down”) 
2N+1-m (“up”)). We write:

              with derivatives     for   

Again the quantities Ω will be calculated using baseline state vector variables and refer
atmospheric pressures and temperatures - they must be defined for all solar rays appropr
given limb view, and for all limb views in a scan sequence. Finally we write the scatter s
terms in the form:

            

Tm ΦmXm– Φm 1+ Xm 1+–( )exp=

∇mT
Xmα∂

∂T≡

∇mTm TmΦm–= ∇m 1+ Tm TmΦm 1+–=

∇kTm 0= k m 1+≠ k m≠

Cm 1+
R

Cm 1+
R Ωj

R
Xj

j 1=

m 1+

∑–
 
 
 
 

exp≡ ∇kCm 1+
R

Cm 1+ Ωk
R

–= k m 1+≤

Sn
R Λn

R
Xn Cn

R⋅=
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where Λn are baseline scattering contributions at level n for solar beam R. For the derivativ
have then:

           for m < n, and

           at the scattering level n.

Derivatives of the flux equations may now be written down using the definitions above. Th
computations and parameter derivatives can be done easily using the above rules, once t
line vectors Φ, Ω and Λ are evaluated. The first two vectors are baseline optical thickness qu
ties, the last is a scattering quantity. All these vectors need only be evaluated once at the s
retrieval - to update intensities and kernel derivatives, one simply changes the state vector
eter values in the flux and derivative equations. Obviously this is useful in an iterative ret
algorithm where simulated quantities require repeated updates. We now turn our attention
baseline constituent optical properties selected for the model. Evaluation of the vectors Φ, Ω and
Λ is outlined in the following section.

4.3.3 Baseline Aspects of the UV Single Scatter Model

This section outlines the optical properties of the constituents used in the UV single scatter 
First we describe the reference atmosphere (assumed in hydrostatic equilibrium), then 
baselines for Rayleigh scattering, aerosol extinction and scattering, and trace gas absorpti

4.3.3.1 Reference Atmosphere

The trace gas retrieval in the UV will concentrate on VMRs for O3 and NO2. The temperature and
pressure are assumed known, either from a concomitant retrieval using channel 7 data, 
another source (assimilated meteorological data, for example). In what follows we assum
the temperature is specified on a given reference height grid, and that the pressure is know
level (this is the hydrostatic reference level). For this, we take pressure and temperature a
defined reference level below the lowest tangent height. Pressures at all other points are t
culated using the hydrostatic equation:

                

Rgas is the gas constant for dry air. The acceleration due to gravity g(φ,z) shows significant
dependence on height and this must be accounted for in the integral. It also depends we
latitude φ. We follow the gravity model found in the MIPAS technical documentation [L1]. T
has the following height dependence:

                 

where parameters A, B, C and R depend on latitude. We take the latitude of the tangent p
the earth’s surface as being representative (the limb path is symmetric about the tangen
and ignore any variations of latitude over the limb path. If the temperature dependence on
is taken to be linear, then the hydrostatic integral may be solved in analytic form (no appro
tion).

∇mSn
R Λn

R
Xn ∇mCn

R⋅=

∇nSn
R Λn

R
Xn ∇nCn

R
Cn

RΛn
R

+⋅=

Ln
p z( )
p z0( )
------------- 

  g φ z, '( )dz'
RgasT z'( )
------------------------

z0

z

∫–=

g φ z,( ) A Bz
C

R z+( )2
-------------------+ +=
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In practice, reference values of temperature are first linearly interpolated to the retrieval or 
grid (here defined by the tangent heights of the limb views), and then the hydrostatic equa
used to assign the pressure at these retrieval heights.

4.3.3.2 Rayleigh Scattering Baseline

The Rayleigh phase function depends on the square of the cosine of the scattering angle
given by:

   with        and   

The depolarization ratio δλ is expressed in terms of the well-known King factor FK, which in turn
has a wavelength dependence expressed through a Sellmeier-type empirical equation [L20

    where      

[Wavelength λ is in microns]. To get the molecular scattering coefficient at a given height
cross section is multiplied by the air density at that height:

 

where the cross-section α(λ) has a wavelength dependence close to the familiar λ-4 law, in the fol-

lowing expression derived recently from the data of Bates [L20] [U7] (units are cm2/mol):

 

The air density is given in terms of pressure and temperature through the relation:

 

where  mol.cm-2.km-1 is Loschmidt’s number (density of air at standa

temperature and pressure).

4.3.3.3 Trace Gas Absorption Baseline

Cross-sections for O3 and NO2 can be taken from data derived from laboratory measurem
taken with the flight model during the pre-launch calibration phase, or from literature source
O3, the cross-sections α(T) will have the usual Bass-Paur quadratic parameterization [U12

temperature in the Hartley-Huggins bands: α(T) = α0 + α1T + α2T
2 (T in degrees Kelvin). This

temperature dependence is important for limb retrieval (most of the ozone burden lies in th
osphere).

Baseline VMR values for O3 and NO2 values may be taken from a variety of sources. The def
has been to use values referenced on the set of USA standard atmospheres (some latitude
dependency is included in the O3 profiles). These reference VMRs will be linearly interpolated

Pλ Θ( ) Aλ Bλ Θ2cos+= Aλ
3 1 δλ+( )
2 2 δλ+( )
-----------------------= Bλ

3 1 δλ–( )
2 2 δλ+( )
-----------------------=

δλ
6FK 6–

7FK 3+
-------------------= FK 1.0469541 3.2502153 4–×10 λ 2– 3.8622851 5–×10 λ 4–+ +=

σMol λ z,( ) αMol λ( ) ρ z( )⋅=

αMol λ( ) 3.9992662 28–×10 λ 2–

1.0 1.0689770 2–×10 λ 2–– 6.6814090 5–×10 λ 4––
--------------------------------------------------------------------------------------------------------------------=

ρ z( ) P z( )
1013.25
------------------- 273.15

T z( )
---------------- ρzero⋅ ⋅=

ρzero 2.68676 24×10=
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the model height grid as defined by the tangent heights. For a priori O3 values, we take ozone
profiles from SAGE II data (status TBD).

4.3.3.4 Aerosol Extinction and Scattering Baseline

Most GOME and SCIAMACHY studies are now using the WMO aerosol scheme [L21], w
has an explicit mixing of a number of basic aerosol components. This scheme to a certain
supersedes the older LOWTRAN aerosol classification [L22], which relies on a “pre-mixed”
sification of aerosols into certain broad types (“continental”, “maritime”, etc.). In the W
scheme, the database consists of aerosol optical properties (scattering and extinction coe
per particle, phase function moments) specified for a number of fixed components over a s
wavelength range.

Suitable WMO-style component data sets have now been compiled for GOME and SCI
CHY. Aerosol particles are assumed spherical and Mie computations for the optical propert
performed for some 10-12 components, some of which have a hygroscopic variation (hu
dependence). For the limb problem, we really require the external mixing of just two or
components - these are the sulphate aerosol component (in dry air), a volcanic ash com
and a meteoric dust component (mesosphere).

The atmosphere is divided into a number of regimes specified by height boundaries. Fo
regime, a number of WMO component types are listed together with their proportions fk (Σfk=1).
If the aerosol loading is specified as a number density N(z), then the extinction coefficients 
mixture are given by:

             

where Rz denotes the regime corresponding to height z, and the extinction coefficients inside th
sum are the WMO data base values. To get values away from the data base wavelength
interpolation is sufficient. A similar expression holds for the scattering coefficient.

The suggested default parameterization for the aerosol extinction coefficients has the fol
form for the wavelength dependence:

           

Here, λ* is a reference wavelength (midpoint of fitting window). We express the pair of va
ε0(z) and ε1(z) in terms of the database-derived extinction coefficients, interpolated to wavel
λ = λ*. The results (together with the wavelength polynomial itself) constitute the baselin
aerosol extinction. The same parameterization pertains to the scattering coefficient.

The aerosol phase functions may be retrieved from the expansion:

             

in terms of the Legendre polynomials Pl(µ), where µ = cosΘ. The Legendre coefficients βl are
specified for a number of wavelengths for each WMO component; an overall phase fu
moment is defined by using an extinction-weighted sum over component moments. Th
number of Legendre coefficients should be specified as an input variable. The moments wi
wavelength dependence expressed linearly as functions of the database entries. The def

ελ z( ) N z( ) ελ k, Rz( )fk
k

∑=

ε λ z,( ) ε0 z( ) 1
λ
λ∗
------– 

  ε1 z( )+=

PAer Θ( ) βlPl Θcos( )
l 0=

∑=
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be to assume that the phase functions are known in advance, with no attempt made to retr
phase function information.

It is possible to use the delta-M approximation [R12], in which the original phase functi
replaced by a delta-function peak in the forward scattering direction plus a smoother phas
tion with a reduced number of Legendre moments. This approximation is useful for handli
strong preferential scattering in the forward direction that is often a feature of particulates s
ing. This approximation has the effect of scaling the extinction and scattering coefficients
approximation could be an important adjunct to aerosol phase function determination in th
osphere if there is a large amount of volcanic ash in the external WMO mixture - phase fun
for this aerosol component are strongly peaked in the forward direction (this is not the case
regular sulphate aerosols, however).

Another option that has been considered is the smooth Henyey-Greenstein phase functio
can be derived explicitly from knowledge of the “asymmetry parameter” g:

                where   

This is convenient but not always representative of aerosols in the atmosphere.

4.3.4 Ray Tracing and Optical Thickness Vectors

4.3.4.1 Ray Tracing

This is one of the most important aspects of the limb-scatter problem. In limb emission and
tation retrieval it is usually enough to consider ray tracing only along the line of sight, but for
scatter, the solar rays must also be ray traced to the scatter points on the line-of-sight pa
greatly increases the number of ray tracing computations, and we want a quick and con
way to handle this part of the algorithm. Ray tracing in a refractive atmosphere follows S
law for the layer incident and refracted angles at height z:

                             

where the dependence of the refractive index n(z) on height comes through the atmospheric te
perature and pressure T and P. An improved Edlen-type formula has recently been derived
refractive index of air at STP for λ in microns [U7]:

              

In limb viewing, it is sufficiently accurate to use the Born-Wolf (ideal gas law) approximatio
this equation:

         

where 1 + κ is the value of n at reference values P0 and T0. In the UV at 330 nm, and assuming th
value of nAir given above at STP, we get κ = 0.00030395. This is significantly different from th
value 0.0002874 used for MIPAS infrared applications.

P Θ( ) 1 g
2

–

1 2gµ– g
2+( )

1.5
-----------------------------------------= g

β1

3
-----=

I z( )sin
R z( )sin

------------------- n z( )=

nAir 1–( ) 104× 0.7041
315.90

157.39 λ 2––
------------------------------ 8.4127

50.429 λ 2––
------------------------------+ +=

n z( ) 1 κP z( )
T z( )
-----------

T0

P0
------+=
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The first task of the ray-tracing is to determine the tangent heights. This is done by iteration
ing from a first guess equal to the geometric tangent height value:

         

where Re is the earth’s radius and γ is the limb view elevation angle at TOA. [This angle is part
the geolocation record input to level 1b to 2 processing, along with the TOA value for
retrieval]. We then find the values of temperature and pressure in the reference atmospher
sponding to this height, and construct the refractive index of air for these values of P and 
then uses Snell’s law to find a new tangent height reached by the incident limb ray wit
degree of refraction. This process converges quickly after a small number of iterations. T
heights are determined for each of the limb views in a scan sequence, and these heights c
the levels at which the retrieval and RT modelling will be carried out.

We then subdivide these “tangent” layers into a number of fine layers with a height resolut
typically 0.1 km in the lower stratosphere and anything up to 5 km for the topmost layer
depends on TOA height above first tangent level). Temperatures and (hydrostatic) pressu
then computed on these fine levels, along with air density and refractive index values. A
mised fine layering resolution will be worked out for the operational prototype.

Next we perform (for each limb view) ray tracing for the limb path, computing the slant path
tances (the quantities Dm in the flux recurrence relations) and associated quantities require
the optical thickness computations (see next section for details). For each limb view, we als
pute the earth-centred angles subtended by the passage of the ray from TOA to all scatte
on intermediate levels (see Figure 1). Each line-of-sight path is symmetric about its tangen

The input requirement on limb geolocation for level 1b to 2 processing states that the solar
must be specified at the TOA height for each limb view at the point of exit of the line-of-
path. Figure 2 shows the situation for one solar ray to be scattered at point Q on the limb p
ξ be the earth centred angle generated along the limb path from Q to the exit point. If θ0 is the
solar zenith at the exit point for this line-of-sight, then θ1 = θ0 - ξ is the solar zenith at the TOA
level above Q. To find the entry angle β for this ray, we must use the ray tracing to compute 
earth-centered angle ζ (see figure 2). If ζRef(β) is the result of computing ζ by ray tracing, given
an entry zenith angle β, then the solution for β is found from the equation ζRef(β) = θ1 - β. This is
solved iteratively, with the first guess β0 given by the geometric approximation:

                        

Re is the earth radius, and H denotes height above the earth’s surface. If βn is the value after the

nth iteration, the next guess is given by:

                         

F is a factor inserted for convenience to speed up the iteration. For most cases, it is suffi
take F=1, but for large angles it is better to use smaller values. It is possible to pre-calculate
set of F-values for a reference atmosphere, for a number of height levels and a number 
zenith angles, and then use these pre-computed factors to speed up the iteration. This p
ensures that accurate results can be found quickly for a small number of iterations for all p
values of the solar zenith angles.

H0 Re HTOA+( ) γcos=

β0sin
Re HQ+( )

Re HTOA+( )
------------------------------ θ1sin=

βn 1+ βn F ζRef βn( ) θ1 β+ n–+=
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In order to calculate scattering angle cosines  for solar ray R at level n, we use the f

ing standard result in terms of solar ray and limb path zenith angles θS and θL:and the relative azi-
muth ϕS -ϕL between the planes containing the two paths:

                

The zenith angles must be found by ray tracing for each scatter point.

4.3.4.2 Baseline Radiative Transfer

This section deals with the computation of baseline vectors Φ, Ω and Λ as defined above. Thes
quantities may be expressed in terms of scaled state-vector variables (VMRs, Rayleigh sc
coefficient, aerosol coefficients) at the tangent levels. In the computation of optical thicknes
tors Φ and Ω, we can allow for differential attenuation along the ray traced slant paths, by 
the fine layer structure of the atmosphere already set up for the ray tracing, and by making
interpolation assumptions. For now we will assume that all variables vary linearly across a
This is fine for “extrinsic” variables (VMRs, temperature), but exponential interpolation ma
more accurate for the “intrinsic” variables (Rayleigh and aerosol coefficients). However the
assumption sacrifices simplicity, and for now we take linearity.

Consider the vectors Φn and Φn+1 which appear in the definition of limb path transmittance Tn in
a single layer between adjacent tangent levels; first we look at the components of these 
due to ozone absorption. Let Xn and Xn+1 be the upper and lower boundary values of the O3 VMR
scaling parameters, with actual baseline values Vn and Vn+1 (the latter are interpolated value
from a reference database for example). Suppose that the layer is divided into M fine layer
such fine layer having a midpoint height zj where j = 1,...M. We assume that VMR values may
linearly interpolated to these points:

         

Then if the O3 cross sections have the form indicated in the discussion above about tra
absorption (quadratic in temperature), and if the fine layering slant path distances are dsj, the air
densities ρj, and the temperatures Tj in the sub-layers, then the optical thickness across the w
layer is:

                

from which it follows that:

                

Here the brackets indicate a slant path summation  over the fine layer div

 is just the slant column amount in this notation. A similar expression can be written dow
Φn+1. If there is no temperature variation of the cross-section, the computation is simpler.

Θn
Rcos

Θcos θScos– θLcos θSsin θL ϕS ϕL–( )cossin+=

Vj

zn 1+ zj–( )VnXn zj zn–( )Vn 1+ Xn 1++

zn 1+ zn–( )
--------------------------------------------------------------------------------------------=

τn
O3 α0 α1Tj α2Tj

2+ +( )Vjρ jdsj

j

∑ Φn
O3

Xn Φn 1+
O3

Xn 1++≡=

Φn
O3 α0 1〈 〉 α1 T〈 〉 α2 T

2〈 〉+ +( )zn 1+ Vn α0 z〈 〉 α1 zT〈 〉 α2 zT
2〈 〉+ +( )Vn–

zn 1+ zn–( )
------------------------------------------------------------------------------------------------------------------------------------------------------------------------=

x〈 〉 xj ρjdsj

j

∑=

1〈 〉
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A straightforward alternative to this kind of fine-layer summation is to take an average va
the trace gas absorption at the layer boundaries, and multiply by the slant path distance to
optical thickness. This gives the following:

           and similarly for  

Dn is the slant path distance (the only quantity with fine-layering evaluation in this approx
tion). However this method does not account for fine-layer variations in temperature and tra
concentration.

The polynomial dependence on temperature allows us to compute the fine-layer variatio
quick way. To date, no convenient temperature parameterization scheme has been establ
the NO2 cross-sections, but a polynomial-based interpolation scheme over a number of fixe
peratures would be convenient for the above treatment. 

For line absorption in the infrared, the temperature dependence of the cross-sections is 
cated and not explicit, and the computational burden of cross-section evaluation dictates 
of layer effective temperatures as defined by the Curtis-Godson sums (q.v.).

For the molecular (Rayleigh) scattering contribution to limb path optical thickness, we write

                

where Yn is the scaling parameter for the Rayleigh scattering coefficient σMol(λ,zn) at height zn.
From the definition of this coefficient, and assuming again a linear variation with height a
the layer, we get:

A similar consideration applies to the aerosol optical thickness contributions.

Elements of vectors Ωn
R are evaluated in the same manner. The scatter contributions (vectoΛn

in the model) are specified at the level heights only, so there is no averaging across the la
simply then a matter of multiplying the baseline scattering coefficients with their respective 
functions.

These sorts of calculations must be repeated for every layer traversed by the limb path in 
view, and for all layers traversed by the solar rays on their way to the scatter points. 

4.3.5 Multiple scatter corrections in the UV model

The proper RT treatment requires a fully spherical multiple scattering model. For past and
ing limb scatter remote sensing experiments, the approach has been to use a quasi-analy
scattering model, and deal with multiple scattering in the form of correction factors. Fo
SOLSE/LORE experiment, the target species is O3 in the UV/visible, and simulations and weigh
ing functions are calculated according to:

      

      

Φn
O3 DnVnρ zn( )α Tn( )

2
------------------------------------------= Φn 1+

O3

τn
Mol Φn

Mol
Yn Φn 1+

Mol
Yn 1++=

Φn
Mol αMol λ( ) 1〈 〉zn 1+ z〈 〉–[ ]

zn 1+ zn–( )
------------------------------------------------------------=

Ims λ s,( ) I ss λ s,( ) 1 C λ s,( )+( )⋅=

Wms λ s a, ,( ) Wss λ s a, ,( ) 1 C λ s,( )+( )⋅=
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These relations are valid for wavelength λ, limb view number s of a scan sequence, and for s
vector a of parameters to be retrieved. The single scatter results  and  come from the

exact single scattering model.  values are tabulated as corrections to the single sc

results, and they are computed using a state-of-the-art fully spherical model [R15]. This m
too slow for retrieval purposes, but it has been used to correct simulations for nadir-mod
column retrievals where the line-of- sight is significantly away from nadir [R16].

This will be the approach adopted for SCIAMACHY, at least in the UV application. The acq
tion of a multiple scattering model for table computation is currently under negotiation
above formulation assumes that the correction factors are independent of the vector of 
pheric parameters to be varied.

Correction factors will cover diffuse multiple scatter contributions, including light reflected
scattered from the ground and tropospheric parts of the atmosphere. The problem remains
acterise such contributions. In a stand-alone limb-scatter retrieval, little is known abo
ground and cloud cover and the tropospheric constituent burdens, and simply basing co
factors on climatology and assumed reference quantities could lead to large errors in the f
simulation. One solution is to use a set of correction factors based on a single equivalent
pheric parameter which accounts for all the lower atmosphere effects. We could assume 
atmosphere has a fixed composition below the lowest tangent height down to a fixed 
boundary with an assumed Lambertian reflecting surface. The free parameter is then the L
tian albedo A of this surface, and we set up a table of “equivalent correction factors” by mat
values of A to a wide variety of scenarios. The albedo could then be an additional paramete
limb retrieval, one which is orthogonal to the state vector of atmospheric parameters as o
for the single scatter model. That is, the single scatter contribution does not vary with A, and the
correction factor gradient with respect to A would be done by finite differencing. This approa
requires extensive off-line studies with the full RT models.

Another option is to use a ratio of limb view radiances. This has been the approach adopted
SOLSE/LORE team [L2]. In order to ameliorate the lowest-layer and surface reflection con
nation, a ratio of two limb radiance spectra is used as the basic measurement quantity; ra
at any given tangent height are divided by their values for the 55 km tangent height. To first
the surface reflection multiple scatter contributions are factored out in the simulation of 
ratios.

If the simulation for limb view N yields single scatter quantities In(λ) and Wn(λ,a), and correction
factors Cn(λ), and we want to ratio the intensities with values from view M, then we have:

              where   , and

             

Typically one divides by radiances from a limb view with high tangent height (this will be on
the last in a SCIAMACHY limb scan sequence). One must take care with the derivatives
second of these two equations, because Wm(λ,a) will not be defined for levels below m. Experi
ence has shown that the ratio of correction factors Dn(λ) is much less strongly dependent on low
atmosphere variations, and it is probably expedient to construct a look-up table of these 
ties, rather than their unratioed equivalents. Status TBD.

Iss Wss

Ims

Rn λ( )
In λ( )
Im λ( )
------------- Dn λ( )⋅= Dn λ( )

1 Cn λ( )+

1 Cm λ( )+
-------------------------=

Zn λ a,( )
Wn λ a,( )

In λ( )
---------------------

Wm λ a,( )
Im λ( )

----------------------– Rn λ( )⋅=
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Another advantage of this approach is that the use of ratioed spectra will obviate the requ
on a solar spectrum as an absolute radiometric standard. We also avoid problems of wav
misrepresentation between the solar spectrum and the limb backscattered spectra. 

4.3.6 Preparation for SCIAMACHY Retrieval

The level 1b input data required for this part of SGP comprises limb spectra and geolocatio
limb sequence will contain a number of limb views, and we will extract spectra from each vi
be used in the fit. Quality checks should be made to ensure no cross-clustered data o
flagged pixels are present within the fitting windows. We will assume for now that the wavel
calibration is the same for all limb backscattered spectra in the scan sequence - this is a
requirement for the use of ratioed measurements. The limb sequence will also come with
extraterrestrial spectrum.

The baseline geolocation definition requires values of the solar zenith angles, the limb path
tion angles and the relative azimuths between the planes of view to be specified at the TOA
at a point where the limb line-of-sight exits the atmosphere. Thus the TOA level must be
along with the viewing geometry. The default value will be 80 km.

Measurement spectra are then buffered into fitting windows. These windows could in the
defined uniquely for every view, but in practice we will use the same window for all views i
scan sequence (in contrast with the infrared retrieval, where one might tailor window choi
specific trace gas absorption lines). Not all views in a sequence might be used; we co
example take a block of typically 12-15 limb views from a lowest tangent height of the ord
16-20 km, up to a highest tangent height of 50-60 km. [The limb view elevation angle steps
late into a vertical height separation of about 3.1 km between tangent levels in the stratosp

For the global fit retrieval, we now prepare the simulated single-scatter spectra and we
functions as described above, plus the extraction of correction factors from look-up table
use of a Ring scaling parameter has proved to be a vital ingredient in the ozone profile re
carried out for GOME, and we propose to do this here. We can take over the Ring spectru
pared for GOME studies in the UV, and convolute this down to wavelength grid of the SCIA
CHY limb measurements, using the instrument response function in the folding. We then
multiple of this convolved spectrum to each of the simulated limb view spectra - a differen
ing factor will be retrieved for each view.

Finally we will allow for some closure parameters in the fitting. For each view, we will de
additional continuum and tilt factors. The continuum will be an additive polynomial of low o
in wavelength, while the tilt will be a multiplicative polynomial, also of low order in wavelen
These coefficients round up the set of ‘parameters-to-be-retrieved’ which will comprise the
vector to be entered into the retrieval package. The final set of simulated spectra and kerne
atives for the selected scan sequence will be assembled as a single vector and matrix to b
to the retrieval package.

If we are using optimal estimation, we require some a priori input. For the most important constit
uent, we use SAGE II O3 climatology which comes with a proper covariance matrix (ozo
amounts should be normalised to the baseline VMR values as defined above, since the ret
designed to work with normalised values). For all other constituents we take the a priori values to
be the baseline values used in the model setup, and simply assign covariance values on a
basis. Thus we might assume that the a priori value for the scaled NO2 VMR at each level is sim-
ply 1, with a 50% error to be used.
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4.4 Occultation Retrievals

With the sun as the direct source of light, occultation measurements have high signal-to
(low measurement errors); additional sun-follower options will also allow for finer vertical r
lution in the scanning [A5]. In principle, transmission along the direct line-of-sight to the s
the only significant factor in the simulation, and this greatly simplifies the radiative tra
aspects of the retrieval. Despite the limited availability of measurements (~ 60 s before sun
Arctic latitudes), occultation measurements could have great potential for accurate profile r
als.

However, there are problems to be solved in association with the measurement strategy em
by SCIAMACHY. In sun occultation, SCIAMACHY is first pointed to the approximate locat
at which the sun is expected to be situated some 17 km above the horizon (this avoids pr
with atmospheric refraction). Because the position of the sun is not known exactly (spac
pointing inaccuracies), the elevation mirror scans continuously up and down. When the sun
the field-of-view, a sun-follower locks the azimuth mirror on the sun, but the elevation m
continues to scan the slit up and down over the solar image. We thus get a sequence of sp
which the height in the atmosphere and the position on the solar surface are not accurately
Since different horizontal slices of the solar image cover different surface areas, there is n
ance calibration of the spectra.

Further uncertainties in radiance level come from solar limb darkening and sunspots. Limb
ening may also slightly change the depths of the Fraunhofer lines, while Doppler shifts due
rotation of the sun may yield slightly wider or narrower Fraunhofer lines depending on w
sun-slice is in view. Thus, the self-calibration (as used in e.g. the SAGE instruments) of the
tation method is compromised. The self-calibration may be regained by summing all slices
make up a complete solar image, but this reduces the effective vertical resolution of the m
ment to ~25 km. It is uncertain that sequences of solar images at different heights in the 
phere will contain enough information to retrieve profiles with higher vertical resolution than
value.

Additional problems may be caused by the small diaphragm inserted in the beam to redu
levels when viewing the sun. It may be expected that this reduces the width of the slit fun
and also the wavelength calibration may be slightly changed. In summary, the solution o
problems requires a large degree of further scientific work, and it is unrealistic to expect t
operational processing algorithm for this viewing mode can be implemented with complet
cess by the time of launch.

Some of the earliest studies for SCIAMACHY focussed on the high precision to be expecte
occultation retrieval of trace gas profiles [L15]. Precision estimates were found by exam
small changes from a simulated set of transmittances, subject to an a priori constraint. These
results represent the initial linearisation step in the non-linear estimation procedure, and a
mal estimation retrieval algorithm has now been developed for occultation studies. The 
involves the direct comparison of simulated and measured transmission values (ratios of 
ated to vacuum irradiance observations). Rayleigh and aerosol closure coefficients are re
simultaneously with the trace gas VMRs and the P-T values. 

As with the limb applications, the P-T profile should be derived concurrently from the occult
measurements to ensure that a consistent set of trace species profiles is achieved. The list
species is essentially the same as that for the limb problem, though the greater precisi
mean that additional species (such as NO3) could be seen in the occultation mode. 
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The SAGE II and III instruments have used another approach to occultation retrieval [L12
initial step here is to exploit the linearity of the transmission functions to derive slant column
sities of aerosol and trace species. This is a straightforward multi-linear regression along th
of the DOAS fitting of section 3.2 on page 31 (it is assumed that wavelength registration is
problem). In this approach, the Rayleigh scattering contribution to the slant optical depth 
tracted before the differential absorption fitting is performed (this assumes knowledge of th
profile). Trace species optical depths may be derived from a variety of fitting windows (espe
O3, NO2 and aerosol). The final step involves an inversion from slant to vertical optical d
using a standard Twomey-Chahine non-linear inversion method (see [L12]). This techniq
not yet been considered for SCIAMACHY. It should be noted that the P-T retrieval cann
done this way.
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5 Radiative Transfer Model Requirements 

5.1 GOMETRAN and extension to SCIAMACHY (nadir only) 

The forward model GOMETRAN was developed especially for simulation of back-scatter i
sities and weighting functions associated with the geophysical retrieval of atmospheric pa
ters from GOME measurements. It is based on a finite difference approach, and in th
paragraphs we give a short resume to highlight the main points. 

For the nadir back-scatter of incident sunlight, we separate the direct-beam and diffuse ra
fields. The direct beam term requires a transmittance calculation through the atmosphere
description of the surface reflecting property. For the diffuse field, the integro-differential e
tion of radiative transfer for the intensity field  at height z and solid angle  can be writ
ten in the general form [R2]: 

(37)

Here,  and  are the extinction and scattering coefficients, and the integral represe

multiple scatter contribution with phase function .  is the source funct
which contains the direct single scatter contribution and the singly scattered light from s
reflections of the direct beam (and emission terms if required).

The angular dependence of the radiation field is separated by means of an expansion of th
function in Legendre polynomials in the scattering angle cosine. Using the definition of s
angle in terms of zenith and relative azimuth angles , and by means of the comple
relation between associated and full Legendre polynomials, it is possible to determine the a
dependence in a Fourier cosine series:

(38)

Working with Fourier components , we then discretise  with Gaussian quadra

replacing  by the sum . The height derivative in equation (37) is computed

finite difference [R2][R3]. These two assumptions allow the RT equation to be expresse
matrix algebra equation  for each Fourier component , source term , and m

operator . The formal solution may be found by matrix substitution, and this is one o

major tasks in the numerical integration. Fourier components are calculated until a conve
criterion applied to equation (38) is satisfied. 

The advantage of the matrix formulation is that the equation  can be linearised

the solution [R7]. The linearisation is able to deliver a whole field of weighting functions (th
responses of the radiation field at different heights to small changes in selected atmosphe
stituent variables) with little additional effort. This is in contrast to all other RT solution meth
which require extensive perturbation calculations for weighting function evaluation. Outp
weighting functions depends on which atmospheric parameters are allowed to vary. To da
set of weighting functions for surface albedo variation, trace species concentration var
molecular scattering, aerosol extinction and scattering, and temperature shift. 

I z Ω,( ) Ω

µ
zd

d
I z Ω,( ) ε z( )I z Ω,( )–

1
4π
------σ z( ) P z Ω Ω', ,( ) I z Ω',( ) Ω' σ z( )ς z Ω,( )+d

Ω'

∫+=

ε z( ) σ z( )
P z Ω Ω', ,( ) ς z Ω,( )

µ φ,{ }

I z µ φ, ,( ) 2 δm0
–( )Im z µ,( ) mφcos

m 0=
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QmIm Sm=



ENVISAT-1 SCIAMACHY ATBD
Doc.No.: ENV-ATB-SAO-SCI-2200-0003
Issue: 1/B
Date: 23.12.98

- 76 -
DLR

ding and
ross the

e been
nal
Clouds
roxima-
phere
val of

ane-
nuation

ellent
 made
lberg

tors to
DOAS
g pol-

eights
overing
s are

 all the

e the
(as in
ing the
eome-
for an
rgence).
o-

ppose
h have
From databases of pressure, temperature and trace species concentrations, aerosol loa
optical properties, surface data sets and trace gas absorption properties, simulations ac
GOME spectrum from 240 to 790 nm have been performed. For the O2 A band, both line-by-line
calculations and exponential sum-fitted approximations (also known as correlated-k) hav
done [M. Buchwitz, GOME and SCIAMACHY Working Session 7, April 1998]. Rotatio
Raman scattering has been introduced into the model to investigate the Ring effect [R6]. 
have been incorporated into the model both in a quasi-exact layer treatment, and in an app
tion assuming a bi-directionally reflecting cloud-top as the lower boundary of the atmos
[R5]. GOMETRAN has also been used as the forward model in the optimal estimation retrie
O3 profiles for a selection of scenarios [P4][P10]. The original formulation [R4] was for pl
parallel atmospheres; later versions have incorporated a ray-tracing calculation for the atte
of the direct solar beam to the lower boundary (the pseudo-spherical approach). 

GOMETRAN has been validated against DISORT [R11] in a number of situations, with exc
agreement. In the context of GOME study work [G6], some comparisons have also been
with other RT models, including the Monte-Carlo code used for AMF calculations at Heide
(see [R9] for an exposition) and the Doubling-Adding model [R8]. 

5.1.1 AMF generation 

In GDP, the model was used off-line to generate tables of multiple scattering correction fac
be applied to the single scattering AMF values calculated from scratch as part of GDP 
code. In fact the quantities stored were fitted coefficients for the correction factors, assumin
ynomial dependence on the solar and line-of-sight zenith angles [G3]. For O3, the look-up classi-
fication allowed for some 6 surface albedo values from 0.02 to 0.9, 9 lower boundary h
from 0 to 10 km, some 8 latitude zones, 2 aerosol types (land/sea), and 24 coefficients c
the two zenith angle dependencies. For a given viewing geometry , the AMF

recovered as polynomials in  and , and interpolation takes care of the  values and

other quantities. 

In the updated GDP (and this will also apply to SCIAMACHY), AMFs for O3 and NO2 will be
generated completely from GOMETRAN-calculated look-up tables. Rather than catalogu
actual AMF values, it is more convenient to store Fourier components of the intensities 
equation (38) above); this takes care of the azimuth dependence explicitly when recover
AMFs. (This is important in distinguishing the east, centre and west forward pixel scan g
try]). One would need also to store the number of Fourier azimuth harmonics required 
accurate result from the Fourier series (an accuracy parameter governs the series conve
AMFs may then be restored from the definition  and interp

lated to the appropriate viewing zenith angles and other climatological variables. 

It is also possible to estimate the error on an AMF due to climatology uncertainty. We su
that the climatology for trace species g depends on a set of parameters , whic

error covariance matrix . Then the variance is: 

 (39)

where

µ µ0 φ, ,( )

µ0 µ φ

AMF Inogas I total⁄( ) τvert⁄ln=

Uj j, 1 M,=

Cij

var A( ) A∂
Uj∂

--------Cij
A∂
Ui∂

--------

i j,
∑=
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 (40)

There is no dependence of  on , because this intensity was computed with the tracg

excluded. If GOMETRAN takes a concentration profile  as input, for height le

, then the intensity derivatives have a direct expression in terms of GOMET

weighting function output : 

(41)

The NRT look-up table of AMFs will not be broken down into Fourier components of Intens
the interests of simplicity and to provide continuity with GDP, the NRT table will contain a
AMF values computed for a number of solar zenith angles, line-of-sight-zenith angles, a
angles, a number of lower boundary heights, a number of surface albedos, and for all p
present in the climatology. Due to the need for early specification, there will be no incorpor
of AMF errors in these NRT tables.

5.1.2 Extension to SCIAMACHY (nadir only) 

The nadir mode solution to the radiative transfer equation embodied in the GOMETRAN m
can be taken over for SCIAMACHY applications. The extension to SCIAMACHY is mo
question of ensuring that the radiative transfer code can take suitable inputs for waveleng
to 2400 nm. To this end, the GDP database of aerosol optical properties has been exte
wavelength [A9]. Additional trace species number mixing ratio profiles are required for 
absorbing onlyy in the infrared channels (CO, CH4, N2O and CO2 have been prepared so far). Th
original spectral database of spectral albedos was prepared for GOME and SCIAMACHY
The databases of cloud optical properties and cloud-top reflectances have also been exte
Kurosu, private communication, 1998) to 2.5 microns.

The largest extension to the model has been the incorporation of line-by-line absorption 
cients in the GOMETRAN code. It is more convenient to maintain the line-by-line code 
rately from the GOMETRAN scattering code. Required sets of absorption coefficients
calculated using LBL at temperatures and pressures are then regarded as input to the RT
An alternative approach using the correlated-k (exponential sum-fitted) method for transm
involves the creation of a comprehensive data set of pre-calculated sum-fitted coefficien
could be used directly with GOMETRAN. This has been accomplished with the O2 A band (M.
Buchwitz, GOME and SCIAMACHY Working Sessions 7, April 1998) and there are plan
extend this work to some of the infrared molecules.

The level 1b to 2 NRT processor will not contain explicit RT code. However, Look-up tables
Mass Factors (UVAS algorithm) and Rayleigh Correction Factors (AAIA) will be generated
line by GOMETRAN. These tables and their derivations are described elsewhere in this
ment.

The description of a forward simulation radiative transfer model for SCIAMACHY limb sca
scenarios is a major new development and is treated separately in this document in sec
below.

Uj∂
∂A 1

τ
--- A

τ∂
Ui∂

-------- 1
I total
-----------

I total∂
Ui∂

--------------+–=

Inogas Uj

p zi( )

zi i, 1 …N,=

Wi pi I∂ pi∂⁄≡
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Uj∂
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5.2 MODTRAN and DISORT 

DISORT [R11] is discrete-ordinate monochromatic multiple scattering code. It contains no 
ence to any particular trace species, or to types of scattering particulate (molecular/aeroso
are no transmittance calculations. It requires the following generic inputs for the optical p
ties of the reflecting atmosphere: layer optical thickness values, layer single scatter albedo
phase function Legendre expansion coefficients and coefficients for the surface reflection
erty. It is up to the user to create these inputs according to the problem under consideratio
GOMETRAN, DISORT uses the Legendre polynomial decomposition for the scatter an
dependence, with the Fourier cosine decomposition in azimuth, and a zenith cosine qua
scheme. However, the vertical atmospheric co-ordinate is optical depth (not altitude), a
multi-layer RT equation requires the simultaneous solution of a number of first-order differ
equations.

The model has a long history and has been widely used and tested; it is straightforward t
face. It has been used frequently in comparison with GOMETRAN (see [G6]). The major d
vantages are (i) the lack of a pseudo-spherical version, and (ii) the treatment of bi-dire
reflecting surfaces needs an upgrade. The use of optical depth as vertical co-ordinate is a
geous in the treatment of clouds. So far in this model, weighting functions must be evalua
perturbation methods. 

DISORT has been assimilated to MODTRAN (versions 3.0 and higher), to ensure that the
now has an adequate multiple scatter formalism. MODTRAN is a moderate resolution rad
transfer model with an extensive band model capability [R10]. It has replaced LOWTRA
recent years, and is a widely-used standard. A major development for MODTRAN in 1998 w
the advent of correlated-k multiple scattering formalism (versions 4.0 and higher). 
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5.3 Limb Scattering Models 

SCIAMACHY limb retrieval requires the forward model RT treatment of scattering for this v
ing mode. Trace gas transmittances must be computed in a curved refracting atmosphere,
the line-of-sight path and also for the solar path. Aerosol extinction must also be computed
these paths. The forward model must account for molecular (Rayleigh) and aerosol sca
both single and multiple, including scattered light from the lowest layers of the atmosphere
latter term will have a component from the surface reflection of direct and diffuse sunlight. 

The proper RT treatment requires a fully spherical multiple scattering model. For all pa
existing limb scatter remote sensing experiments, the approach has been to use a quasi
single scattering model, and deal with multiple scattering in the form of correction factors. F
SOLSE/LORE experiment, the target species is O3 in the UV/visible, and weighting functions ar
calculated according to: 

(42)

The single scatter results  and  come from the quasi-exact single scattering model (

example [L18]).  values are tabulated as corrections to the single scattering results, a

are computed using a state-of-the-art fully spherical model [R15]. This model is too slo
retrieval purposes, but it has been used to correct simulations for nadir-mode total column 
als where the line-of- sight is significantly away from nadir [R16]. 

For SCIAMACHY, single scatter models have been developed at two institutions. The single
tering atmospheric source terms at level n in the atmosphere may be written schematically

(43)

Here, refers to upwards and downward scattered light,  is the solar flux at the top 

atmosphere,  is the cumulative transmittance along the solar path, and are the sing

ter albedos. In terms of the total limb path extinction , the molecular and aerosol sca

coefficients  and , and the phase functions  and  depen

on the scatter angles , may be written: 

(44)

Work has now started on the production of a limb model for SCIAMACHY with a multiple s
tering formalism. 

Wms Wss 1
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4π
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6 Input/Output Requirements

This section is intended as a reference for the I/O requirements of the SGP_12 algo
Detailed definitions and product formatting can be found in the appropriate documents (
for the off-line, and [A9] for the NRT). Here we shall list the main physical content of the i
and output files. 

6.1 Input Data 

6.1.1 Level 1b input 

The following quantities in the extracted level 1b file will be used in level 1 to 2 proces
Detector measurements are always accompanied by PMD information (there are 7 PM
SCIAMACHY), and geolocation. Each detector spectrum contains an index to a set of sp
calibration coefficients, which are required to generate the pixel wavelength assignations. 

• Mean sun reference spectrum (8 channels), plus radiometric precision 
• Average sun mirror azimuth and elevation position 
• Mean sun PMD reference measurements 
• Scan spectrum arranged in clusters according to states [A6], including radiometric preci
• PMD sub-pixel measurements corresponding to these scan spectra 
• Viewing geometry information (solar and line-of-sight zenith/azimuth angles at start/mi

end of integration time, earth radius, satellite height, sub-satellite position, scan mirror
tions) 

• Footprint location (nadir only; 4 corner and centre latitude/longitude co-ordinates) 
• Tangent height information (limb/occultation only; tangent height and ground point co-

nates at start/middle/end of integration time) 
• Fractional cloud cover from PCCA cloud coverage algorithm (nadir only) 

6.1.2 Initialisation File 

The following remarks give an indication of the parameters required for control of the algor
in SCIAMACHY level 1 to 2 parameters. At the time of writing, a detailed parameter list fo
Initialisation File has been drawn up for the NRT level 1 to 2 processor, but not so far for th
line algorithms. Many of the parameter choices are for test purposes only, but until we hav
mised the operational algorithms, it is diplomatic to include all options. 

For the fitting algorithms, the selection of fitting window limits for whole or segmented wind
(IR application will use non-contiguous segments) is of paramount importance. In limb, it w
necessary to select different window limits for each scan in a sequence, because the set o
vations to be fitted will not necessarily be the same through the atmosphere. Other option
include the choice of slit function and whether the slit function half-width should be fitted o
and so on.

For each fit, we must specify the geophysical parameters to be derived from the fitting, w
they are volume mixing ratios (profile retrieval), total column amounts (nadir column fitt
cloud variables (PCCA, RCFA), closure parameters (polynomial coefficients in UVAS and 
shift and squeeze parameters (DOAS), etc. For retrieval algorithms involving non-linear 
we need to specify starting values for these geophysical parameters (initial guesses).
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The use of reference data will require control. For instance in UVAS, we need to consider
reference spectra will be included in the fit, and what will be the options on smoothing, con
tion, shift/squeeze limits for these reference spectra. Will we be using multiple scattering lo
corrections in the UV/visible limb profile algorithms, or will we run that algorithm in single s
tering mode only? Will we include the AMF error computation in the UV/visible computat
There are many decisions to be made on algorithm control and it is vitally important to ke
options open during the development phase. 

6.1.3 Ancillary input data 

The requirement here is for additional databases that contain data pertinent to the actual ge
cal scenario being processed. In order to use them in SGP level 1 to 2 processing, it is nece
have dedicated auxiliary processing exterior to the main processing. The most obvious exa
the generation of up-to-date atmospheric profiles to be used as first guess and/or a priori in limb
temperature/pressure profile retrieval, and as accurate and representative reference v
height-resolved nadir profile retrieval. Such data would come normally from numerical we
prediction model output (ECMWF analysis fields, for example). An ancillary processor w
have to assimilate this output on a regular basis and generate the necessary inputs for lev
on an operational basis. 

Another important source is CO2 volume mixing ratio data. This is required for a number
applications in the infrared using CO2 absorption to retrieve atmospheric information. Though 
gas is uniformly mixed up to mesospheric levels, and the mean annual VMR is accurately k
there are seasonal and hemispheric variations. These variations can be as large as 5%
linked to the cycle of photosynthesis. The timing of the well-known CO2 uptake varies considera
bly from year to year in the northern hemisphere for example. Clearly it is expedient to use 
ilated data from an established source to ensure that those SCIAMACHY retrieval algo
based on known CO2 levels receive input information that is accurate in space and time. A se
ancillary processor should be written for this purpose.
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6.2 Product Parameters 

6.2.1 Level 2 Cloud/Aerosol Product 

The following is an initial list of suggested cloud/aerosol product output associated with the
rithms described in this version of the ATBD. Most of the geophysical parameters listed 
come from the cloud and aerosol algorithms described in section 3.1 on page 21. The equ
Lambertian reflecting height from the CO2 nadir infrared fit (section 3.3 on page 42) is includ
here. Some climatology (ground pressure and albedo) is helpful for referencing the re
products. 

• Cloud fractional coverage and error 
• Number of PMD pixels clear/cloudy/partially cloudy or undetermined 
• Cloud-top pressure and error 
• Cloud optical depth and error 
• Cloud type (bit-wise assignment on WMO scheme?) 
• Ground pressure and surface albedo 
• Cloud-top bi-directional reflectance and error (reference values) 
• Height of CO2 equivalent Lambertian reflecting surface, plus error 

• Flag describing cloud output (which way through the algorithms!) 
• Absorbing aerosol index (AAI) 
• Diagnostic for AAI 
• Flag describing aerosol output 

6.2.2 Level 2 Nadir Column Product 

The recommended policy here is to define one data set for each trace species retrieved. G
UVAS and IAS algorithms are both variants on the least-squares fitting, it is possible to de
generic nadir column product comprising one data set per retrieved trace gas species. Ea
data set will have a main product value, which will be the total vertical column amount o
trace gas, plus the retrieved error on this quantity. 

The fitting may be linear or non-linear or both (for example, DOAS); selected diagnostic ou
generated for each fit regardless of the linearity. We include all fitted parameters regard
their physical usage, plus all fitted parameter errors, plus all cross-correlation entries, pl
square, RMS, goodness-of-fit, and number of iterations (non-linear least squares). If thereM
fitted parameters, then there are M(M-1)/2 independent entries in the cross-correlation matrix 
definition symmetric, this is just the total number of off-diagonal elements). For DOAS, w
has a linear fit embedded in a non-linear algorithm, the values of chi-square and RMS a
same for both algorithms. No detailed spectral output will be given (see below). For the 
algorithm, additional AMF values will be specified to ground and cloud-top, with errors.
product may look like this: 

• Main product value (total column) and error 
• Number of linear and non-linear fitted parameters 
• Linear fitted parameters and their errors 
• Linear fit cross-correlation entries 
• Non-linear fitted parameters and their errors 
• Non-linear fit cross-correlation entries 
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• Chi-square, RMS, Goodness-of-fit, number of iterations (non-linear) 
• (UVAS only) centre pixel AMF values to ground and cloud-top, plus errors 
• Flag controlling output for this data set 

6.2.3 Level 2 UV/Visible Nadir Height-resolved Product 

The main geophysical retrieved parameter here will be a vector containing the profile of O3 con-
centrations on a specified retrieval grid. Besides the usual solution variance/covariance a
gle-number diagnostic output, it is useful to generate two additional quantities for this pr
These are (i) the averaging kernel for the O3 profile entries (discounting the other fitted param
ters), and (ii) the improvement in the profile entries over the a priori. With the additional con-
straint imposed by the use of a priori, the fitting functional has two parts (see section 3.4 
page 50, equation (32), and it is often useful to output partial RMS and chi-square values fo
parts. 

• Main product values (ozone concentrations) and errors, plus retrieval height grid 
• Number of fitted parameters in state vector 
• Fitted parameter values and their errors 
• cross-correlation entries 
• measurement Chi-square, RMS, Goodness-of-fit, number of iterations 
• a priori Chi-square, RMS, Goodness-of-fit 
• Flag controlling output for this data set 

6.2.4 Level 2 Limb/Occultation product (suggested) 

It is best to include complete profiles from a limb/occultation scan sequence. At the presen
of development, we confine the output to profiles of VMR, profiles of pressure and tempe
on a fixed grid. The precision (relative error in %) for each retrieved quantity will be gene
cross-correlation values are not considered in the first version. The flag controlling outpu
give some indication of the retrieval strategy. Occultation products will be similar, but they
be specified on a different vertical grid. The issue of classification by window against mo
could be avoided by defining the limb product to include all VMR profiles and the assoc
limb-derived self-consistent P-T profiles. This has been done here in the following generic 

• Retrieval height grid 
• Number of separate fitting applications (including P-T) 
• Number and list of trace species retrieved 
• Fitted P-T values and their precisions 
• For each gas, fitted VMR values and their precisions 
• For each fitting application, flag controlling output for this data set 

6.2.5 Detailed output for algorithm verification 

In GDP, three additional output files may be created when the processor is executed in ‘de
‘test’ mode (this is in addition to the regular error log-file). These are the debug log file
detailed scenario file and the detailed results file. The scenario file contains all pertinent in
tion used in the set-up stages of the retrieval application. It includes all atmospheric profile
in the calculation, all (convoluted) cross sections, all additional climatological informa
extracted from data sets (topography, surface albedo at various wavelengths, etc.). The s
file also contains a complete statement of all the parameters input from the Initialisation Fil
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output of the level 1b geolocation and (window-buffered) measurement data used in the re
Scenario files should be defined for each algorithm. Algorithms using optimal estimation s
also include all a priori information in the detailed scenario file output. 

The detailed results file should contain all pertinent intermediate output from an algorithm. In
particular it is here that spectral output should be made available for verification purposes
would include the vector of measured backscatter intensities, the vector of simulated inte
the rest spectrum, and various fitted and reference optical densities, etc. Additional AMF ou
also valuable (UVAS only). For algorithms using optimal estimation it is possible to outp
number of additional diagnostics (contribution functions, averaging kernels, etc.). There s
also be an option to include detailed output at each iteration of any iterative fitting proces
would not only include the spectral data, but also ongoing values of the state vector of para
to be fitted, plus the current solution variance/covariance matrix). 
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6.3 Reference Data Bases 

We confine ourselves here to a list of the main data sets. As mentioned in the overview, th
three classifications for reference data climatology, look-up tables, and orbit-processed da
list is the current baseline. 

6.3.1 Climatology and Spectroscopic Databases 
• (UV/visible) Cross sections for O3, NO2, BrO, OClO, SO2, ClO, H2CO, NO3, O2-O2 

• (Near infrared) Line spectroscopic data for O2, H2O, CO, N2O, CH4, CO2 

• Ring spectra, Fraunhofer reference spectrum, slit function parameters 
• Topography, constant albedo, land surface types (global) 
• Spectral surface albedo (complete SCIAMACHY range) 
• Atmospheric profile databases for pressure, temperature, VMRs for O3, NO2, BrO, OClO,

SO2, ClO, H2CO, NO3, H2O, CO, N2O, CH4 and CO2. A priori profiles O3, aerosol and maybe
other trace gases, plus error covariance 

• Aerosol loading and optical properties 
• Cloud optical and reflectance properties, ISCCP climatology 
• PMD threshold data sets, cloud-free composite 

6.3.2 RT-derived look-up tables 
• Fourier components of intensities for O3 AMF at 325 nm and for NO2 AMF at 437.5 nm, plus

climatology derivatives. Alternatively - complete AMF databases for these two species (N
• Ratios of multiple scatter intensities to single scatter intensities for use in limb O3 VMR profile

retrieval (TBD). 
• Intensity and weighting function look-up table for nadir O3 profile retrieval (suggested). 

6.3.3 Orbit pre-processed data sets 
• For each wavelength registration, pre-computed slit function quantities to be used in all c

lutions anticipated for all retrieval applications. 
• Others TBD. 



ENVISAT-1 SCIAMACHY ATBD
Doc.No.: ENV-ATB-SAO-SCI-2200-0003
Issue: 1/B
Date: 23.12.98

- 86 -
DLR

 is .
ral the
 then

 inter-

 as

 out-

on the

d this
 is also
nction

r than

h also

 fact,

n-

 wave-
at the

e

ill be

limits
7 Appendices 

7.1 Convolution 

The formal definition of the convolution of  with slit function  is defined as: 

(45)

The slit function is assumed symmetric about the central wavelength, and the band-pass
Although the slit function is parameterised as an analytic function of wavelength, in gene
spectrum  is not analytic, and is specified on a wavelength . The integral is

replaced by the trapezoidal sum: 

(46)

 is the vector of parameters determining the analytic shape of the slit function.  are the

vals in wavelength space given by: 

  (47)

The number of points runs from  to ; these depend on the wavelength .We denote 

the incoming wavelength grid. We will be convoluting to a group of wavelengths  (the

going wavelength grid), and we use symbols  and  to indicate this dependence 

outgoing wavelengths. In general we will not have regularly spaced wavelength grids, an
means the summation integrals must be done from first principles. The slit function shape
dependent on , so we write  to indicate the wavelength dependence of the slit fu

parameters. The slit function expressions are given in terms of pixel distance , rathe

wavelength distance. The relation between these two is the pixel spacing , whic

changes with wavelength across any channel. Thus . 

The range  to  depends on , the half-width slit band-pass (in pixel numbers). In

the range of k-values must lie between  and . In ge

eral the spectrum to be convoluted is a large array with many points and a fine resolution in
length space. The set  must include and extend beyond the set . It is clear th

extreme wavelengths  and  must lie insid

the set . Here,  and  are the first and last wavelengths to which the convolution w

done. For each  we must not only trawl through the set  to find the summation 
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∑
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parameters  from the slit function database. 

We write the convolution as  where the sum is between  

. The quantities  are then just normalised slit function values, and can be pre

puted independently of any spectrum Y that needs convolution. This slit function pre-computati
should be done at the beginning of any orbit for each of the wavelength calibrations to be e
tered during that orbit. The convolution itself is then just a simple summation with a mini
number of operations. Considerable time can be saved by pre-computing the variables 

and knowing the range of values over which the summation can be done. More time can b
in the set-up by starting the search for the offset  with the already-found value 

instead of starting at  for each point.

At the time of writing, there are some preliminary measurements of SCIAMACHY slit functi
We must wait until the calibration is completed before a proper data base of slit function pa
ters can be compiled. In any case, it may be sufficient to assume the shape is known, and 
for one or more of the slit function parameters (main candidate for this would be the half-w

In the IAS prototype development, a Gaussian form  has b
adopted. Here, w is the full width half maximum. Another possibility is the simple hyperbo

function used in GDP, namely . All slit functions are expressed in term

pixel numbers from the centre; all should have unit area. 

k1 i( ) k2 i( ) R xi( )

a i( )

Yc xi( ) Y x'k( )Qi x'k( )∑= k1 i( )

k2 i( ) Qi x'k( )

Qi x'k( )

k1 i 1+( ) k1 i( )
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