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1 Introduction

1.1 Purpose and Scope

SCIAMACHY (SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY) is
one of the earth observation research instruments to be included as part of the payload of the ESA
(European Space Agency) ENVISAT-1 platform to be launched in the year 2000. The main scien-
tific objective of SCIAMACHY is to measure distributions of a number of chemically important
atmospheric trace species on a global basis. SCIAMACHY has a spectrometer and telescope sys-
tem designed to observe light transmitted through and reflected and scattered from the earths
atmosphere over a spectral range of 240 - 2400 nm. It has an alternate limb and nadir viewing
capability, and will be able to perform solar and lunar occultation measurements. Nadir UV/visi-
ble measurements will provide global column distributions gf IO, and a number of other

trace species (BrO,4€0, OCIO, SQ and possibly ClO), and height-resolved profiles gf O

Nadir infrared measurements will generate column distributions ¢f B0, CH,, CO and NO.

Limb observations will provide vertical profiles of many of these species, with particular empha-
sis on @ and NG (UV/visible) and HO, CH,, CO and NO (infrared). Limb profiles of pressure

and temperature will be generated from Cisorption signatures near 2000 nm, and possibly
from O, A band measurements (~760 nm). Vertical profiles will also be obtained from solar

occultation measurements. Aerosol profiles will be available from limb/occultation retrievals.
Cloud parameters and additional aerosol parameters will also be produced from a number of pre-
processing algorithms.

This Algorithm Theoretical Basis Document (ATBD) describes all algorithms required for the
operational retrieval of SCIAMACHY Level 2 data products. Both the Off-line (OL) and Near
Real Time (NRT) processing elements are covered. The design, implementation and maintenance
of the SCIAMACHY off-line Level 1b to 2 processor are the responsibility of the DLR (German
Remote Sensing Data Centre). Operational level 1b to 2 NRT algorithms for SCIAMACHY will

be implemented by an industrial consortium, with detailed product and algorithm specifications
provided by DLR.

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

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

Post-launch updates of this ATBD will reflect experience gained from operational processing dur-
ing and after the commissioning phase. The algorithms will be fine-tuned in response to results
and feedback from verification and validation programmes, and and further improved on the
basis of relevant scientific research. Once the basic algorithms described in the pre-launch issues
of the ATBD are functioning, post-launch updates will probably contain descriptions of synergies
between nadir and limb SCIAMACHY products.
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R. J. D. Spurr (Harvard-Smithsonian Center for Astrophysics) prepared the original (draft) ver-
sion of this document in May 1998. This first draft was written as part of the document package
produced for the SCIAMACHY Data Processing ADC Review Meeting (June 15, 1998). A
number of comments received after this meeting were incorporated in the first issue (July 1998).
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. Since the
group of NRT algorithms is for the most part a subset of that for the OL, it is expedient to include
NRT descriptions as part of a single ATBD for SGP level 1b to 2. This has been agreed, and the
second issue was prepared for release in mid-December 1998, in time for a major review of
selected ENVISAT ATBDs at the ESAMS conference (18-22 January 1999). In addition to the
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 DLR for
comments, and K. Chance and T. Kurosu at SAO for valuable feedback.
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1.2  Abbreviations and Acronyms

AAIA
AMF
AO
AOTA
ATBD
ATSR
AVHRR
BIAS
BUV
CRAG
DFD
DLR
DOAS
ECMWF
ENVISAT
ESA
FD
FTS
GDP
GOME
HALOE
HRFA
IAS
ICFA
IR

LBL
LORE
NRT
NWP
OE
ODIN
OSIRIS
PMD
SAGE
SAO
SOLSE
SSAG
P-T
PCCA
RCFA
SAGE

SCIAMACHY
SGP_120L

TOA
uv
UVAS
VMR

Absorbing Aerosol Index Algorithm

Air Mass Factor

Announcement of Opportunity

Aerosol Optical Thickness Algorithm
Algorithm Theoretical Basis Document
Along-Track Scanning Radiometer
Advanced Very High Resolution Radiometer
Basic Infrared Absorption Spectroscopy
Backscattered ultra-violet

Cloud Retrieval Algorithm for GOME
Deutsches Fernerkundungsdatenzentrum
Deutsches Zentrum fir Luft- und Raumfahrt e.V.
Differential Optical Absorption Spectroscopy
European Centre for Medium-range Weather Forecasting
Environmental Satellite

European Space Agency

Fast Delivery

Fourier Transform Spectrometer

GOME Data Processor

Global Ozone Monitoring Experiment
HALogen Occultation Experiment
Height-Resolved Fitting Algorithm

Infrared Absorption Spectroscopy

Initial Cloud Fitting Algorithm

infra-red

Line-by-line

Limb Ozone Retrieval Experiment

Near Real Time

Numerical Weather Prediction

Optimal Estimation

Polarisation Measurement Device

Stratospheric Aerosol and Gas Experiment
Smithsonian Astrophysical Observatory

Shuttle Ozone Limb Sounding Experiment
SCIAMACHY Science Advisory Group

Pressure and Temperature

PMD Cloud Coverage Algorithm

Revised Cloud Fitting Algorithm

Stratospheric Aerosol and Gas Experiment
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography

SCIAMACHY Ground Processor level 1 to 2 Off-Line
Top of Atmosphere
ultra-violet

UV/Visible Absorption Spectroscopy
Volume Mixing Ratio
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1.3

Applicable Documents

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

[Al]

[A2]

[A3]
[A4]
[AS]
[A6]

[A7]
[A8]

[A9]
[A10]

[A11]

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

Burrows, J. P., K. Chance, P. Crutzen, J. Fishman, J. Fredericks, J. Geary, T. Johnson, G.
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. Vercheval,
SCIAMACHY Phase A Study Scientific Requirements Specification, 1991

SCIAMACHY Requirements Document, SCIAMACHY Scientific Advisory Group, Issue

1A, in preparation, May 1998

Scientific Requirements Document for Data and Algorithm Development, SCIAMACHY
Algorithm Development and Data Usage Subgroup, Issue 2A, January 1998

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

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

ENVISAT Mission Conventions Document, PO-IS-ESA-GS-0561, Issue2/0, April 1997

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

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

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

SCIAMACHY Level 1b to 2 Off-line Processing Interface Specification Document, ENV-
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 SCIAMACHY
processing in the context of the mission objectives and the list of level 2 data products. This chap-
ter also includes a summary table; this represents the baseline on algorithms/products at the time
of writing.

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

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

Requirements on radiative transfer models are discussed in Chapter 5, with applications to both
NRT and OL algorithms. Chapter 6 deals with input/output and database requirements. Chapter 7
contains appendices on auxiliary mathematical operations, and is followed by the list of refer-
ences.

Each algorithm exposition includes a physical description, along with the most important and rel-
evant mathematical formulae. We discuss aspects of the retrieval strategy, and the evaluation of
targeted products and their diagnostics. In addition, there are some remarks on the operational
implementation of the prototype algorithms (performance aspects, testing and verification, quality
control). Aspects of the forward problem (simulation of intensities and weighting functions) are
noted as appropriate, with further detailed discussion of forward model simulation confined to
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 [Al], the following gases were targeted for measuremgr®; 30, NO,
NO,, NG5, CO, CQ, H,CO, CH,, H,0, SG, and possibly CIO and OCIO under ozone hole con-

ditions. As a result of the initial sensitivity analysisQ\ BrO and Q (*Ag) were then included.

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

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

Nadir Total Column Amount Limb Stratospheric Profiles
UV-Vis IR UV-IR UV-Vis IR UV-IR
O3 H,O Clouds
NO, N,O Aerosol
BrO CO
NRT SO, CH,
OcCIO
H,CO
O3 H,O Clouds Q H,O Aerosol
NO, N,O Aerosol NG N,O
BrO CO BrO CO
SO, CO, CO,
oL OcCIO CH, CHy
H,CO p, T
UV Index

Table 1: List of proposed geophysical parameters to be retrieved

The basic division here is between nadir-mode total column retrieval products and limb strat-
ospheric profile retrieval products on the one hand, and between off-line (OL) and the fast deliv-
ery (NRT) products on the other. The OL list is the baseline that provides the Priority | products
for off-line level 1b to 2 processing (see table in section 2.3). All NRT products have Priority |
status.
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The above table does not include occultation or nadir profile retrieval products; these have Prior-
ity Il status at present; they includg @rofiles (nadir) and the set of occultation stratospheric pro-

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 Priority |
and Il off-line and near real time products as listed in the above table. The discussion of nadir/
limb value-added tropospheric products is beyond the scope of the ATBD (see [A3] for a sum-
mary).

Since SCIAMACHY channels 1 to 4 are similar in scope to those for GOME, GDP algorithms
have been taken over for use in the UV/visible nadir-mode column retrievals for SCIAMACHY
(see below). The first major new development for SCIAMACHY was the specification and gener-
ation of an operational prototype algorithm for the NRT processor, for the total column retrieval
of trace species (CO,,® and CH) from SCIAMACHY channels 7 and 8 infrared nadir meas-
urements. This algorithm (chapter 3.3) will be taken over for the OL processor, and given greater
flexibility and power without the constraint of NRT performance limitations. For the off-line
products, limb retrieval algorithms must be developed from scratch; the first operational proto-
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-down
version of SCIAMACHY. It was given fast-track development status by ESA [G1], and was
launched on 21 April 1995 on board the second European Remote Sensing Satellite (ERS-2). It
has 4 spectral channels covering the range 240-790 nm, and is a nadir-only instrument. The meas-
urement capability of GOME closely matches the UV/visible nadir capability of SCIAMACHY,;

the mission objectives are very similar.

The GOME Data Processor (GDP) was developed and implemented at DFD with the help of sev-
eral scientific institutions [G2]. GDP became operational in July 1996, with earthshine spectra
and retrieved total ©columns the main products generated on a routine basis. Total column
amounts of N@, H,CO, SQ, OCIO and BrO have been retrieved successfully from GOME
back-scatter measurements. The experience gained with GOME in the implementation of opera-
tional nadir UV-visible total column retrieval will be invaluable, as there is considerable overlap
with SCIAMACHY. Parts of the current ATBD will follow closely the descriptions in the GDP
Technical Documentation [G3][G4].

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

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



ENVISAT-1 SCIAMACHY ATBD
Doc.No.: ENV-ATB-SAO-SCI-2200-0003 -16 - ¢
Issue: 1/B

DLR

Date: 23.12.98

2.2 Algorithms Overview
Nadir Algorithms Overview

In this and the following section, summaries of algorithms are given without references (these
will be given in the main text). The summaries given include all the OL algorithms; limitations
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, cloud
classification) and initial aerosol information. The term ‘pre-processing’ indicates that these algo-
rithms will be the first to be executed in SGP level 1b to 2 processing chain. In particular, the
cloud results will be used to correct subsequent UV/visible trace species retrievals for nadir
scenes flagged as partially or totally cloudy. There are two main component cloud algorithms;
they are listed separately here, but may well be used together in the (off-line) operational proces-
sor.

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

* Revised Cloud Fitting Algorithm (RCFA). An algorithm for the retrieval of cloud optical
parameters based on least squares fitting of measured nadir back-scatter intensities with their
simulated equivalents in and around thead Q absorption bands in the visible/near-infra-
red. Main retrieval products will be cloud-top pressure and optical depth; combined with the
cloud-cover algorithm, a determination of cloud type will be possible. Development of this
algorithm will again follow that for GOMENot part of the NRT processor

» Aerosol Absorbing Index Algorithm (AAIA) is stand-alone at present, and the results will not
be used in later algorithmBoth NRT and OL

» Aerosol Optical Thickness Algorithm (AOTA). Also intended to be stand-alone, this is at
present an option to be considered for the OL processor. (Aerosol profiles retrieved from limb
and occultation measurements are treated separ@elypart of the NRT processor.

UV-Visible Absorption Spectroscopy (UVAS) Algorithm
(Applies equally to NRT and QL

This algorithm is the one that most closely matches the corresponding DOAS algorithm in GDP.
It is based on the least squares fitting of effective slant column amounts of certain trace species in
the UV and visible parts of the spectrum. The DOAS method will be one of the major options:
optical densities are fitted linearly for column amounts, with accompanying non-linear fitting for
spectra wavelength mismatches. The baseline will be two windows optimised &rdONG
retrieval. Another option to be considered will be the direct non-linear least squares fitting of radi-
ance to determine slant columns. Recent developments with GOME have demonstrated its ability
to measure BrO, $CO, OCIO, SQ@ and even ClO, and the SCIAMACHY OL and NRT algo-

rithms will include fitting windows for these species. Columns fXID,, BrO, SG and HCO
will be retrieved on a global basis, with OCIO for special cases only (o0zone hole scenarios).
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In the first operational prototype, the conversion to vertical column amounts will be done using a
single Air Mass Factor for each trace species and fitting window (the ‘AMF-modified’ DOAS
approach will not be described in this ATBD). Experience with GOME has shown that it is prefer-
able to use look-up tables of AMFs in an operational environment, rather than calculate them
from scratch using radiative transfer code. The development for GOME of imprguedl MG

profile climatology for the generation of new AMF look-up tables for these species will be incor-
porated as part of the SCIAMACHY algorithms. The correction of vertical column density for
cloud-contaminated scenes currently in use for GOME will be taken over as the baseline for
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 column
amounts of trace species in the infrared part of the back-scatter spectrum (SCIAMACHY chan-
nels 7 and 8). In its simplest form, the algorithm assumes scattering can be approximated by a
multiplicative closure term on the transmittance, provided the optical depth is not too large. A
small selection of micro-windows will highlight retrieval of the important species (CO gdd N

are the drivers, with Cj{ H,O and CQ columns also retrieved).

The same technique can be used to derive the pressure height of an equivalent Lambertian reflect-
ing surface assuming the known absorption of, @@ar 2030 nm in channel 7 (relatively low
optical depth). It is more consistent to execute this B&ght fit first before attempting trace gas
retrievals; the height result is used as the lower boundary in the subsequent retrieval of trace spe-
cies from Channel 8 infrared measurements. It is anticipated that the infrared absorption spectros-
copy results will be stand-alone (no incorporation of results from the cloud pre-processing
algorithms).

The OL version will include a full line-by-line capability for cross section evaluation, and a ray-
tracing formalism in a curved refracting atmosphétee NRT algorithm will use look-up tables

of pre-computed trace gas cross-section templates at a high resolution, and an additional table of
ray-traced slant path factors. In the specification documents for NRT, the algorithm is named
BIAS (Basic Infrared Absorption Spectroscopy)

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

(Not in the NRT processor).

This is based in part on the BUV technique, where the wavelength dependengcscattéring
heights in the UV below 300 nm is used to infer stratosphegipr@files. The algorithm also
takes advantage of the temperature dependence of the Huggins haatasoM®tion (300 - 360

nm) to extract height-resolved information in the troposphere; inclusion of points in the visible
(Chappuis) Qabsorption region may also provide an additional constraint. The algorithm uses an

iterative optimal estimation technique to update the state vector of profile componenpsicain
profile is used to constrain the problem.

The forward part of the algorithm requires repeated calculation of intensities and their parameter
derivatives (weighting functions). Radiative transfer simulations must be performed with full
multiple scatter, and this is (at present) prohibitively time-consuming for realistic inclusion in an
operational environment. However, results derived from GOME back-scatter measurements for
special scenarios and campaigns have shown clearly the feasibility of this technique, and it is
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anticipated that an operational algorithm will be implemented once the performance bottleneck is
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 strategy for
limb profiles. In order to keep options open, both onion peeling and global fit methods will be
considered (and perhaps an admixture of the two). There is also a distinction between P-T
retrieval and trace gas volume mixing ratio (or concentration) vertical profiles. In both cases, aer-
osol scattering profiles will be retrieved simultaneously. The use of optimal estimation or uncon-
strained non-linear least squares has also not been decided for the various limb and occultation
applications.

P-T retrieval should be performed first, to allow the retrieved temperature and/or pressure profiles
to be used in subsequent trace species limb retrievals. The P-T and VMR retrieval algorithms are
regarded are given a stand-alone treatment in this issue of the ATBD, and it is intended to deal
with the integration of these limb applications in later versions. Note that the limb and occulta-
tion products will contain both the VMR and the number density values; the algorithm is labelled
‘“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 pres-
sure from limb scatter measurements of,@®channel 7. Fitting windows for each limb scan

must be selected to include suitable combinations of pressure and temperature sengitive CO

absorption lines. The atmosphere is assumed to be in hydrostatic equilibrium; exact knowledge of
the pressure and temperature at one height will enable the tangent heights to be retrieved by this
method.

Simulation of limb scatter intensities and associated weighting functions will be carried out quasi-
analytically in the single-scatter line-by-line approximation; multiple scattering effects (small in
this part of the spectrum) will be parameterised. Aerosol scattering and extinction profiles will be
retrieved in conjunction with the atmospheric variables. Pressure and temperature profiles may
also be retrieved from LA band limb back-scatter measurements around 760 nm, but this is still

under investigation and will not be described here. The question of onion peeling versus global
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 defined
by the limb scan sequence (equivalently, one can retrieve concentrations, but for simplicity we
stay with VMR for the remainder of the document). For SCIAMACHY channels 1 to 4, the main
emphasis is on measurements from the UY) @nd visible parts of the spectrum (N@Ds).

From two or more micro-windows in channel 8, this algorithm can also retrieve VMRs for trace
species MO, CO and CH (and possibly KO); CO, limb profiles can be retrieved from channel 7
measurements. In all cases, aerosol scattering and extinction profiles will be retrieved in conjunc-
tion with the main output. The algorithm will retain options on the use of optimal estimation ver-
sus non-linear least squares.

It is likely that the first version of the prototype will use the global fit technique, especially for the
UV/visible applications. Also it is probable that ‘measurements’ as defined in this algorithm will
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actually be ratios of limb scan radiances at two different tangent heights. Again, single scatter
simulations will be quasi-analytic in the retrieval parameters, with corrections for multiple scat-
tering effects extracted from look-up tables. All targeted species’ cross-sections are temperature-
dependent. In addition it is advisable to use a retrieval heightgrid based on the foregoing P-T limb
results.

Ocecultation algorithms

In principle, the list of products defined for the first limb profile retrievals in SGP_120L can also

be retrieved for solar occultation measurements. There is scope for only a few occultation prod-
ucts per orbit due to the limited time (~ 60 s) spent in this viewing mode. The forward simulation
part of the retrieval algorithms is simpler, because it requires only computation of direct-beam
transmittances (scattering can be neglected). Though measurement signal-to-noise and corre-
sponding retrieval precision are high, there are radiance calibration (and possibly also wavelength
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 product,
comprising measurements for nadir, limb and occultation states, and an extra-terrestrial sun refer-
ence spectrum taken by the instrument. Each atmospheric measurement contains a number of
observation records (geolocation information and spectra). Also required as input is a list of
parameters controlling the execution of the component algorithms in level 1b to 2 processing; this
comprises the ‘Initialisation File’. Additional real-time ancillary data may also be required
(assimilated meteorological forecast/analysis fields, for example).

Main output will be level 2 products, as specified in [A10]. Each component algorithm as summa-
rised above will generate its own component output data set, in addition to the housekeeping and
geolocation data required for completeness. In addition to retrieved parameter values, solution
covariance output from the fitting algorithms will be specified where possible, though no detailed
spectral information will be included in the products. During the testing and commissioning
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 clima-
tological data sets (topography, surface properties, atmospheric profiles inelymting values)

and reference spectra (spectroscopic line parameters, absorption and Ring effect cross sections,
aerosol and cloud optical properties). The second class comprises fixed pre-calculated look-up
tables of radiative transfer simulated data (AMFs for the UV/visible column retrievals, multiple
scatter correction factors for limb retrievals, line-by-line transmittances). The third class contains
data sets that are pre-calculated for each orbit (in particular, the preparation of instrument
response functions required for the convolution of high-resolution templates to instrument wave-
length grids).
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So far as possible, this table complies with table 1 in section 2.1 on page 14 above. Priority | has

Summary Table

been subdivided. An asterisk denotes NRT product. For acronyms, see section 1.2.

Parameter Priority Algorithm Remarks and Baseline
Cloud cover l-a * PCCA PCCA also in level 0 to 1b processing
Cloud top pressure| I-a RCFA Used perhaps in conjunction with PC(C
Cloud optical depth| I-a RCFA Used perhaps in conjunction with PCC
Cloud type I-b RCFA/PCCA Status uncertain
Aerosol index I-b * AAIA Absorbing aerosol index
O3 column l-a * UVAS AMF lookup-table
NO, column l-a * UVAS AMF lookup-table
SO, column l-a * UVAS Special scenario, may be globally
BrO column l-a * UVAS Global coverage
H,CO column l-a * UVAS Special scenario
OCIO column l-a * UVAS Special scenario
CO column l-a * IAS Channel 8 infra-red
N,O column l-a * IAS Channel 8 infra-red
CH, column l-a * IAS Channel 8 infra-red
H,O column I-b * IAS Channel 7, also channel 5 possibility
Reflecting height l-a * IAS Channel 7, G@nfra-red
Og profile Il HRFA Nadir, developed with GOME, UV/visible
P-T profile I-a Limb-PT Global fit preferred, GOnfra-red
O3 profile I-a Limb-VMR | Global fit preferred, UV/visible
NO, profile l-a Limb-VMR | Global fit preferred, visible
BrO profile Il Limb-VMR | Status TBD
CO profile I-b Limb-VMR | Global fit or onion peeling, infra-red
N,O profile I-b Limb-VMR | Global fit or onion peeling, infra-red
H,O profile I-b Limb-VMR | Global fit or onion peeling, infra-red
CHy profile I-b Limb-VMR | Global fit or onion peeling, infra-red
Aerosol profile Il Limb-VMR | Global fit or onion peeling, infra-red
P-T profile Il Occul-PT Global fit or onion peeling, GOnfra-red
O3 profile Il Occul-VMR | Global fit or onion peeling, UV/visible
NO, profile Il Occul-VMR | Global fit or onion peeling, visible
Minor profiles I Occul-VMR | UVMisible: BrO, S@, H,CO, OCIO
Minor profile I Occul-VMR | Infra-red: CO, Clgl, N,O
Aerosol profile Il 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 there
have been no specific developments in this field for SCIAMACHY, but the commonality of the
two instruments ensures that all the GOME work done so far is relevant. There have been two
approaches to cloud retrieval - the use of sub-pixel PMD data to derive fractional cloud cover, and
the use of a least-squares fitting algorithm comparing reflectances in and aroundAtlioai

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 sponsored
by ESA [G8]. Using a combination of reflectance and colour (ratio) thresholds, sub-pixel scenes
were assigned ‘clear’, ‘cloudy’, or ‘undetermined’ status. The algorithm used static thresholds
and simulated data, and distinguished between land and ocean surfaces. This algorithm was
adapted for use in GOME but never actually used in the operational cdhtexs. also been
specified for SCIAMACHY NRT as the cloud clearing algorithm, but recent developments (next
paragraph) have superceded it, and it is anticipated that an upgraded cloud clearing algorithm
will be incorporated in NRT

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

An O, A band algorithm (ICFA - Initial Cloud Fitting Algorithm) was developed originally for
GOME to determine cloud fraction [C1]. In its current operational version for GOME, ICFA uses
linear least-squares fitting, matching a combination of transmittances to ground and cloud-top in
and around the A band. The cloud-top height is taken from climatology, the optical depth is
assumed constant, and cloud-top reflectances are pre-computed from forward model computa-
tions. ICFA is part of GDP and has received some validation [C3]. More recent work [G9] has
focused on non-linear least squares fitting of theA®@and reflectance values, with optical depth

and cloud-top height the free parameters. This work will eventually form the basis of RCFA
(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 present
state of knowledge. Extensions to SCIAMACHY will be indicated where appropriate, and we
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, 3 and
4 (approximate ranges 300 - 400 nm, 400 - 600 nm, and 600 - 800 nm); SCIAMACHY has com-
parable devices with similar ranges. For each diode array short integration read-out (1.5 seconds),
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the PMDs are read out 16 times (integration time 98 ms). For the regular 960 km GOME scanning

swath, this translates to 3 x 16 sub-pixel footprints, each of size 40 x22@ikes will be compa-
rable for SCIAMACHY). For each nadir scan, the GOME level 1 product contains 3 x 16 PMD
reflectances (sun-normalised intensities); these are converted to nadir values Ydhlredgh
division by g (solar zenith angle cosine), division py (line-of-sight zenith angle cosine) and

multiplication byt

Thresholding technique

Computation of PMD sub-pixel cloud cover is performed as follows. Denote the PMD albedo as
P(l), P® andP® and suppose that the minimum value (clear sky) thresholds for the PMDs are

Pﬁ,‘}m, j= (1, 2, 3), and the maximum value (cloudy) thresholRﬁ#ax . Suppose also that margins
52’3” and 6g)ax for these thresholds have been defined. An actual PMD d@fJ&do will then pass

the clear or cloudy threshold testf) < pU) 4 50) et > p) —55,"3ax respectively. These

min min max
are absolute tests; another test involves the colour Ratic?> /p? of the ‘red’ and ‘green’

PMD albedos. ThresholdR i, Rnaxd  @nd margf R,)n 6§nR;X} are defined in a similar fash-

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

as follows. When we encounter the first of @2 to lie between their threshold Pﬁmes and
Pg])ax (the order of the tests is discussed below), then we assign fraction cloud cover (in %) from:

‘P_(Pmin+6min)‘ %
(Pmax_ 6max) _(Pmin + 6min)

If this assignment fails, then we look to an adjacent pixel, and if the latter has been classified we
assign a partial cloud fractional percentage by interpolation; failing this, the pixel is genuinely
indeterminate. The absolute tests are always the same for each PMD albedo, but the order in
which they are performed depends on the surface type. In addition, the colour threshold test oper-
ates differently according to ocean or land surface types. For cloudy conditions, the colour ratio is
close to 1, because the scattered light from the cloud has a flat signature. For cloud-free condi-
tions, the colour ratio depends on the underlying surface over oceans, green is reflected more than
red soR< 1, while over land the reverse is tré&eX(1). For a land surface, the algorithm performs

C= 100 1)

first the cloud-free testing using minimum absolute threshﬁﬂ;ﬁﬁ and the maximum colour

thresholdR ., , in the ordeP'® R, PO PM it then tests for cloudy sub-pixels using maxi-

mum absolute thresholds and a minimum colour threshold; the test order is the same. The partial
assignment test is then applied if required. For ocean surfaces, the threshold test structure is the

same, except that the cloud-free colour test uses Rmin while the cloudy colour t&&t uses , and

the order isP® R, p(2) , P Flow diagrams of all tests can be found in [G10]. The algorithm
is designed to update thresholds when sub-pixel PMD assignments have been classified as cloudy
or cloud-free (this is the dynamic threshold update). Thresholds are assigned to axl

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

The classification of surface type follows the scheme adopted for GDP, which is based on earlier
work from NASA [C4]. In the GOME PMD algorithm, no distinction is made between ‘snow’
and ‘water’ surface types; all land surface types are treated equally. It should be possible with
SCIAMACHY to distinguish easily between ice and liquid water. Since SCIAMACHY has addi-
tional PMD detectors out in the infrared, an additional threshold test could be added for this dis-
tinction by comparing the PMD output from the channel 6 PMD (range ~ 1000-1700 nm) to that
of the channel 5 PMD (range ~ 800-1000 nm). For the GOME algorithm, a set of static thresholds
has been generated for test simulations using spectral albedos for five different surface types
(snow, water, sand, soil and vegetation; data compiled by R. Guzzi (private communication), see
also [C5] and [G4]).

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

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

Quialitative validation of the thresholding algorithm has been performed with a selection of coin-
cident AVHRR images [G10]. It is intended to make a more comprehensive validation of the algo-
rithm using the Apollo cloud coverage algorithm [C6] on coincident ATSR images (a sister
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 differences
are the number of sub-pixel PMD measurements (10 in SCIAMACHY) and the read-out times.
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 PMD data;
this work is also part of the CRAG study for GOME [G9]. It is a generic cloud recognition algo-
rithm that works for optical remote sensors. It relies on the generation of an off-line global cloud-
free composite from historical data [C2], which is then compared linearly with actual measure-
ments to determine a fractional cover.

A simplified model of the earth-atmosphere reflectance is used for the image formation. The
PMD reflectancep(x, y,A) at locatio(x,y) and wavelength is defined as the ratio of the
PMD radiance valué(x, y, A) to the solar irradiathge:) , divided by the cosine of the incident
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solar zenith angle, and the cosine of the viewing zenith angle. The use of this geometry-invariant
corrected reflectance ensures that comparisons can be made between measurements. (This defini-
tion is in line with that for PMD albedos in the previous algorithm). Zenith angles should be cal-
culated at the top of the atmosphere and the above remarks concerning the satellite-to-atmosphere
correction of these zenith angles are also appropriate here. Also, selection of the TOA height is
required.

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

r = Np(Ag) andg = Np(Ag) , wherg1/N)= p(Ag) + p(Ag) + p(Ag) defines the normalisa-
tion factor (the locatiorfx, y) is assumed). If thereMreed-green pair§rg;}  at this location,
then the one that designates the cloud free (CF in the equation below) value is defined by:

Ir9ce—W| 2 |rg;-W| i=12..,M 2

whereW is the white point in the RGB chromaticity diagram [C2], and the modulus denotes dis-
tance in RG-space.

For GOME, global monthly cloud-free composites are created using this method, and these are
then merged to form an annual composite. Monthly composites are not totally cloud-free (3-day
cover in the tropics translates to 10 measurements per month at the equator). Combining monthly
composites removes ephemeral snow cover, but permanent snow and ice fields are still present
(further work is needed to separate these). GOME historical data from 4 months in 1996-1997
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 actual
measuremenyg and the cloud-free valugic  at that location, thaf is, S| rg— rgc| , where

Sis a proportionality factor. The algorithm can process whole orbits quickly, and is well suited to

an operational environment. The algorithm has been compared with ICFA results taken from GDP
level 2, and preliminary results show favourable qualitative comparisons with selected Meteosat
images [C2]. Comparisons with the thresholding technique will be carried out as part of the
CRAG study.

Concluding Remark

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

long history (see for example [C7] and [C8]). The depth of the heind absorption in the cen-

tre of the R branch (~ 760 nm) below the adjacent continuum level of the reflectance spectrum
gives an indication of the penetration depth of the atmosphere (for fully cloudy conditions). We
now describe the main features of the fitting problem, with its applications to cloud fractional
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cover (ICFA) and the application to cloud-top pressure and optical depth retrieval (RCFA). It is
assumed in both algorithms that the cloud-top can be treated as a reflecting boundary; later we
discuss the validity of this assumption.

Least-squares fitting involves the chi-square merit function minimisation (see equation (10) on
page 32). Suppos®,,..{A;) are measured reflectances (sun-normalised radiance values multi-

plied byt ) in a fitting window covering all or part of tAedband . Let~. be the cloud fraction of

the pixel sceneR. may be known from some other source or (for ICFA) it may be a free param-
eter in the fitting). Then the simulated reflectance may be written as a linear combination of terms
to cloud-top and to ground level:

Ysim()\i): Fc + Ycloud(Tc’ Pcs )\i) + (1 - Fc) D{ground(pg’ )\i) (3)

Herep, anobg are the pressures at cloud-top and ground levels respectively, and is the optical

thickness of the cloud. In the fitting studies carried out for GOME, the main focus has been on the
parameter§ F, p., T.} . For non-linear fitting, the repeated computation of full multiple scatter

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

ICFA description and status

First we shall describe the Initial Cloud Fitting Algorithm (ICFA) currently in operational use in
GDP [G3]. ICFA fits only the cloud fractiokR, p., and are assumed known. ICFA assumes

also that the simulated reflectance is a linear combination of the slant path transmittances
Teioud(Ajs P By Ho) and TgroundAjs Py Hi Hg)  plus an additive closure term to deal with scat-

tering contributions:

A
Ysim()‘i)= Fcpoa (TC’ Ho M (p)Tcloud(pCf )‘if Ho w+(1- Fc)UBTground(pgf )‘if Ho H) +V%L_)TL[E (4)
(A* is a reference wavelength, for example the mid-point of a fitting window covering all or part
of the A band). p andp, are the line-of-sight and solar zenith cosines respectively.
a(Te W, Mo ¢) is the bi-directional cloud-top reflectance function which depends on the relative

azimuth¢ as well as the zenith geomeflry, is the ground albedo (assumed Lambertign), and is
a closure coefficient (a linear term in wavelength has been assumed in the above equation).

If we define parameter®\; =F. [y [0(T., W, K §) Ay =(1-F,) Uy (B anbl;=y , then
equation (4) is linear in the parameté&;s A,, Agd , and the fitting is then linear least squares.
The result-, comes from the fitted parameter  and knowledge of ; apart from a requirement
to examine the fit diagnostics, the other two parameters are discarded.

The bi-directional reflectanca is an important quantity in this algorithm. It consists of two
terms - a reflectanog (Y, Uy, )  due to an infinitely optically thick cloud, and a second term

Cesd T, 1, M) represesnting transmission loss through the claygy, Ko, ¢) must be calcu-
lated using an invariance principle controlling the diffuse reflection from a semi-infinite optically
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thick plane-parallel atmosphere [R1][R13]. The correction faGtar(t, U, Hy) deals with the

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

_ 4(1- A )K(H)K(Ho)
Cesa(Tcl H, IJO) - 3(1_Ag)(1 _gg)('[c + 2q0) + 4Ag

()

This expression contains constagtandq, , the escape functitt(p)  which gives the relative

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

underlying ground surface (assumed Lambertian); the effeég of can be very considerable for

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

ciently accurate for > 1, = 9

A database of cloud-top reflectance quantities has been created for GOME [G9]. 27 quadrature
cosines from 0 to 1 cover the zenith angle cosjnes pgnd . The azimuth dependgyce in is

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

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

above database for reflectanze

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

enumber space (12,780 to 13240%at 0.04 crit resolution) covering the OA band. A 16-layer

atmosphere was distilled from the US Standard atmosphere, with effective layer temperatures and
pressures used in the line-by-line (LBL) cross section computation. [For an explanation of the
LBL computation, see section 3.3.4 on page 45].

For solar zenith angles less than 75 degrees, the secant(faqur+ (1/ ) is accurate enouth

for the layer slant path factors (plane parallel approximation); for higher solar zenith angles, a

small look-up table of ray-traced path factors has been computed. For a given geometry, cumula-
tive transmittances are given as the product of vertical layer transmittances with layer slant path

exponents. The results are then convoluted with the GOME Channel 4 instrument response func-
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]; values
are given on a 1x1 latitude/longitude grid, and the level 1b geolocation footprint co-ordinates
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(centre of pixel) select the entry. Convoluted transmittances in equation (4) must be interpolated
from those computed at the levels specified in the reference atmosphere.

It is important to have an accurate line spectroscopic databasgAdvadd absorption in the cal-

culation of transmittances. This been the subject of some investigation in GOME, and an
improved database has been created for ICFA [C12]. The line intensities and broadening uncer-
tainties cause errors of up to 15%. Recent laboratory work is likely to provide more accurate data
[C13]. This will be incorporated into the upgraded CRAG algorithm for GOME and by extension
to the corresponding SCIAMACHY algorithm.

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

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

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

RCFA developments

The non-linear fitting oft. and/go, has also been the subject of some investigation [G9]. Pre-

liminary results have shown that the cloud-top pressure is a robust parameter that may be fitted
with some degree of confidence, but the optical thickness is less certain, particularly if the cloud
fraction is also a free parameter to be fitted. It seems likely that one of the two abovementioned

PMD cloud-clearing algorithms will be the method of choice for cloud fraction, with ~ and/or

p. derived from a revised cloud-fitting algorithm; a combination of methods may yield a more
accurate approach.

With the cloud fraction assumed known, we may use an iterative technique (non-linear least
sqaures, optimal estimation) to fit foy ~ apd , using the combination of quantities in equation
(3) for the simulated back-scatter. Separate intensities to ground and to cloud-top may be simu-
lated using the GOMETRAN radiative transfer code in a formalism with clouds [R5]. An initial
study has been carried out for one scenario containing a number of scenes over and around Hrri-
can Fran (4 September 1996). A look-up table of simulated instensities was created for the appro-

priate viewing conditions, and a chi-square grid-search was used to find a pair oftyalues  and
p. corresponding to a minimum value of chi-square. The results are very promising, in particular
for the cloud-top height, as verified by available synoptic information (T. Kurosu, private commu-
nication).

Two additional methods have been suggested for cloud fraction retrieval. The first uses a simple
linear regression on continuum intensities (GOME or SCIAMACHY channel 4, away fsédm H

or O, absorption bands), using a look-up table. The second is also a linear regression on intensi-

ties in and around the prominent Ca Il Fraunhofer lines (~ 393 nm). This method utilises the dif-
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 SCIAMA-
CHY wavelengths. Mie theory computations show that single scattering albedos are significantly
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different from unity for SCIAMACHY infrared wavelengths, and in consequence the expression
for the transmission loss term in the asymptotic approximation contains extra terms. With the

notation as in equation (5), and with constamts, |, k and AU calculated under the assumption
of non-conservative scattering [C9], the loss term is:

m[(1—AAD —A M K (WK (1) ¢

[(1-AAD)(1—1%6 2

CES&TC’ IJ’ IJO): (6)

—2kt,
) + Agmnzle ! ]

As far as Q A band fitting algorithms are concerned, GOME and SCIAMACHY developments

are concomitant. However, SCIAMACHY does have infrared channels, and there are additional
possibilities for cloud information retrieval using related spectral fitting algorithms in the water
bands around 930 nm (channel 5), and thg B&hds around 2000 nm (channel 7). In particular,

the retrieval of cloud-top pressure from £@bsorption is in principle very similar to the IAS

application for the retrieval of an equivalent reflecting height (see section 3.3 on page 42). Here,
one could assume that the cloud fraction was known, and then compute transmittances to fit for
the cloud-top pressure and optical depth. Light scattering by clouds is non-conservative in this
part of the infrared and expression (6) would be required for the reflectance escape function cor-
rection.

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

3.14 Introduction to Aerosol Pre-processing Algorithms

The last section deals with the retrieval of aerosol from SCIAMACHY nadir data. This field is
still under development; we confine our attention to the generation of an absorbing aerosol index
value (the AAIA algorithm), and the generation of an optical thickness value (AOTA algorithm).
The AAIA has been considered for GOME as well, and the treatment is the same The AOTA has
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 @bsorbingaerosol index (AAl) may be obtained for remote sensing
observations by looking at the logarithmic difference between two earthshine reflectance that
have been corrected for Rayleigh scattering. The usefulness of this index as a tracer for dust and
smoke aerosols was first demonstrated for the TOMS instrument for measurements of biomass
smoke burning over the Amazon basin [C14]. Similar results have been obtained using GOME
level 1 data (J. Gleason, private communication, 1997). For the specification of the SCIAMA-
CHY NRT algorithm it was decided to adopt this definition of an absorbing aerosol index [A8].
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The AAl in itself is not a physical quantity, but recent work has established a relation between this
index and aerosol optical depth [C15].

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

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

_ |mea4340)D
AAI= —1000og (340 0 )

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

SCIAMACHY earthshine and solar measurements are smoothed and binned in small buffers
around each wavelength, and reflectances calculated for these buffers. Mean values of reflectance
are then taken across the buffers. A simulated reflectance for a pure Rayleigh atmosphere must
then be calculated at 340 nm, using the reflectance at 360 nm as the surface albedo. A set of pre-
calculated look-up table coefficients was derived for the extraction of appropriate Rayleigh cor-
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 adapta-
tion to SCIAMACHY will be clear. Some of the GOME work has been done as part of the
CADAPA study [G10], and the following summary is drawn from that source. In conjunction
with this study, further work was done as part of a project to develop operational cloud and aero-
sol products at I-PAF (see for example, the presentation at GOME and SCIAMACHY Working
Sessions 7, April 1998), and this operational implementation is now under way.

Aerosol optical thickness is best retrieved from nadir reflectance measurements in parts of the
spectrum where trace gas absorption is minimal. For GOME, there are 3 suitable regions; one
from 357-430 nm, plus two other regions adjacent to th& Band (750.8 - 758.4 nm, and 774.5

- 787.0 nm). Wavelength windows were chosen by examining a number of simulated reflectances
(produced by MODTRAN [R10]) for which atmospheric trace gas transmittances were greater
than 0.996 over ranges greater than 3 nm. A total of 28 wavelengths were selected from the above
three regions (3 nm resolution from 361 - 427 nm, plus 5 others from channel 4). Some measure-
ments around 425-430 nm may require correction fo€Rappuis absorption.

These GOME measurements span channels 2, 3 and 4, and it is important to take care of inter-
channel discrepancies at the channel 2/3 border (cross-over gradient, jump mismatch of radi-
ances). Box averaging was used to render the spectra Ring-free [C16]. A new and flexible data
base of aerosol optical properties has been assembled for this work [C17]. Properties for a large
number of aerosol classes can be derived from a data set of basic component properties using
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internal or external (WMO) mixing [C18]. 15 aerosol classes were considered for the present
algorithm.

The simulation of nadir back-scatter measurements was done using a modified form of the DIS-
ORT model. In the absence of trace gas absorption, multiple scattering can be approximated using
a limited number of zenith stream angles, so long as the single scatter contributions are modelled
with full accuracy [C19]. A direct inversion retrieval for this problem has not been attempted. For
each pixel scene, simulations of reflectance values at the chosen wavelengths are made for a
number of values of aerosol optical thickness and for a number of aerosol classes. These results
are then compared with measurements to find the best fit; simulated values are not analytic func-
tions of aerosol optical thickness, so the fitting is non-linear least squares. For each aerosol class,
the fitting is performed for the single varying parameter (the aerosol optical thickness at 500 nm);
the desired result is obtained for that class which has the lowest chi-square merit function [G10].

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

Derivations of aerosol optical thickness values are possible from SCIAMACHY near infrared
nadir measurements (channels 5 - 8), but there are no algorithms on the table at the time of writ-

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 atmospheric
trace gases. The technique has been used widely in the last two decades for the derivation of trace
species abundance from a variety of ground-based, balloon and air-borne, and ship-based instru-
ments measuring the zenith sky in the near UV and visible (JU1] [U2], [U3] and references
therein). The use of DOAS (Differential Optical Absorption Spectroscopy) in GOME total col-
umn retrieval represents the first successful application of this technique to measurements from
space-borne passive remote sensing instruments [G3]. Besidebuhdances of a number of

trace species have now been detected with GOME (see table below).

Since SCIAMACHY has a similar nadir-scan measurement capability to GOME, the DOAS
retrieval technique is clearly applicable to its UV and visible back-scatter spectra. Much of the
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 is fol-
lowed by a summary of a new variant on the slant column fitting of trace species which may be
considered as an option for SCIAMACHY OL. The discussions on fitting window choice and ref-
erence spectra are based on the text in [G3], with special applications to SCIAMACHY. The fol-
lowing two sections are concerned with Air Mass Factor (AMF) computation and the final
evaluation of vertical column densities respectively. The last section deals with operational imple-
mentation issues.

For the NRT, the DOAS algorithm as used in GDP has been taken over. AMF tables will be cre-
ated especially for the NRT, based ona@d NG profile climatology used in GOME. Because of

the need to freeze specifications at an early stage, recent developments on these AMFs as
described below will not be considered for NRT. Similarly the ‘direct fitting’ slant column algo-
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 trace gas
absorption is the coefficient of absorption times the absorber column amdy{ni) If is the atten-
uated intensity ant,(A)  the incoming intensity at the top of the atmosphere, then we write:

In %';%l)% —5,(\) TAL(8) = 0,(A) TAL(S) ... 8)

Here,Aj(s) is the effective slant column density of fHalj)sorber over path length s, am'ﬁtﬂ)\)
is the coefficient of absorption.

Incident solar light is further attenuated by molecular (Rayleigh) scattering, by absorption and
scattering due to particulate matter (clouds and aerosols), and by reflection from the earth’s sur-
face. In contrast with the differential (sharp with moderate resolution) spectral features character-
istic of some trace gas absorption in the UV/visible, these other attenuation effects all contribute
broad-scale features to the back-scatter spectrum. The broad features are approximated by a low

order additive polynomial in wavelength, and the simulated optical dengit{A) is given by:
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I (A
Ysim(A) = 1n %% —01(A) [AL(S) —0,(A) TA(S) — ... =B =By(A —Ag) —B3(A —)\0)2 9)
The measured optical density may be expressed in terms of the SCIAMACHY-measured nadir
back-scatter spectrui ,4i,(A)  and the extra-terrestrial reference spectiin) as the loga-

rithm of the reflectance ratior,,, ., {A)= In[1,44i/(A)/ 1su(M)]

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

X2: HYmeas()\i) _Ysim()\i)[%
) 1D 8meas()\i) b
I =

The simulated optical density in equation (9) has a linear dependence on the set of fitting ampli-

tudes{ A, Bj} ; the fitting for these quantities is a straightforward multi-linear regression. Inclu-

N

(10)

sion of the measurement err@rs, ,{A;) makes the fitting weighted; an assumption of constant
error produces an un-weighted fit.

The trace gas cross sections are assumed known, and are usually taken from laboratory measure-
ments (see below) - they constitute reference data for the fitting. Experience with DOAS in
GOME has shown that an additional reference spectrum should be added to the list of fitted spec-
tra; this is the “Ring” spectrum, due to atmospheric inelastic Raman scattering of the Fraunhofer
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 various

spectra, and the fitting can be improved by compensating for these registration errors. Each refer-
ence spectrum can be translated in wavelength by a single value (shift), and stretched or com-
pressed by a single value (squeeze) about some reference point. The shift/squeeze adjustment is:

ACE A + Bhift+ (BqueezB-1) OA - Ao (11)

Y.in(A) depends non-linearly on the shift/squeeze parameter pairs, which must be determined

iteratively using a non-linear least squares method [U4]. The linear regressﬁd!rq,fB[} is how

embedded in the non-linear shift/squeeze fitting, and must be performed at each iteration. Once
the non-linear fit has converged, another linear regression is performed to establish the final val-

ues of the amplitudefsA;, Bj}

In this DOAS approach, wavelength calibration of measured spectra is already performed in level
0 to 1b processing, and there is no attempt to further reference them. Another assumption is that
the form of the SCIAMACHY instrument response function (sometimes called the “slit func-
tion”) is assumed known, so that convolution of reference spectra to the wavelength resolution of
the instrument (if required) is in principle known for all wavelength calibrations. Convolution is
not necessary when reference spectra have been derived from flight model laboratory measure-
ments (as part of the pre-launch calibration program); this has been the practice in GOMf with O

and NG cross sections. The advantage of using such cross sections is that some instrument-

derived distortions can be accounted for in the fitting [U5]. For “minor” absorbers, it has often
proved expedient to run a low-pass smoothing filter over the measurement data to improve the fit,
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at the expense of some precision. (If GOME spectra are smoothed, then so must the reference
spectra be smoothed).

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

s ands™' for the linear and non-linear problems respectively. For weighted fitting, the fitting
amplitude errors are the square roots of the diagonal entries of these matrices; thus the error on

effective slant columm, i S(iL) . For un-weighted fitting, the fitting amplitude errors must be

multiplied by A/(xz/v) , Wherev is the number of degrees of freedom (number of observations

less number of fitted parameters). Off-diagonal entries in the solution covariance will be more
conveniently expressed in terms of the cross-correlation matrix, given by

Cab = Sab/[«/gaa«/gn] :

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

IN

1
RMS = ~= O [YmeadM) = YeimA)1? (12)
i=1
The goodness-of-fit statistic is sometimes useful for weighted fitting; this is the probability that
the final value of chi-square obtained in the fit should occur by chance, and is given by the value

of the incomplete gamma functi@%v, %ng , Where is again the number of degrees of free-

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 to be
included in the product, which will also contain some diagnostic information (see chapter 6 for
product content). Before we discuss fitting windows and targeted trace species, we mention a
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 their simu-
lated equivalents [U6]. There are no logarithms; in the above equations, We %@ ) in place

of YeadA) as the basic measurement quantity of the fit. The ampliwie®;} plus polyno-

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

Shifts and squeezes are not fitted in this algorithm; instead all radiance and irradiance spectra are
wavelength-registered against a very accurate external Fraunhofer reference spectrum [U7]
before the fit takes place. Using least squares fitting for this registration also allows an independ-
ent determination of the (assumed Gaussian) instrument response half-width. Reference spectra
are also pre-calibrated against more accurate standards.

The fitting of GOME spectra for trace species retrieval includes an additional reference spectrum
to account for unwanted structures in the measurement spectra caused by incomplete sampling of
the slit function (FWHM for GOME in channel 2 is typically 1.7 pixels, below the Nyquist limit

of 2 pixels). A syntheticinder-samplingspectrum is constructed from a convolution of the high-
resolution Fraunhofer reference spectrum with the fitted Gaussian slit function by contrasting
sampled representations of this convoluted spectrum. Inclusion of this under-sampling in the trace
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gas retrieval improves the fitting dramatically; the results are more precise, and there is no need
for additional smoothing.

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

pling correction) allows absorption features of several parts ftdBe seen by GOME; it is now
possible to measure global background, &@d ozone-hole CIO with this method (K. Chance,
private communication, 1998). Work is currently underway to extend this technique,tandO
H,CO retrieval.

3.24

There are several considerations to bear in mind when choosing fitting windows. In general, each
window should contain a set of SCIAMACHY observations from a single cluster readout, with no
cross-channel or cross-cluster mixing of measurements. (Measurements are usually, but not nec-
essarily, contiguous). The number of points in a window should not be too low (poor fit quality)

or too high; 50 < N < 500 is suitable.

Choice of Fitting Windows

Windows are selected to highlight particular trace gases. Interfering species should if possible be
avoided, along with regions containing strong Fraunhofer lines (though the Ring effect can be
partially compensated for, as noted above). One should also avoid regions of low signal-to-noise
(large measurement uncertainty) and wavelengths at which unwanted instrumental residues

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 to ver-
tical column density. For a given trace species, the window should be chosen so that the corre-
sponding AMF is representative; for minor absorbers showing optical depfh® 104, this is

not a problem, and one normally selects the window mid-point wavelength for the AMF computa-
tion. However, for strong non-linear absorption in theHdiggins bands, this AMF issue is an

important driver in the choice of window limits (see below in section 3.2.6).

Window (nm)| Featured Absorber Interfering Species Usage to date Source
325 - 335 Q (Huggins) NG, Ring GDP [ug]

425 - 450 NG 0,3, Ring GDP [U8][U10]
510 - 560 Q (Chappuis) NG@, Ring, HO, O, | GDP proposed [G3]

336 - 354 HCO 03, NO,, Ring, BrO | GOME off-line | [U9][U10]
314 - 327 SQ O3, Ring GOME off-line | [U10]

340 - 360 BrO Q, NO,, Ring GOME off-line | [U11][U6]
350 - 380 OcClo Q NO,, Ring, BrO | GOME off-line | [U11]

305 - 312 ClO Q, NO,, Ring GOME off-line | KC

Table 3: Fitting Windows in the UV and visible wavelength range

In the table above, the first two windows fog @rd NG were selected for GDP, and it is pro-

posed that they be also used for SCIAMACHY. Work done on minor trace species DOAS
retrieval from GOME measurements has helped to define windows,@®HBrO, SQ, OCIO



ENVISAT-1 SCIAMACHY ATBD
-35- Doc.No.: ENV-ATB-SAO-SCI-2200-0003
DLR Issue: 1/B

Date: 23.12.98

and CIO. For minor species in the U\4 S often a serious interfering species and must be fitted

simultaneously; the CIO signatures are particularly hard to distinguish from the very substantial
overlying Q; absorption. In the visible, NCand Q (Chappuis) are fitted together; the main issue

here is to avoid wherever possible regions ¢DHnd Q-O, absorption. [The fitting of KD
requires a different approach and has not so far been considered for SCIAMACHY].

As far as the products are concerned, research on BrO anet@i€val using GOME data indi-

cates that the fitting is mature enough to consider these two gases as retrievable on a global basis.
This will be the default for SCIAMACHY. For HCHO the fitting is still most effective for special
scenarios such as biomass burning, but despite this, a decision has been made to retrieve this spe
cies on a global basis for SCIAMACHY. OCIO is restricted to special circumstances, and a base-
line has to be determined for the scenarios to be considered for fitting this gas. The CIO status is
still too undeveloped for a determination yet as a SCIAMACHY product.

3.25 Reference Spectra
Ozone

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

0,(T)= 0,(Ty) M1+ a,(T=Ty) + b, (T— TO)Z) (13)

0,(Ty) is the cross section at reference temperafyre (273.19)b, } are parameterisa-

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

As part of the calibration programme, laboratory measurements were made with a reaction cell
and the GOME flight model during the pre-launch calibration phag&/\Cand visible cross sec-

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

NO,

The original data [U16] used for GOME have now been supplanted by GOME ‘flight model’
cross sections also derived from pre-launch laboratory measurements taken during the calibration
phase [U17]. This molecule has in recent years been the subject to a number of new laboratory
studies, and there is wealth of new data available [U18][U19]. It was agreed last year (SSAG 14,
Brussels, October 1997) that a new compilation should be made, and this work has now started.
The compilation will distil the work of several FTS teams active in the field. Temperature depend-
ence is turning out to be important for this species, but only preliminary attempts have been made
so far at a parameterisation scheme [U20]. It is also intended to derive SCIAMACHY flight-
model cross sections for this gas.
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Ring

A differential Ring cross section was derived from GOME pre-launch zenith sky observations
using an established measurement technique [U21]. Theoretical Ring spectra have been derived
from model studies of Raman inelastic scattering [U7][R6][G12]. It now seems clear that the
model-produced Ring reference spectra are to be preferred, and the theoretical results obtained in

GOME studies can certainly be used again for SCIAMACHY. Some zenith sky measurements are
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 FTS
work is expected to provide more accurate data (P. Wennberg, private communication, 1998). For
SO,, the situation is much the same: for the GOME standard, see [U23]. For CIO [U24], OCIO

[U25], H,CO [U26] and G-O, [U27], improvements over the spectra currently used for GOME
are also needed.

Temperature Dependence

For trace species with temperature-sensitive cross-sections, the choice of a representative temper-
ature to use in the DOAS fitting is important. The current default for GOME GP#®1t0 choose

the temperature at an altitude corresponding to the peak number density of an appropriate ozone
profile (temperature and ozone profiles are part of the same climatology or model output). An
improvement here might be the use of analysed ECMWF temperature fields rather than climato-
logical profiles.

Studies on GOME data have shown thgtddlumns are sensitive to the choice of cross section

temperature; in this connection, a ddata set of effective temperatures for DOAS-type retrievals of
UV ozone has been derived for use on a global basis (A. Piters, GOME and SCIAMACHY Work-
ing Sessions 5, February 1997).

Another alternative is to treat the temperature as a variable to be extracted from the fitting. To this
end, one employs two4{Xross sections at different (but known) temperatures in the fitting, and

the actual ozone slant column content and effective temperature are then derived from the two fit-
ting parameters associated with the two reference spectra (A. Richter, GOME and SCIAMACHY
Working Sessions 7, April 1998).

For GOME GDP NG, the flight model cross sections at 221 K are used (nearest representative
temperature corresponding to the peak concentration efitNiBe stratosphere). The temperature

dependence for this species is not so marked as that for ozone, and it is not clear yet whether this
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 to ver-
tical column amounts (which are independent of viewing geometry). This conversion is accom-
plished by dividing with suitable Air Mass Factors (AMFS); these represent the enhancement of
trace gas absorption due to slant paths of incident light through the atmosphere. For a given gas
the AMF is the ratio of slant path to vertical optical depths, and is defined by:

ln(lnogas()\)) —In (Itotal()\))
1-vert()\)

AMF, (9)= (14)
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lhogas IS the back-scattered intensity including all absorbers except the trace gas of interest, while

liotar 1S the intensity including all absorbers. The vertical optical depth is determined from the
extinction integration of profile concentrati(ﬁb(z) multiplied by the cross sed&tﬁn A) at
the wavelengtih  of interest:

Z,
TerlN)= [ 02 N) TCy(2)z (15)

For a trace species with small optical depth and for a plane-parallel atmosphere, the AMF is well

approximated by the geometrical secant fa@tMFgeom: sed, + sed, , Where the angles are

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

For an accurate computation of the AMF, one must run the RT forward model twice to compute

lnogas @Nd I 514 - IN SOMeE circumstances, a good approximation to the AMF may be obtained

from a single computation of,,,,; and its associated weighing function output [R7]. Note that a
top of the atmosphere (TOA) height must be defined for the RT transfer simulations.

The UV/visiblevertical column retrieval as described so far is conveniently separated into a fit-
ting algorithm for the slant column and a pure simulation of the AMF. However, there is a flaw in
this logic. It is assumed that the trace species profile is known in advance in order to compute the
AMF to achieve the retrieved column amount for that species. In most cases (and in general for
low optical depths) the column amount is insensitive to choice of assumed profile in the AMF
computation. There are circumstances in which AMFs are sensitive to profile shape, and choosing
a profile which bears little resembalance to the actual atmospheric profile can lead to an AMF that
is incorrect and hance to a vertical column result that is inaccurate or wrong. In the next section
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. The
AMF will depend not only on viewing geometry, but also on the chosen trace species climatology,
on the assumed molecular density and aerosol loading, and on the lower boundary surface reflect-
ing property. For cloud-contaminated scenes, AMFs to the ground and to cloud-top are required.
The assumption adopted for GOME is that clouds may be treated as bi-directional reflecting sur-
faces. This is good enough for water droplet clouds above a certain optical thickness (see above in
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 SCIA-
MACHY (as was the case for GOME), viewing geometry information is available several times
over one pixel, and assuming horizontal homogeneity in all other atmospheric variables, it is pos-
sible to calculate several AMFs and form a weighted sum that will be representative for that foot-
print. This is known as the “extended field-of-view (FOV)” weighting option [G3]. For GOME
the 3-sum weighting was done with intensity ratios and parabolic weights (W = 1, W, = 4)

in the following manner (the assumption of small optical depth is a prerequisite of this result):

S | )
AMFio/@)= 5 220 i CAM, () (16)
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For species with small optical depths, AMFs do not vary much with wavelength over the relevant
fitting windows, and a value computed at the mid-point of the window is representatiye (NO

AMFs were calculated at 437.5 nm for example). Fgirtthe Huggins bands, the absorption is

stronger and non-linear, and the AMFs show considerable variation with wavelength between 325
and 335 nm, and variation also with solar zenith angle. Studies carried out for GOME have shown
that the choice of 325 nm for the AMF gives a value closest to the actual enhancement of slant
path absorption [G6]. Ideally one should account for the wavelength dependence of the AMF in

the Q; Huggins window, and perhaps try to fit for the vertical column density by using an AMF-

modified cross section in the fitting (see remarks below).

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

The updated GDP planned for 1999 will use look-up tables only, with no radiative transfer simu-
lations from scratch; this update will also use improved climatology foy &@ Q profiles in

the AMF selection. The SAGE-II/Balloon Climatology for3 QU28] contains 26 profiles
expressed as column Umkehr layers (units [DU]), and a single error covariance matrix (in units of
[DU]?). By evaluating the AMF derivatives with respect to these Umkehr amounts, one can then

use the error covariance to compute variances for the AMFs, and ultimately to examine errors on
the vertical column result due to thg @rofile choice uncertainties (see next sub-section).

GOMETRAN is a suitable RT model for generating look-up tables;0hKOF components, and

the weighting function output from this RT can be used directly to compute AMF Umkehr column
derivatives (see section 5.1 on page 75 for details). The work undertaken for GOME can be taken
over directly for SCIAMACHY. It is proposed to use new look-up tables based on the improved
climatology for G profiles in both the NRT and OL processors for SCIAMACHY.

For NO,, a suitable profile climatology for AMF computation does not exist, and the model out-
put profiles used for GDP [G4] have so far proved unreliable. Work is currently underway to gen-
erate a new climatology. In the stratosphere down to the tropopause, this is based on HALOE NO
occultation profile data [U29]. Stratospheric profiles show little variation on a zonal basis, and
stratospheric N9QAMFs are fairly insensitive to the column content above the tropopause. Trop-
ospheric NQ is very variable, and large boundary layer concentrations can greatly affect AMF
values. To allow for this, the ground level concentration is regarded as a variable parameter, and a
number of analytic tropospheric profiles are matched to the stratospheric data to generate the cli-
matology. AMFs constructed from this basis may be used iteratively to generate a vertical column
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 AMFs
in the DOAS fitting environment; the fitted parameters are then vertical column amounts. So far
this has been applied only to Hugging i® the UV [G6]; the advantage here is that the wave-

length dependence of the AMF can be accounted for in the fitting window 325 - 335 nm. Off-line
case studies have shown that the fit quality is improved by this method, but there is some way to
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go before the method could be implemented globally in the operational environment (at the very
least, a comprehensive parameterisation scheme would be required). Operational implementation
would have to rely on pre-calculated look-up tables; AMFs would have to be computed at many
wavelengths, adding an extra dimension to the size of the tables already being developed for reg-
ular DOAS. Status TBD.

3.2.7 Vertical Column Density

For a clear sky footprint, the vertical coluino the ground is simply the slant coluiBrivided
by the Air Mass FactoAMF_ .., . the latter computed or extracted for the appropriate viewing
geometry and climatological profile (and also ground height, surface reflectance and particulate

loading). In order to deal with cloud-contaminated scenes, we assume that clouds are equally dis-
tributed over the footprint scene with the same cloud-top height. We then take the fractional cloud

cover resultF, from the cloud pre-processing algorithm, and compute a total AMF for the scene:

AMF, 0= F. LAMF +(1-F.) DAMF,jcqr (17)

cloudy

(If the option has been set, the extended-FOV weighting is assumed for these AMFs). For the
cloudy parts of the pixel, the AMF is known only to the cloud-top, and we have no knowledge of
the vertical column between ground and cloud-top. This latter column is the “ghost vertical col-

umn (GVC)”, required for the final computation of the total vertical coliupp,, to the ground.
The end result is:

E+F,[GVCOAMF.
VtotaI: AMEF

loudy (18)

total

The ground height (topography data base) and cloud-top height (retrieved from RCFA cloud pre-
processing) are assumed known. One way of estimating GVC is to integrate the appropriate part
of the trace gas climatological profile chosen for the AMF evaluations (this is the current GOME
default). Another way (so far untried) is to use results from two different fitting windows. If O

has been fitted with slant column resulisfitom the UV (Huggins) window and,Erom a visible
(Chappuis) window, and the corresponding clear sky AMF valuesaa@d\A;, then an estimate
for GVC is (B/A)) - (E/Ay).

So far with GDP, there has been no simple way to exercise any sort of quality control on the verti-
cal column result. In the classical DOAS/AMF approach, only one set of AMFs can be computed
for a given scene; there is no way to improve upon the VCD result if the AMFs are not correct.
The most serious situation where this could occur is in a deplgtede@ario (associated with the

ozone hole phenomenon). Here, AMF values computed with a ‘normal’ (non-hptdin@to-

logical profile will be in error by as much as 10%; they are not representative for the correspond-
ing low slant column result obtained from the DOAS fit.

The use of look-up tables based on the SAGE-II/balloon column-classgielihtatology allows

us to adjust the AMF and the vertical column result, so that the computed AMFs for that footprint
reflect the true content of the atmosphere. To do this, we take an initial gy&sstihe vertical

column and use it in the look-up table to return our first calculations of the AMFs to ground and
cloud-top. A new estimate of the vertical colump i¥ then obtained using equation (18). This

process is repeated until the iteration converges. The result i&/yhen\l—(rf/n/vn_l)\ <g
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after the fiteration € is a pre-set convergence criterion). Note that the ghost column will be iter-
ated automatically with this climatology (the ghost column height is the difference between the
ground and cloud-top heights).

Vo may be taken from a nearest neighbour Level 2 result, or from climatology; the TOMS zonal
mean @ total column climatology [U30] is a suitable candidate for the latter option. In most
cases the first guess; V6 sufficient, since for regular{cenarios, AMFs are insensitive to pro-

file shape and column amount. In these cases iteration is not necessary. However for long solar
paths and/or depleted;@cenarios, where initial guess AMF values may be incorrect, the itera-

tion will act as a quality control on the AMFs. The look-up table enables AMFs to be repeatedly
extracted quickly from database, without the need for lengthy RT simulations. It has been found

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

A similar iteration is possible for the N@ertical column, using the suggested climatology men-
tioned above. Local uncertainties in the tropospherig Ni@den could be accounted for in this
method (work under way).

Finally for O; vertical columns, we derive the total error on the VCD including AMF uncertain-
ties from the SAGE Il/balloon climatology. In equation (18), we assume that the errors on fitted
parameter& (slant column) andr, (fractional cloud cover) are independent of each other, and
also independent from errors due tg @ofile choice. From the Gaussian error propagation law,
we have:

\Y 2 ov ov
£ oral™ J%EEZGSE) LDZ(%SFC) S B0 Hm (19)
The matrixCij is the error covariance matrix present in the SAGE-II/balloon climatology. The
climatology is parameterised in terms of a number of Umkehr column amdunts . The partial
derivatives may be found from the definition in equation (18). In particular the derivatives
0V/0dU; depend on the AMF and ghost column derivatidég dU; eV C)/ oV, . The

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

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

3.2.8 Operational Considerations

Because of the similar measurement capability in the UV/visible, and the similarity of the algo-
rithms, operational experience gained with GDP using the DOAS/AMF algorithm is invaluable in
the implementation and testing of the SCIAMACHY UVAS algorithms. For example, the use of
anab initio single scatter model and a look-up table for the multiple scatter correction in GDP has
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proved hard to interpret. From the start with SCIAMACHY, it is intended to use updated climatol-
ogies and pre-computed look-up tables to return AMF values.

Some optimisation is possible with the spectral fitting. By re-mapping the spectra wavelength
grids onto diode numbers, interpolation over integer diode numbers can proceed much more
quickly using B-spline interpolation (C. Leue, GOME and SCIAMACHY Working Sessions 6,
October 1997). The situation with regard to under-sampling is not yet clear for SCIAMACHY, as
measurements of the channel instrument response functions are pending (preliminary high values
of the channel 8 slit function half-widths have been shown to cause retrieval degradation, see sec-
tion 3.3 below).



ENVISAT-1 SCIAMACHY ATBD
Doc.No.: ENV-ATB-SAO-SCI-2200-0003 -42 - ¢
Issue: 1/B

DLR

Date: 23.12.98

3.3 IR Absorption Spectroscopy (IAS)

3.3.1 Introduction

The infrared absorption spectroscopy (IAS) algorithm, as applied to SCIAMACHY nadir-mode
earthshine data in channels 7 and 8, is a straightforward application of non-linear least squares fit-
ting for the retrieval of trace gas total column amounts. The wavelength ranges covered are 1940
to 2040 nm (channel 7) and 2265 to 2380 nm (channel 8), and the 5 trace species of interest are
H,0, CO,, N,O, CO, and CH It is also possible to retrieve an equivalent reflecting height with

this algorithm. The fitting depends on the selection of points from certain micro-windows high-
lighting specific trace gas absorbers. In channel 8, CO a@daxe drivers for the window selec-

tion, as both species possess limited numbers of absorption lines that can be usefully
differentiated from the interfering species signatureg(ldnd CH). A separate window will

also be allocated for G{even though it can be retrieved as an adjunct species from CDor N

fitting. In the initial definition, micro-windows will be made up of (possibly non-contiguous) seg-
ments within the ranges given below in the table.

SCIA Channel Approxir(r:]arlrts: Window AbS()Srg;nC?e'grace Retrieved Parameters
7 2030 - 2040 C®and HO Equivalent height, 5O
8 2265 - 2276 BHO, NbO and CH N,O (driver), CH,
8 2358 - 2365 O, CO and CH CO (driver), HO, CH,

Table 4: Fitting windows in the IR wavelength range

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

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

Following the basic theory of the algorithm (next section), we then discuss the channel 7 height
application and the channel 8 trace gas applications respectively. The penultimate section is a
recapitulation of the standard line-by-line calculation of trace gas cross sections required for this
algorithm. The final section deals with the operational requirements for implementing this algo-
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 equation (10)
on page 32). As before, .,{A;) are the SCIAMACHY earthshine reflectance values (sun-nor-
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malised radiance), and the errarg, {A;) can be taken directly from the measurement uncer-

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

Yam() = P(A, ©) OT(A;, b) (20)

whereP(A;, c) is the closure term, aii@A;, b) is the trace species atmospheric transmittance.

The symbolc denotes the vector of closure parameters to be fitted,bwhile is the vector of trace

gas parameters to be fitted. Together these constitute the set of fitting amplitudes for the 1AS
problem. To a good approximation, the closure term can be treated as a low order polynomial in

wavelength With:j the polynomial coefficients:

P(A, c) = 2cj(1—x/m"‘l 1)

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

The closure term includes the effects of Rayleigh scattering (small in the infrared), aerosol scat-
tering and extinction, surface reflectance property and the far-wj@gddntinuum absorption. If

the surface reflectance property (assumed Lambertian) is the only contributing factor (other prop-
erties being neglected) then the closure term is simply the constanfygue (albedo times solar
zenith cosine).

T(A;, b) is the convoluted atmospheric transmittance for a set of trace gas absorbers. The param-

eters{b,}, m = 1, ..., Nyaees » @re simply the total column amounts normalised to the total col-
umns in a reference atmosphere. We are actually retrieving scale factors rather than column
amounts in absolute physical units [mol:@mThe transmittance may be written:

\%
T(A;, b) = [exp| - > b Tm(Ay) U (22)
m=1 i
where the symboll..[] denotes the instrument slit function convolution to wavelgngth  from
the high-resolution wavelength grfd\,} . In this equatigf(A,) is the slant path atmospheric

optical depth for the H trace species at wavelengtp

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

sed, + sed, for solar and nadir line-of-sight zenith anglks  &nd  respectively.
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In the first version of IAS, the set of reference atmospheres will be taken from the well-known
AFGL database [N2], which has climatological profiles of pressure, temperature and number
mixing ratio for the 5 main absorbing species.

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

[

1
Mo z) = 50m@ A Crl#) + 02+ 1. NI Crn( 4 )] (B2 (5 (23)
=1
Here, the layer between leveds  and, has thickdgs<C, () is the concentration profile
for trace species), the species effective slant path factor for this lay§ js oqd, Ay) is

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

In the NRT prototype, all cross sections and concentrations were pre-calculated on a single refer-
ence atmosphere; this atmosphere is a 17-level distillation of the US Standard atmosphere
The quantityYg;(A;) is the fitting function. In non-linear least squares, we also require the ker-

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

VI

Y (A
Saltr)nr(n ?- P(Ai, €) HE-Tm(A) Bexpl = 5 byTm(Ay) (0 24)
m=1 i
aYsimO\i) _ z\id_l
'—a—c—j— = %_)\[D r(A;, b) (25)

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

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

3.3.3 CO, height retrieval application

In channel 7 in the region 2030-2040 nm, there is relatively weaglka@®HO absorption (other
regions of channel 7 are too optically thick with respect tg &f3orption for the IAS approxima-

tion to work). We assume that the level of {d@the atmosphere is known; this is simply a scale
factorf times the concentration of the appropriate reference atmosphere. In the AFGL climatol-
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ogy, the CQ reference atmospheres are uniformly mixed (at least to 70 km) with a volume-mix-
ing ratio of 330 ppmv. The C{scale factor would depend on geographical location and season,

and an auxiliary data set should be created for its generation (based perhaps on the Mauna Loa
record, see [N3]).

The main physical assumption in this IAS application is that the atmosphere has an equivalent
Lambertian reflecting surface at some lower boundary height, regardless of the state of cloudi-
ness. While this is to some extent not physical, it is the most expedient method available at the
present time for dealing with cloud contamination. The unknown (assumed Lambertian) albedo is
subsumed in the first coefficient of the closure polynomial, while the unknown height will be
retrieved separately along with the® column. This process is analogous to the retrieval of a

reflecting height in the revised cloud fitting algorithm fromAband back-scatter spectra.

The equivalent Lambertian assumption makes the IAS applications stand-alone, and it precludes
the use of retrieved cloud parameters from other algorithms in SDP. One could envisage using the
results of the cloud pre-processing algorithms PCCA and RCFA (fractional cover and cloud-top
pressure) as input to this IAS application, with the known @li3orption then used to generate a

temperature at the cloud-top. In the next section we show how the equivalent height result of this
IAS application may be used in the channel 8 trace gas applications.

The free parameters to be fitted are the reflecting héigimd the normalised water column
plus the closure parameters. The fitting function is:

Ysim(Aj) = P(A;, ¢) Lexp[—fTco, (A h) =Wty o(A)]H (26)

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

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

3.34 Trace gas retrieval application

Using the same window in channel 7, one can retrieve a totalcGOmn if the cloud fraction

and cloud-top height are given (perhaps already retrieved from the cloud pre-processing algo-
rithms). In this case the parameitar the above section is now to be fitted, &nd equation (26)

is either the cloud-top height or the ground topography height. A combined simulated reflectance
is constructed as a linear cloud-fraction-weighted combination of simulations from cloud-top and
ground.

A similar approach could be adopted for channel 8 IAS retrievals, but we here describe an
approach using the equivalent reflecting heigfithis assumes that the equivalent Lambertian
reflecting surface approximation is valid for all IAS applications; the ght retreival must be

performed first. The erra(h) (a diagnostic result from the channel 7 IAS application) on the fit-
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ted parameten can be treated as a ‘process’ error (sometimes called a ‘model’ or ‘system’ error)
in the IAS trace gas retrievals. This combination of IAS applications allows for a degree of con-
sistency in the near infrared nadir column retrievals from SCIAMACHY.

The basic mathematical exegesis has already been given above. In the definition of chi-square, the
weighting is given by the inverse of the measurement error covariance Satrix . We assume that

channel 8 measurement errors are independent, sofHesSdiagonal entries equal st()\j)2 ,
forj =1, ...N (number of points in fitting window). Wheat(h) is included as a process error, the
measurement error covariance matrix is replaced by:

L QY_' oY, 2
(Sn)';i= (Sw *+ 37, g () @7)

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

It has been noted that CO andNare important drivers for window selection. In the Phase A
sensitivity study, it was shown that for CO, only three lines (P7, P8 and P9 from the first vibra-
tional overtone2 — 0 ) would produce a signature detectable by SCIAMACHY [A2]. The IAS
algorithm requires that regions of significant optical depths from interfering species other than

CO must be masked in the selection of the fitting points. One must be careful to mask out strong
H,O and CH lines from the fitting windows - hence the requirement for non-contiguous seg-

ments. For NO, the P19, P15, P13 and P12 lines of @082 — 00’0 transition are recom-
mended for micro-window selection.

There are a number of possibilities for selecting a window fof €tlieval; a determination has

not yet been made, but it should be straightforward to select a one-segment window in channel 8
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 that the
convolutions would be carried out with a known instrument response half-width. One can adapt
the IAS algorithm to fit this half-width as a free parameter in a manner similar to the direct fitting
method described above as an option in the UVAS algorithm; this has not yet been attempted.

However, in response to concern about the effect of instrument slit function width on the accu-
racy of CO and PO retrieval, sensitivity studies were carried out to test this effect [N4][N5].

These studies were performed with SCIAMACHY measurements simulated using LBL code [see
next section] and the forward model GOMETRAN, plus the SCIAMACHY Instrument Simula-
tion Software Package [N6]. IAS fits were made for a number of solar zenith angles, with convo-
lution using Gaussian response functions of various half-widths. Results are shown in the table
below for three values of the slit function full width half maximum (in pixel numbers). It is clear
that, in general, the CO precision is reduced by a factor of 2, but,Ded¥rieval is seriously

compromised by wide slit widths (poorly resolved optics). Th® kesult for FWHM 4.7 pixels

is particularly poor, but is not surprising given that the useable P branch lines (mentioned above)
are typically separated by ~0.52 nm, which is about 4.7 pixels at the nominal SCIAMACY spec-
tral resolution for this channel.
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SZA CO in Window N,O in Window
% error for | % error for | % error for | % error for | % error for | % error for
FWHM 2.0 | FWHM 3.3 | FWHM 4.7 | FWHM 2.0 | FWHM 3.3 | 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 NO retrievals for different slit width

3.35 Line-by-line cross sections

The standard result for the computation of the line absorption coefficient for a single species at a
given temperaturé, pressurd®> and wavenumber is:

Qrot(To) Quin(To) . Ei  Eip 1-exp(-hevi/KT)

AP D= 5 8500 TRy P, kT T exp(-hov,/KT,)
]

Vv, P, T) (28)

Here the sum is over all contributing line transitidns Planck’s constank,is Boltzmann'’s con-
stant,c the speed of light. The ratio of rotational partition functions is to a good approximation

given by Q,(T)/Q,0:(Tp) D(TO/T)n . For CO, C®and NO, the exponent n is 1.0; for GH
and B0, n = 1.5. The vibration partition functions require explicit computation using the wave-
numbersw,, and degeneracy valags of the vibrational modes [L6]:

IN

Quin(T)= L

11— exp(-hcw/kT)]®

(29)

In equation (28)F; are the lower state energies,  the line position§ and  the line intensities
measured at a reference temperafiye . The profile shape fukigtion  depends on the distance
v —v; from the line position, the Doppler half-widi, (P, T)  and the air-broadened half-width

Yi L(P, T).y; | is specified in the database at a reference temperature and pRgsslge , ,and a

temperature-dependence exporf@nt  gives values at other temperatures via the following:

Vi L(P, T)= ¥; L (Pg, To) C(P/ Pg) (T/ Tg)” (30)

The set{ E;, v, S, Y; | (Pg, To), Bi} are taken from the HITRAN96 data base [N7], Rjth 1
atmosphere an@i,= 296K . The shape function is the Voigt profile, defined by:
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o0 _t2

K(x, y)= YJ’ —g—z—zdt where x = ./In2 . andy = ./In2 L (31)

T (x—t)+y Yip Yi.p
A number of standard packages are available for the numerical computation of this integral. So
far, the IAS prototype algorithms have tested three implementations of the \oigt function
[N8][N9]. Recent work [N10][N11] has shown how line profile calculations may be optimised for
speed. In particular the modules prepared for the MIPAS project (also on ENVISAT-1) should be
available for use in the SCIAMACHY off-line operational algorithms. Finally, we note that the
LBL computation of cross sections also applies to transmittance calculations in the limb strat-
ospheric profile retrievals, and the formulae mentioned above are valid also in section 4 on
page 54.

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

3.3.6 Operational Considerations

This algorithm is less complicated to implement and maintain in an operational environment than
the UVAS package. The range of databases is smaller, and the calculation of simulated back-scat-
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 recent
progress in optimising this task; the main idea is to minimise the number of calls to a Voigt func-
tion module by using interpolation wherever possible, and by pre-computing as many quantities
as possible to avoid repetition. Though this complicates the line-shape determination, the saving
in run time is impressive [N12].

Another possible time saver in these algorithms involving LBL computations lies in the pre- com-
putation of convoluted quantities. If the wavelength calibration is known beforehand, then all nor-
malised slit function values can be pre-computed, thus reducing the convolution integrals to
simple summations. This consideration also applies to the cloud fitting algorithms and the limb
retrieval algorithms. Such a procesdure assumes that the slit function shape and half-width are
fixed values known in advancghis time-saving applies also to the NRT algorithm but has not so

far been considered for the specifications

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

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

Complete system tests on the IAS applications will require the simulation of SCIAMACHY level
1b data. For this task, the radiative transfer model GOMETRAN (see section 5 on page 75) will
be used in conjunction with LBL code to generate back-scatter reflectance values, and the SCIA-
MACHY Instrument Simulation Software Package will generate measurement error values. One
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other option that will be attempted is to merge all applications of IAS in a kind of global fit with
three or four windows, for all trace species amounts and the equivalent reflecting height.
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3.4 O3 Profile Retrieval

34.1 Introduction - Optimal Estimation

This first section is a general introduction to the mathematical technique of optimal estimation.
The application of this technique to the particular problem of height-resolved retrieval from

SCIAMACHY (and GOME) nadir measurements is the subject of the rest of this chapter. Optimal
estimation will be used again in the limb retrievals. Suitable general reviews can be found in
[P1][P2], and in the context of GOME studies, the SERCO/ESA Trace Gas Study Final Report
[G5] and its follow-up [G6].

Given a vector of measuremegtwith noise covariancéy , how do we find the best estimate of

the true state vector(of atmospheric constituents), knowing tkaindy are related by a forward
modelF, that isy = F(x) ? We assume that the solution of the inverse problem is constrained by
the existence of an independenpriori state vectox, with error covarian€& . The best esti-

mate for the inversex = F_l(y) is the one that maximises the conditional probability
P(x]y, X,); if the statistics are Gaussian, then this is equivalent to minimising the following func-
tional:

HYmeas_F(X)Hgy"' H(X_Xa)Hgl (32)
If we linearise the forward model about the stgfe , and Wite= (0F/0x) for the matrix of
forward model weighting functions evaluatedkat X, , then the minimisation yields the follow-

ing estimate for the next guess, ;

Xns1 = Xq+ G TIK] 08, O (Y= F(X,)) = Kn(X, = X,)] (33)
where:
G = K [5, K+ S (34)

Here, the symbo(...)T denotes the matrix transpose. A test for convergence may be made by
examining the root mean square of the deviation of the state vector from one iteration to the next.
Alternatively one can examine the convergence of the so-called cost function (sum of weighted

deviations of state vectorfrom a priorix, and measurement vecyoirom simulationF(x) )
[P3][P4].
Upon convergence, the mati& in equation (34) is recalculated using the last estimate of the

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

Besides the priori and measurement noise, errors due to uncertainties in the model parameters
can also be worked into the formulation. If the vector of model parametevsitis error covari-
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ance$§, , then it is necessary to repl&e = § + KbSng in the above formulation to
include this additional source of uncertaini§y[= (0F/db) . in this definition].

3.4.2 Height-Resolved Fitting Algorithm (HRFA)

The retrieval of ozone in the stratosphere has been established with the SBUV instrument [P5].
The method is based on the variation of effective back-scatter height with wavelength in the Hart-
ley and short-wavelength Huggins absorption bands. This is the so-called BUV technique [P6],
which allows profiles to be established down to peak ozone concentration levels. SBUV has only
11 wavelengths; with higher resolution and wider spectral coverage, GOME and SCIAMACHY
should be able to extend the retrieval, most importantly to the troposphere, where the temperature
dependency of the Huggins bands absorption should yield additional information. This is indeed
the case, as was demonstrated in the initial study for GOME. This study used a non-linear least
squares fitting algorithm to examine the profile retrieval, and also proposed optimal estimation
for operational use [P7].

The measurement vectdt, .,  Of back-scatter reflectances is constructed by taking the ratio of

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

The most important elements of the state vector are the ozone profile concentration values at
selected heights on the retrieval grid; it is customary to retrieve volume mixing ratios. Studies car-
ried out for GOME have shown that it is necessary to include a number of additional parameters
in the state vector [G5]. These include a parameter for the Ring effect, wavelength registration
shifts of the ozone cross section reference and the (re-calibrated) solar level 1 spectrum against
the (re-calibrated) radiance spectrum, total column amount ¢f &l6urface 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 formal-
ism necessary for intensity calculations in the UV and visible, and it has the additional capability
to generate all required weighting function information simultaneously with the simulated back-
scatter intensity [R7]. MODTRAN version 3.5 and above [R10] is also suitable for forward model
simulation (it contains the DISORT multiple scatter formulation [R11]). More information can be
found in section 5 on page 75. In all studies so far, Ring reference spectra have been derived by
model simulations [U7][R5]. A temperature shift parameter has been included in the list of
parameters to be fitted in some of the investigative work [G6], as it is now possible to define
weighting functions in GOMETRAN with respect to this parameter (R. de Beek, GOME and
SCIAMACHY Working Session 6, Brussels, October 1997).

The choice of am priori state vector and associated error covariance is important. For GOME,
the MPI model-output database has been used with a specially constructed error covariance [G6].
Another source is the stratospheric ozone profile climatology based on SAGE Il data [P8]; this is
a true climatology based on real measurements and their uncertainties. For the troposphere levels,
it is only necessary to impose a loose constraint oa greri valuesA priori and starting values

for temperatures, NOcolumns, aerosol and air density profiles are usually taken from climatol-
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ogy, with suitablea priori covariance chosen on ad hocbasis. A starting value for the albedo

can be taken from a global data set, but it is better to use a value from the measurement data - the
earthshine albedo at 400 nm is a suitable candidate (lower Rayleigh scattering, very low trace gas
absorption). This value can also be used as the atbpdori though this is not strictly necessary.

The retrieval strategy depends not only on the choice of state vector parameters but also on the fit-
ting window definition. For GOME, 3 separate channels cover the range of ozone absorption,
with band 1A (237 - 307 nm) covering the Hartley band (240 - 300 nm), and band 2B (312 - 405
nm) the Huggins bands (310 - 340 nm). Bands 3 and 4 cover the Chappuis region. Because of low
signal-to-noise, band 1A is normally read every 12 seconds, as opposed to 1.5 seconds (or 0.375
seconds before co-adding) for bands 2B, 3 and 4. Band 1A footprints cover the whole swath (nor-
mally 960 km width), and include many individual band 2B scenes. It is apparent that under nor-
mal scanning operations, band 1A and 2B data cannot readily be included in the same
measurement vector. Not only do the reflectances not cover coincident scenes, but also there are
some real problems associated with the representative and accurate simulation of back-scattered
light from such mixed-scene footprints.

One strategy is to adopt a two-step approach [P9][P10][P3]. The first stage fits an ozone profile in
the stratosphere using 1A measurement data only from the Hartley bands. For this, a window
between 260 and 300 nm is suitable; there is a mask to take oyt NO -band emission lines [P11]
corrupting the spectra. Rayleigh single scattering is dominant at these wavelengths, and it is pos-
sible to greatly reduce the computation time taken over simulations by turning off the multiple
scatter formalism in the forward model. An average intensity for the large footprint scene requires
a number of simulations for various viewing geometries. However, the single scatter assumption

is not really valid forA > 295 nm, and valuable spectral information may be lost if these wave-
lengths are omitted.

The second step involves an optimal estimation fit in the Huggins bands (band 2B data) using the
1A retrieved profile as priori. This places a reasonably tight constraint onatlpeiori for the

second fit; the troposphericpriori on the other hand is loosely constrained. GOME band 2 earth-
shine spectra at wavelengths below 320 nm are not considered reliable for inclusion in the fit
(straylight corruption). Besides a contiguous region inside the prominent part of the Huggins
bands (< 340 nm), it is also possible to include points from band 3 in the Chappuis - this may pro-
vide a little more information for the troposphere. Unlike the band 1A retrieval, the surface albedo
and NG column parameters should be included in the state vector.

Results for selected cloud-free scenarios wils@hde validation data have shown that the tropo-

spheric ozone profile retrieval is reliable and reasonably accurate. A typical averaging kernel for a
combined 1A/2B two-stage GOME-retrieved profile has narrow peaks in the stratosphere (half-
widths less than 5 km), and broader but still well-defined tropospheric peaks. There is a clear
advantage in using a single fitting step, particularly if one can use a contiguous and spatially con-
sistent set of measurements covering all required UV wavelengths.

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



ENVISAT-1 SCIAMACHY ATBD
-53- Doc.No.: ENV-ATB-SAO-SCI-2200-0003
DLR Issue: 1/B

Date: 23.12.98

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

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

All four groups working on this type of profile retrieval have shown that partial orbits (or even
whole orbits) of GOME data may be processed to generate substantial amounts of profile infor-
mation. However, such tasks demand many hours of computer run time (10 - 20 minutes per pixel
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 implementation of
this algorithm has been the performance time. The basic problem is the time required for numer-
ous multiple scatter simulations of the back-scatter reflectance and their weighting functions, for
a considerable number of wavelengths, for many viewing geometries, and for a number of itera-
tions in the optimal estimation process. To date, no suitable parameterisation scheme has been
devised for the construction of reliable and comprehensive look-up tables of simulated variables.
The performance improvement issue is now being addressed for GOME. The intention is to reach
a retrieval throughput of 10% of the data acquisition rate in 1998, this figure hopefully rising to
100% within a 3-year time frame with further increases in computing power (B. Kerridge, private
communication).

There are some other issues regarding operational usage. Though it is possible to shift the temper-
ature by a single number at all levels, studies have shown thaj freflle precision is sensitive

to temperature uncertainty [G6]. Model output climatology is probably not accurate enough; ide-
ally one should use assimilated data from an NWP program such as that run by ECMWF [P12].
This would require an additional input to the retrieval to be generated by an independent proces-
sor. ECMWF data files will be ingested into the Envisat PDS ground segment on a regular basis,
and will thus be available for SCIAMACHY data processing. The data will contain 4 analysis
files and 4 forecast files, each file of size 8.7 Mbytes, ingested every 6 hours; the analysis fields
will be used for the off-line algorithm data processing as described in the present document (NRT
will be use forecast fields).

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

A lot of work has already been done to show the feasibility of this technique, and the results
obtained so far mark a significant advance in our ability to measure tropospheric ozone profiles.
More work is required to ensure that the algorithm will be capable of dealing with all geophysical
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 general dis-
cussion on retrieval strategy. This will set the scene for the detailed retrieval algorithms to follow.
Much of the nadir retrieval for SCIAMACHY is based on the experience gained with GOME;
limb/occultation retrieval is a new departure. At the time of writing the present issue, algorithm
development for limb is still in an early phase and some of the descriptions here are therefore not
as comprehensive as those in section 3.

Limb stratospheric profiles for pressure, temperature and trace gas volume mixing ratios have
been retrieved routinely from atmospheric emission spectra in the infrared (and beyond to the
microwave regions). A typical example is the MIPAS instrument [L1], which will fly alongside
SCIAMACHY as part of the ENVISAT-1 payload; the list of target species include$isD,

CHy, N,O and HNQ@. 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 of previ-
ous limb scatter experiments (see for example the literature on SME [L17] and the balloon- borne
NO, measurements [L18]), there are a number of new passive remote sensing applications.

Besides SCIAMACHY, NASAs SOLSE/LORE experiments (demonstration instruments) have
flown recently on a Shuttle mission [L2], and the OSIRIS instrument on ODIN [L3] is scheduled
for launch in the near future.

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

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

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

The more sophisticated global fit strategy [L8] requires the simultaneous fit of all limb scan meas-
urements in a sequence; entire atmospheric profiles are fitted in one operation. This is a more con-
sistent approach, allowing for a more accurate rendition of the simulated spectra and weighting
function matrix. However it is more cumbersome and harder to interpret, and often imposes an
excessive computational burden. One variant that has been suggested is to carry out a post-
processing global fit on a set of onion peeling results (K. Chance, private communication, 1997).
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The global fit approach has been taken as standard for MIPAS on ENVISAT [L9]. It is the pre-
ferred method for simultaneous P-T retrieval (see for example SAGE Il algorithm description
[L10]), and has been used for SOLSE/LORE and OSIR}&n@ profile retrieval from UV/visi-

ble measurements.

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

If the limb instrument has a P-T retrieval capability, it is important to ensure consistency in the
use of pressure and temperature information in the trace gas retrievals. This is certainly the case
for SCIAMACHY, which has two P-T capabilities §&nd CQ absorption). Thus the require-

ment for SCIAMACHY will be to perform P-T retrieval alongside the various targeted trace gas
retrievals. There are some concerns in SCIAMACHY regarding the pointing accuracy in limb
[A5], and it is thought that tangent height (pressure) levels derived from limb fitting will be more
accurate than the ephemeris-derived values.

All limb trace gas products will be given in VMR and number density units, the latter derived
using temperature and pressure values retrieved concomitantly with the trace gas VMR retrievals.
Regarding the retrieval of aerosol parameters, at this stage it is not clear how much information
on aerosols can be extracted. For an initial baseline, we will assume that aerosol scattering and
extinction coefficients can be retrieved for each limb scan, and for all limb applications. These
variables are the simplest to use in the retrieval; an alternative might be layer optical thickness
and single scatter albedo. It has been decided not to derive additional aerosol properties depend-
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 defined
for limb retrieval. The top-of-the-atmosphere height (TOA) will be defined as the atmospheric
height above the surface at the point of entry of the line of sight beam. The actual value of this
TOA will depend on the instruments capability, but a baseline needs to be agreed on by members
of the SSAG (need not be the same as that defined for the nadir algorithms). The solar zenith
angle should also be defined at the TOA height. A recommendation was made to include two val-
ues of the tangent height in the geolocation, one calculated by pure geometry, the other with an
additional refraction calculation, and this will be adopted. Derivation of geolocation quantities
must follow the methods described in the Mission Conventions Document [A7].

The above discussion refers to limb strategy. In occultation viewing, the instrument detects direct
sunlight attenuated along an oblique atmospheric track; atmospheric scatter is not a significant
source of light. Simulation is restricted to absorption (transmittance) along the line of sight.
Space-borne occultation instruments have looked at a number of spectral regions, for example the
FTS ATMOS instrument in the middle infrared [L11], HALOE in the visible [U29], and the vari-

ous SAGE missions (visible, near infrared) [L12][L10]. For trace species emission retrieval in the
infrared, the onion peeling approach has been satisfactory. P-T retrieval has been attempted using
both retrieval strategies [L13]. A different approach is used in the SAGE Il and Ill inversion algo-
rithms [L12] whereby an initial fitting for slant column amounts or slant optical depths is per-
formed using differential absorption and multi-linear regression, and this is followed by a non-
linear inversion for the vertical profile values. The list of products retrieved from occultation is
similar to that from limb retrievals (see table in section 2.3).
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We now discuss the main applications for SCIAMACHY. First, the pressure and temperature
retrieval from limb scans, second, the trace species limb profile retrievals, and finally a descrip-
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 limb scan
measurement, so that trace gas profiles can be retrieved with a minimum of uncertainty in the
atmospheric information (in this regard, climatological atmospheric data are often insufficiently
accurate). The derivation of P and T profiles brings an important degree of self-consistency to the
whole limb retrieval process.

The distributions of @and CQ are assumed known; the dependence of their absorption features

on pressure and temperature provides the key to the retrieval. We confine ourselves here to a dis-
cussion of P-T retrieval from CQbsorption (channel 7), but most aspects of the discussion also

hold for P-T retrieval using channel 4 data around thé Gand.

There are a number of pressure- and temperature-sensitivat§3Orption lines in channel 7.

Once a P-T profile has been obtained, a height assignment can be made by assuming one absolute
pressure-height correspondence and hydrostatic equilibrium for the rest of the atmosphere. If
such a correspondence is absent, then the whole retrieval could be repeated with an improved
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 fitting
parameters will consist of P-T pairs, one for each limb scan included in the fit, plus a number of
additional parameters. The latter may inclug®Hhixing ratio values (if this gas is an interfering
species), plus closure parameters for the continuum level of the spectra, Pob&hd P-T

retrieval, @Q and (possibly) N@are interfering species.

The vector of observations will be made up of a number of micro-window segments, each seg-
ment containing a small number of observations around a prominentir@r a small set of

lines selected for either pressure sensitivity or temperature sensitivity. Interference Jfoom H
lines cannot be ruled out with the sort of resolution SCIAMACHY possesses (it will probably be
necessary to fold in some,@ line optical depths in the instrument response function convolu-
tion). A study needs to be carried out to optimise the choice of lines.

The assumed profile of CGOnixing ratios is also important here. It is enough to assume that CO

is uniformly well mixed up to the mesopause, and that there are no non-LTE effects below this
altitude. In any case, signal-to-noise ratios for scattered light from limb scans above 35 km may
be too small for useful information retrieval above this altitude (see [A5] for instrument perform-
ance simulations). The value of the volume mixing ratio might be derived from measurements in
the stratosphere (e.g. [L14]) updated to the current year, and with some allowance for the seasonal
level (photosynthesis cycle). The @ixing ratio is usually taken as 20.95%.

The forward model part of the algorithm will require the simulation of limb-scattered radiance
values. Formulae for the line-by-line computation of absorption cross sections have already been
specified (see section 3.3). Limb scatter requires ray tracing for both the solar and line-of-sight
paths, and we shall use the following as the definition of transmittance for a ray with path co-
ordinates:

(v, s)= exp —J’R(v, s)n(s)ds (35)

So
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Heren(s) is the number density of air, and the weighted cross s&¢tips) is the sum of indi-
vidual cross sectiona,(v,s) multiplied by trace species mixing rtids) . In this applica-

tion xcoz(s) is assumed known and constant, and the transmittance will depdhcrahT
through the number density and the cross section dependence.

With onion peeling, we would be restricted to using the pressure heights as retrieved successively
by the algorithm, and this would define the vertical structure of the atmosphere to be used in the
simulations. With global fitting, we can choose any height grid we want for the retrieval, though it

is more convenient to use a grid suggested by the data; this issue has not been resolved yet. It is
customary to use a finer grid for the simulation, to account for variations of temperature and pres-
sure across the various layers. Rather than use mean values (requiring a finer structure), one can
use a coarser height grid and Curtis-Godson (CG) equivalent pressure and temperature values.
The CG temperature is defined for each trace specasl for each laydr as follows:

[ T2 K2 (Ip(2), T(2)] (£ 1z
Teff _ 7, (36)

mL = z

[ Xn(2 MIp(2), T()] Ttz

Heren andk are defined as above, aisthe local vertical co-ordinate; the effective pressure is
defined in a similar fashion. For P-T retrieval we assume also that the atmosphere is horizontally
stratified, and obeys the hydrostatic equatitm dz= —Kn(2)g(2) , WiKeirg a constant and

g(2) is the acceleration due to gravity. The variation () with height may be modelled along
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 climatology
(e.g. [G4]) or from an additional data set of assimilated P-T fields generated by a numerical
weather prediction model [P12]. Initial values of tangent heights are taken from the geolocation
information ephemeris results. It is of course possible to constrain the retrieval with these starting
values used as priori, but experience has shown that this is not advisable (at least as far as the
tangent height information is concerned). As a consequence, the preferred fitting for P-T retrieval
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 far as
this is possible). For the single scatter formalism, analytic expressions derived for the transmit-
tances and scattered fluxes may be differentiated with respect to P and T values for each layer, to
generate parameter derivatives. This means that the T and P dependence must be followed
through the definitions of air density and cross section, the latter including P- and T- dependence
in the Voigt profile shape, and T-dependence in the line strength. Voigt profile derivatives may be
found from the properties of the complex error function (of wii¢k, y) in equation (31) is the
real part; see [N9] for definitions).
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4.3 Limb Trace Gas VMR Retrieval

43.1 Introduction

A primary application is the derivation og@rofiles from limb measurements in the UV and vis-

ible parts of the spectrum. A number of other trace gas limb profile applications have been con-
sidered for the UV/visible, with the possibility to retrieve N&dd BrO profiles on a global basis,

and S@, OCIO and HCO in special scenarios. In all cases, Rayleigh scattering and aerosol scat-

tering and extinction must be accounted for, and in particular the retrieval of aerosol parameters
will be undertaken concurrently. In the infraregCHin Channel 5, C®in channel 7, and CH

CO and NO in Channel 8 are the target species. For these species, the line-by-line computation

of cross sections is required, but this need only be done once in the fitting, once the temperature
and pressure are assumed known; convolution to SCIAMACHY wavelengths is necessary.
Rayleigh scattering is much reduced in the infrared, but aerosol parameters will still play an
important role.

The choice of fitting strategy and fitting windows depends on the target species and the spectral
region. In limb viewing of scattered light, it is difficult to account for diffuse multiply scattered
contributions in the atmosphere and from the lowest surface layers. This is especially the case in
the UV and visible, where absorption is optically thick and multiple scattering effects are

large. Multiple scattering is not so significant in the infrared, especially in Channel 8. Another
problem with Channel 8 measurements is the low level of light; under most circumstances, there
will only be enough signal-to-noise to distinguish the CO agd features in the lowest views in

a limb scan sequence.

This issue of retrieval strategy has received some attention in the Requirements Phase Documen-
tation. In all scattering applications in the UV and visible, global fitting has been the preferred
method. Onion peeling has been successfully used in many limb applications, and options will be
kept open to use this strategy alongside and maybe in conjunction with global fitting. Questions
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 scratch
with a full multiple scattering RT model. In common with other new limb scattering develop-

ments, a single scattering model with analytic weighting function derivatives will be imple-

mented, along with a look-up table of correction factors to handle the multiple scattering
contributions (see [L12] and also the discussion below). At the time of writing, limb radiative

transfer modelling has concentrated on thdJY problem, and the following sections deal with

this application. However many aspects of the modelling (such as ray tracing, for example) are
relevant for the infrared applications.

In the next 3 sections, we give a description of a single scatter forward model. The first section
deals with the overall scattering formalism and the derivation of fluxes and weighting functions.
This is followed by a section on the baseline optical properties of the atmospheric constituents
used in the radiative transfer. The third section deals with ray tracing and initial radiative transfer
computations. The fourth section has some material on multiple scatter corrections and the use of
ratioed limb intensities in the retrieval. The last part deals with the preparation of the retrieval,
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 source of
light; we omit for now any multiple scattering processes. A sequence of limb views defines a
layer structure for the atmosphere through the computation of tangent heights, together with an
assumption about the hydrostatic nature of the atmosphere. The TOA (top of the atmosphere)
level above the first tangent height is defined by the user, and all input viewing geometries should
be specified at this level. It is assumed that atmospheric refraction is neglected above this level,
and that solar radiation reaching the atmosphere at this level has not been attenuated. Figure 1
illustrates schematically a limb view through 3 layers of the atmosphere.

To
Spacecraft

Figure 1: Limb-path geometry

for a view through 3 layers of the atmosphere, with tangent point T. Note cumulative earth-centered angles, in partic-
ular& at point Q on the far side of tangent point T. Geolocation for this beam is specified at TOA point G, where the
solar zenith angle i8,.
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If the limb path travels through N tangent layers, there are 2N+1 different solar rays that need to
accounted for. The first of these is the TOA ray on the far side of the tangent point - the scattering
point is at TOA level, so no ray tracing is necessary. Similarly the last solar ray is scattered at
TOA at the point where the limb path line-of-sight exits the atmosphere. All intermediate rays
have some passage through the atmosphere to lower tangent levels, so these must be ray-tracec
(see Figure 2). Note that each solar ray scattered into the limb path has a unique angle of entry at
the top of the atmosphere.

SOLAR
RAYS

Figure 2: Sun path geometry
to point Q on the limb path Solar zenith at point V@4 85— & (See Figure 1). In the diagrafh= 01 — B = {refrac

tion(ﬁ)-

Denote the aerosol scattering coefficient at level lurﬁ/r and the molecular (Rayleigh) scatter-

ing coefficient iscr'r\]/IOI . Referring to Figure 1, solar beams on the far side of the tangent point are

scattered “downwards” into the limb path on its way to the tangent point, and “upwards” into the
limb path on the near side of the tangent point. In terms of the molecular (Rayleigh) and aerosol
phase functionsyp, and Re,, and the cumulative atmospheric transmittaficef the solar beam

that is to be scattered at tH8 level, the scattering source terms at this level are given by:
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Mol R A R
Slj — Op ° PMoI(@n) + 0-nerPAer(en) [CR

4m n

The index R denotes the solar ray and runs from 1 (first solar ray at TOA on far side of tangent
point) to 2N+1 (final solar ray at point of exit of limb path). The level index n is related to R: n =

R for “downward” scatter points, and n = 2N+2-R for “upward” scatter points. In addition to the
limb path ray tracing, each of the 2N+1 solar rays has a unique path through the atmosphere
which must be determined from ray tracing. At TOA, we have no attenuation of the solar ray:

N+1

Ci=1 andC*'=1

Now consider scattering on the far side of the tangent point. If the limb path transmittance
through layer m id, then the “downward” flux,,+; emerging at the bottom of this layer is

expressed in terms of incident flix, at the top of the layer, and the downward scatter source
terms as follows:

1
Fmer = ToF t (S$11+Tm5$)Dm

Here,D, is the slant distance through this layer along the limb path. This relation can be applied
repeatedly from m = 1 to m = N (the tangent layer), Wi{te 0 . A similar recurrence relation

exists for the “upward” fluxe&,, emerging from the top of the”Pﬂayer:

N+2-m N+1-m
Gm = Tme+1+(§1 +Tm +1 )Dm

At the tangent level, we havé,,,=Gy,; , and this provides the link between the two recur-

sion relations. The end result @, which constitutes the single-scatter simulated intensity of

backscattered light from a single limb view. This procedure must be repeated for each of the
views in a scan sequence, and all values,diimped together in a vector of ‘simulated intensi-

ties’ for use in the global fit algorithm. The above recursion relations can be used to derive
weighting functions (derivatives of the outgoing intensity with respect to certain atmospheric var-
iables), but first we must set up a state vector of such variables.

Let X, be the state vector of atmospheric variables to be retrieved or modelled at level m. For the
UV application, this will include (as a minimum) two trace gas volume mixing ratios {an@®

NO,), the Rayleigh scattering coefficient, and the aerosol extinction and scattering coefficients.
[We will also include a variable for the inelastic component of molecular scattering, but this will
be parameterised after the RT model simulation; this is discussed later in this chapter]. These 5
guantities (2 trace gas VMRs, 1 Rayleigh coefficient, 2 aerosol coefficients) will constitute the
default baseline of atmospheric constituent variables to be included in the single scatter model
simulation.

The aerosol coefficients are the values at a fixed wavelength (for example, the midpoint of a fit-
ting window). One can parameterize the wavelength dependence of the aerosol optical properties,
and introduce additional parameters characterizing this dependence. In the discussion of aerosol
properties below, we suggest a linear-with-wavelength parameterization of aerosol extinction and
scattering - this would introduce two more variables to be scaled and retrieved, bringing the total
to 7 quantities in the state vector. It is not clear yet whether these is enough information in the
spectra to retrieve these additional aerosol quantities. The molecular (Rayleigh) scattering coeffi-
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cient has a wavelength dependence that is known to a high degree of accuracy (see next section)
and this is not parameterised. We assume also that phase functions for molecular and aerosol scat-
tering are known in advance (no retrieval).

It is convenient to useormalised(dimensionless) quantities for the veckgy, where the entries

in the vector are just scale factors with respect to a set of baseline variables. Baseline Rayleigh
and aerosol quantities are discussed separately below. Trace gas VMRs may be taken direct from
a reference climatology, and cross-sections from a suitable source - see section below for details.
The use of normalised atmospheric parameters is helpful in an iterative retrieval, as most of the

radiative transfer can be done using baseline values before the iteration starts. In addition the ‘first

guess’ in an iterative retrieval is usualy, = 1 (unity) for all levels m (though this first guess

could be derived dynamically in an operational context).

To compute backscattered intensities and weighting function kernels quickly and expeditiously,
we express optical thicknesses and scattering source terms as linear combinations of these state
vectors of (normalised) atmospheric variables. For the transmittgnedomg the limb path for

layer m, we can write:

Ty has been expressed in terms of scaled atmospheric vad@bkesd X1 at the two layer
boundaries. The optical thickness baseline vegqyare computed from baseline optical proper-

ties expressed in the reference hydrostatic atmosphere, taking into account the slant path variation
across the layer due to changes in temperature and pressure and refractive index. In section 3.2
below, we illustrate the computation of the components, of

The above expression is convenient for computing parameter derivatives. With the notation

oT

O T=——
™ 9%mng

where vectoX,, has components;,,, we may write:

0,T, = T, ®m and O, ,T, = -T, ®Pms1

0T, =0 forkzm+1 and k#Zm

Similar considerations apply to the solar ray transmitta(hﬁ;gl for which the solar ray has

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

R _ E AR;{E - vati R _ on
Cm+1=expD—§ Qj Xjg  with derivatives],C,, ; = —Cy,, 1Ok foks m+1
0. O
j=1

Again the quantitie€2 will be calculated using baseline state vector variables and reference
atmospheric pressures and temperatures - they must be defined for all solar rays appropriate to a
given limb view, and for all limb views in a scan sequence. Finally we write the scatter source
terms in the form:

= AnRa
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where/\,, are baseline scattering contributions at level n for solar beam R. For the derivatives, we
have then:

ARA
Dms'f = AnXj EEJmCrFf form <n, and

R R RAR .
Dns'f = AnXpJ,C, +C /An  atthe scattering level n.

Derivatives of the flux equations may now be written down using the definitions above. The flux
computations and parameter derivatives can be done easily using the above rules, once the base-
line vectorsd, Q andA are evaluated. The first two vectors are baseline optical thickness quanti-
ties, the last is a scattering quantity. All these vectors need only be evaluated once at the start of a
retrieval - to update intensities and kernel derivatives, one simply changes the state vector param-
eter values in the flux and derivative equations. Obviously this is useful in an iterative retrieval
algorithm where simulated quantities require repeated updates. We now turn our attention to the
baseline constituent optical properties selected for the model. Evaluation of the ®e€oasd

A 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 model.
First we describe the reference atmosphere (assumed in hydrostatic equilibrium), then discuss
baselines for Rayleigh scattering, aerosol extinction and scattering, and trace gas absorption.

4.3.3.1 Reference Atmosphere

The trace gas retrieval in the UV will concentrate on VMRS fpai@ NG. The temperature and

pressure are assumed known, either from a concomitant retrieval using channel 7 data, or from
another source (assimilated meteorological data, for example). In what follows we assume that
the temperature is specified on a given reference height grid, and that the pressure is known at one
level (this is the hydrostatic reference level). For this, we take pressure and temperature at a user-
defined reference level below the lowest tangent height. Pressures at all other points are then cal-
culated using the hydrostatic equation:

L IR@ 0 _J.g(gg, 7)dZ
p(z)H RyasT(2)
Z

Rgas is the gas constant for dry air. The acceleration due to grg{fy) shows significant

dependence on height and this must be accounted for in the integral. It also depends weakly on
latitude@. We follow the gravity model found in the MIPAS technical documentation [L1]. This
has the following height dependence:

C
(R+2°

9(®,2) = A+Bz+

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

tion).
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In practice, reference values of temperature are first linearly interpolated to the retrieval or model
grid (here defined by the tangent heights of the limb views), and then the hydrostatic equation is
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, and is
given by:
3(1+9,) _3(1-39,)

2 .
= + = — = —
P,(©) = A, +B,cos© with A, 2(2+5,) and B, 2(2+3,)

The depolarization ratid, is expressed in terms of the well-known King factgy Which in turn
has a wavelength dependence expressed through a Sellmeier-type empirical equation [L20] [U7]:
_ 6F—6

A = o= 3 Where Fy = 10469541+ 3.250215d0 A" +3.862285K10° A"
K

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

Opmol(A 2) = dy(A) Ep(2)

where the cross-sectior{A) has a wavelength dependence close to the farifidaw, in the fol-
lowing expression derived recently from the data of Bates [L20] [U7] (units &fenot:

3.999266X10 2\ 2

1.0— 1.068977810 2\ % — 6.681409810 °\

Umoi(A) =

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

_ _P(2) 27315
p(2) = 1013.2552T(z) Prero

wherep, ., = 2.68676<10°* mol.crit.kmt is Loschmidt's number (density of air at standard
temperature and pressure).

4.3.3.3 Trace Gas Absorption Baseline

Cross-sections for £and NG can be taken from data derived from laboratory measurements
taken with the flight model during the pre-launch calibration phase, or from literature sources. For
O3, the cross-sections(T) will have the usual Bass-Paur quadratic parameterization [U12] in
temperature in the Hartley-Huggins bandél) = ag + oT + 0(2T2 (T in degrees Kelvin). This
temperature dependence is important for limb retrieval (most of the ozone burden lies in the strat-
osphere).

Baseline VMR values for £and NG values may be taken from a variety of sources. The default

has been to use values referenced on the set of USA standard atmospheres (some latitude/season:
dependency is included in the profiles). These reference VMRs will be linearly interpolated to
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the model height grid as defined by the tangent heightsa fpoiori O; values, we take ozone
profiles from SAGE Il 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], which
has an explicit mixing of a number of basic aerosol components. This scheme to a certain extent
supersedes the older LOWTRAN aerosol classification [L22], which relies on a “pre-mixed” clas-
sification of aerosols into certain broad types (“continental”, “maritime”, etc.). In the WMO
scheme, the database consists of aerosol optical properties (scattering and extinction coefficients
per particle, phase function moments) specified for a number of fixed components over a suitable
wavelength range.

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

The atmosphere is divided into a number of regimes specified by height boundaries. For each
regime, a number of WMO component types are listed together with their propéytiafis1).

If the aerosol loading is specified as a number density N(z), then the extinction coefficients for the
mixture are given by:

&(2) = N(z)z &x k(R)fy
k

whereR, denotes the regime corresponding to hermyland the extinction coefficients inside the

sum are the WMO data base values. To get values away from the data base wavelengths, linear
interpolation is sufficient. A similar expression holds for the scattering coefficient.

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

e\ 2) = ey(2) + %—%D%l(z)

Here,A* is a reference wavelength (midpoint of fitting window). We express the pair of values
£0(z) ande4(z) in terms of the database-derived extinction coefficients, interpolated to wavelength

A = A*. The results (together with the wavelength polynomial itself) constitute the baseline for
aerosol extinction. The same parameterization pertains to the scattering coefficient.

The aerosol phase functions may be retrieved from the expansion:
Paed®) = 5 BP(cosO)
=0

in terms of the Legendre polynomialg), wherep = co®©. The Legendre coefficienf$ are

specified for a number of wavelengths for each WMO component; an overall phase function
moment is defined by using an extinction-weighted sum over component moments. The total
number of Legendre coefficients should be specified as an input variable. The moments will have
wavelength dependence expressed linearly as functions of the database entries. The default will
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be to assume that the phase functions are known in advance, with no attempt made to retrieve any
phase function information.

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

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

whereg = %1

1—92
(1-2gu+g)"

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

P(O) =

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 occul-
tation retrieval it is usually enough to consider ray tracing only along the line of sight, but for limb
scatter, the solar rays must also be ray traced to the scatter points on the line-of-sight path. This
greatly increases the number of ray tracing computations, and we want a quick and convenient
way to handle this part of the algorithm. Ray tracing in a refractive atmosphere follows Snell’s
law for the layer incident and refracted angles at height z:

sinl(z) _
sinR(2) n(2)

where the dependence of the refractive ingiyon height comes through the atmospheric tem-
perature and pressure T and P. An improved Edlen-type formula has recently been derived for the
refractive index of air at STP farin microns [U7]:
(Nap —1) X 10° = 0.7041+ 315.90_2+ 8.4127_2
157.39-A 50.429- A

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

= 1+4P@T0
n(z = 1+KT(Z)PO

where 1 4 is the value oh at reference valueg@nd T. In the UV at 330 nm, and assuming the
value ofn,j, given above at STP, we get= 0.00030395. This is significantly different from the
value 0.0002874 used for MIPAS infrared applications.
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The first task of the ray-tracing is to determine the tangent heights. This is done by iteration, start-
ing from a first guess equal to the geometric tangent height value:

Ho = (Ra+Hppp) cOsy

whereRy is the earth’s radius anyds the limb view elevation angle at TOA. [This angle is part of

the geolocation record input to level 1b to 2 processing, along with the TOA value for limb
retrieval]. We then find the values of temperature and pressure in the reference atmosphere corre-
sponding to this height, and construct the refractive index of air for these values of P and T. One
then uses Snell's law to find a new tangent height reached by the incident limb ray with this
degree of refraction. This process converges quickly after a small number of iterations. Tangent
heights are determined for each of the limb views in a scan sequence, and these heights constitute
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 resolution of
typically 0.1 km in the lower stratosphere and anything up to 5 km for the topmost layer (this
depends on TOA height above first tangent level). Temperatures and (hydrostatic) pressures are
then computed on these fine levels, along with air density and refractive index values. An opti-
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 dis-
tances (the quantitiesfin the flux recurrence relations) and associated quantities required for
the optical thickness computations (see next section for details). For each limb view, we also com-
pute the earth-centred angles subtended by the passage of the ray from TOA to all scatter points
on intermediate levels (see Figure 1). Each line-of-sight path is symmetric about its tangent point.

The input requirement on limb geolocation for level 1b to 2 processing states that the solar angles
must be specified at the TOA height for each limb view at the point of exit of the line-of-sight
path. Figure 2 shows the situation for one solar ray to be scattered at point Q on the limb path. Let
¢ be the earth centred angle generated along the limb path from Q to the exit s tie

solar zenith at the exit point for this line-of-sight, tign= 6 - & is the solar zenith at the TOA

level above Q. To find the entry andgddor this ray, we must use the ray tracing to compute the
earth-centered angle(see figure 2). IgeAP) is the result of computing by ray tracing, given

an entry zenith angl@, then the solution fgB is found from the equatiofge{) =64 - B. This is

solved iteratively, with the first guefg given by the geometric approximation:

. (Re+Hg) _
sinB, = [M&nGJ

Re is the earth radius, artdl denotes height above the earth’s surfacg,, i the value after the
n" iteration, the next guess is given by:

Bn+1 = Bn+ F‘ZRel(Bn) _el+ Bn‘

F is a factor inserted for convenience to speed up the iteration. For most cases, it is sufficient to
take F=1, but for large angles it is better to use smaller values. It is possible to pre-calculate a data
set of F-values for a reference atmosphere, for a number of height levels and a number of solar
zenith angles, and then use these pre-computed factors to speed up the iteration. This procedure
ensures that accurate results can be found quickly for a small number of iterations for all possible
values of the solar zenith angles.
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. , R
In order to calculate scattering angle cosines9, for solar ray R at level n, we use the follow-

ing standard result in terms of solar ray and limb path zenith shgéesl0, :and the relative azi-
muthg-¢, between the planes containing the two paths:

CosO = —c0s95c0s0, + sinBgsind, cos(Gps—¢)
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 vedof3 and/A as defined above. These
guantities may be expressed in terms of scaled state-vector variables (VMRs, Rayleigh scattering
coefficient, aerosol coefficients) at the tangent levels. In the computation of optical thickness vec-
tors® andQ, we can allow for differential attenuation along the ray traced slant paths, by using
the fine layer structure of the atmosphere already set up for the ray tracing, and by making certain
interpolation assumptions. For now we will assume that all variables vary linearly across a layer.
This is fine for “extrinsic” variables (VMRs, temperature), but exponential interpolation may be
more accurate for the “intrinsic” variables (Rayleigh and aerosol coefficients). However the latter
assumption sacrifices simplicity, and for now we take linearity.

Consider the vecto®, and®,,,; which appear in the definition of limb path transmittamgén

a single layer between adjacent tangent levels; first we look at the components of these vectors
due to ozone absorption. Lef, &nd X, .1 be the upper and lower boundary values of th¥KR

scaling parameters, with actual baseline valugand Vj,;; (the latter are interpolated values

from a reference database for example). Suppose that the layer is divided into M fine layers, each
such fine layer having a midpoint heightvhere j = 1,...M. We assume that VMR values may be

linearly interpolated to these points:

V. = (Zn+ 1 _Zj)Van + (Z| _Zn)vn+ 1Xn+ 1
l (Zn +17 Zn)
Then if the @ cross sections have the form indicated in the discussion above about trace gas
absorption (quadratic in temperature), and if the fine layering slant path distandgstaeeair

densitieg;, and the temperaturd@sin the sub-layers, then the optical thickness across the whole
layer is:
Tnos = Z (GO + GlTj + GZTjZ)Vj pjdﬁ = q)nogxn + (Dnoi 1Xn +1
i
from which it follows that:
0% _ (GoD+ a3 O+ o r°0z, , ,V, — (ap 0+ o, Z T+ a, ZTDV,

: (Zn+1_zn)

Here the brackets indicate a slant path summdbian= ij p;ds over the fine layer division.

|
[10is just the slant column amount in this notation. A similar expression can be written down for

®,.1. If there is no temperature variation of the cross-section, the computation is simpler.
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A straightforward alternative to this kind of fine-layer summation is to take an average value of
the trace gas absorption at the layer boundaries, and multiply by the slant path distance to get the
optical thickness. This gives the following:

03 _ Dnvnp(zn)a(Tn)
no- 2

03
n+1

)

and similarly ford

D, is the slant path distance (the only quantity with fine-layering evaluation in this approxima-

tion). However this method does not account for fine-layer variations in temperature and trace gas
concentration.

The polynomial dependence on temperature allows us to compute the fine-layer variation in a
quick way. To date, no convenient temperature parameterization scheme has been established for
the NG, cross-sections, but a polynomial-based interpolation scheme over a number of fixed tem-

peratures would be convenient for the above treatment.

For line absorption in the infrared, the temperature dependence of the cross-sections is compli-
cated and not explicit, and the computational burden of cross-section evaluation dictates the use
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:

Mol Mol Mol

o = oY, + DY,

n+1

whereY,, is the scaling parameter for the Rayleigh scattering coeffioigntA,z,) at heightz,.

From the definition of this coefficient, and assuming again a linear variation with height across
the layer, we get:

Mol _ Opmol(M[AZ, . — ]

oV =
: (Zn+1_zn)

A similar consideration applies to the aerosol optical thickness contributions.

Elements of vector®,R are evaluated in the same manner. The scatter contributions (Vegtors

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

These sorts of calculations must be repeated for every layer traversed by the limb path in a given
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 exist-
ing limb scatter remote sensing experiments, the approach has been to use a quasi-analytic single
scattering model, and deal with multiple scattering in the form of correction factors. For the
SOLSE/LORE experiment, the target speciesis@he UV/visible, and simulations and weight-

ing functions are calculated according to:
(A, S) = 1A, s) {1+ C(A, s))
W, A, s, 8 = WA, s @ H1+C(A,9))
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These relations are valid for wavelengtHimb view number s of a scan sequence, and for state
vectora of parameters to be retrieved. The single scatter rdguylts Wand come from the quasi-

exact single scattering moddl,,,  values are tabulated as corrections to the single scattering

results, and they are computed using a state-of-the-art fully spherical model [R15]. This model is
too slow for retrieval purposes, but it has been used to correct simulations for nadir-mode total
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 acquisi-
tion of a multiple scattering model for table computation is currently under negotiation. The
above formulation assumes that the correction factors are independent of the vector of atmos-
pheric parameters to be varied.

Correction factors will cover diffuse multiple scatter contributions, including light reflected and
scattered from the ground and tropospheric parts of the atmosphere. The problem remains to char-
acterise such contributions. In a stand-alone limb-scatter retrieval, little is known about the
ground and cloud cover and the tropospheric constituent burdens, and simply basing correction
factors on climatology and assumed reference quantities could lead to large errors in the forward
simulation. One solution is to use a set of correction factors based on a single equivalent atmos-
pheric parameter which accounts for all the lower atmosphere effects. We could assume that the
atmosphere has a fixed composition below the lowest tangent height down to a fixed lower
boundary with an assumed Lambertian reflecting surface. The free parameter is then the Lamber-
tian albeddA of this surface, and we set up a table of “equivalent correction factors” by matching
values ofA to a wide variety of scenarios. The albedo could then be an additional parameter in the
limb retrieval, one which is orthogonal to the state vector of atmospheric parameters as outlined
for the single scatter model. That is, the single scatter contribution does not vafy aviith the
correction factor gradient with respectAavould be done by finite differencing. This approach
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 by the
SOLSE/LORE team [L2]. In order to ameliorate the lowest-layer and surface reflection contami-
nation, a ratio of two limb radiance spectra is used as the basic measurement quantity; radiances
at any given tangent height are divided by their values for the 55 km tangent height. To first order,
the surface reflection multiple scatter contributions are factored out in the simulation of these
ratios.

If the simulation for limb view N yields single scatter quantitjgs) andW,(A,a), and correction
factorsC,,(A), and we want to ratio the intensities with values from view M, then we have:

10N _1+Cy(N)

Rn()\) = ()\) EDnO\) WhereDn()\) = m , and
WM @) WA, a)

Zn()\,f_i) - I: ln()\) - |m()\) :lERn()\)

Typically one divides by radiances from a limb view with high tangent height (this will be one of
the last in a SCIAMACHY limb scan sequence). One must take care with the derivatives in the
second of these two equations, becalisg\,a) will not be defined for levels below m. Experi-
ence has shown that the ratio of correction fadig(a) is much less strongly dependent on lower

atmosphere variations, and it is probably expedient to construct a look-up table of these quanti-
ties, rather than their unratioed equivalents. Status TBD.
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Another advantage of this approach is that the use of ratioed spectra will obviate the requirement
on a solar spectrum as an absolute radiometric standard. We also avoid problems of wavelength
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 geolocation. The
limb sequence will contain a number of limb views, and we will extract spectra from each view to
be used in the fit. Quality checks should be made to ensure no cross-clustered data or error-
flagged pixels are present within the fitting windows. We will assume for now that the wavelength
calibration is the same for all limb backscattered spectra in the scan sequence - this is a proper
requirement for the use of ratioed measurements. The limb sequence will also come with a solar
extraterrestrial spectrum.

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

Measurement spectra are then buffered into fitting windows. These windows could in theory be
defined uniquely for every view, but in practice we will use the same window for all views in the

scan sequence (in contrast with the infrared retrieval, where one might tailor window choices to
specific trace gas absorption lines). Not all views in a sequence might be used; we could for
example take a block of typically 12-15 limb views from a lowest tangent height of the order of

16-20 km, up to a highest tangent height of 50-60 km. [The limb view elevation angle steps trans-
late into a vertical height separation of about 3.1 km between tangent levels in the stratosphere].

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

Finally we will allow for some closure parameters in the fitting. For each view, we will define
additional continuum and tilt factors. The continuum will be an additive polynomial of low order

in wavelength, while the tilt will be a multiplicative polynomial, also of low order in wavelength.
These coefficients round up the set of ‘parameters-to-be-retrieved’ which will comprise the state
vector to be entered into the retrieval package. The final set of simulated spectra and kernel deriv-
atives for the selected scan sequence will be assembled as a single vector and matrix to be passed
to the retrieval package.

If we are using optimal estimation, we require s@npeiori input. For the most important constit-

uent, we use SAGE Il ©climatology which comes with a proper covariance matrix (ozone
amounts should be normalised to the baseline VMR values as defined above, since the retrieval is
designed to work with normalised values). For all other constituents we taketioe values to

be the baseline values used in the model setup, and simply assign covariance values on an ad-hoc
basis. Thus we might assume thatdhgiori value for the scaled NOVMR 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-noise
(low measurement errors); additional sun-follower options will also allow for finer vertical reso-
lution in the scanning [A5]. In principle, transmission along the direct line-of-sight to the sun is
the only significant factor in the simulation, and this greatly simplifies the radiative transfer
aspects of the retrieval. Despite the limited availability of measurements (~ 60 s before sunrise in
Arctic latitudes), occultation measurements could have great potential for accurate profile retriev-
als.

However, there are problems to be solved in association with the measurement strategy employed
by SCIAMACHY. In sun occultation, SCIAMACHY is first pointed to the approximate location

at which the sun is expected to be situated some 17 km above the horizon (this avoids problems
with atmospheric refraction). Because the position of the sun is not known exactly (spacecraft
pointing inaccuracies), the elevation mirror scans continuously up and down. When the sun enters
the field-of-view, a sun-follower locks the azimuth mirror on the sun, but the elevation mirror
continues to scan the slit up and down over the solar image. We thus get a sequence of spectra for
which the height in the atmosphere and the position on the solar surface are not accurately known.
Since different horizontal slices of the solar image cover different surface areas, there is no radi-
ance calibration of the spectra.

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

Additional problems may be caused by the small diaphragm inserted in the beam to reduce light
levels when viewing the sun. It may be expected that this reduces the width of the slit function,

and also the wavelength calibration may be slightly changed. In summary, the solution of these
problems requires a large degree of further scientific work, and it is unrealistic to expect that an
operational processing algorithm for this viewing mode can be implemented with complete suc-

cess by the time of launch.

Some of the earliest studies for SCIAMACHY focussed on the high precision to be expected from
occultation retrieval of trace gas profiles [L15]. Precision estimates were found by examining
small changes from a simulated set of transmittances, subjectagmrori constraint. These
results represent the initial linearisation step in the non-linear estimation procedure, and an opti-
mal estimation retrieval algorithm has now been developed for occultation studies. The fitting
involves the direct comparison of simulated and measured transmission values (ratios of attenu-
ated to vacuum irradiance observations). Rayleigh and aerosol closure coefficients are retrieved
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 occultation
measurements to ensure that a consistent set of trace species profiles is achieved. The list of target
species is essentially the same as that for the limb problem, though the greater precision may
mean that additional species (such ag)N¢ould be seen in the occultation mode.
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The SAGE Il and Ill instruments have used another approach to occultation retrieval [L12]. The
initial step here is to exploit the linearity of the transmission functions to derive slant column den-
sities of aerosol and trace species. This is a straightforward multi-linear regression along the lines
of the DOAS fitting of section 3.2 on page 31 (it is assumed that wavelength registration is not a
problem). In this approach, the Rayleigh scattering contribution to the slant optical depth is sub-
tracted before the differential absorption fitting is performed (this assumes knowledge of the P-T
profile). Trace species optical depths may be derived from a variety of fitting windows (especially
O3, NO, and aerosol). The final step involves an inversion from slant to vertical optical depths

using a standard Twomey-Chahine non-linear inversion method (see [L12]). This technique has
not yet been considered for SCIAMACHY. It should be noted that the P-T retrieval cannot be
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 inten-
sities and weighting functions associated with the geophysical retrieval of atmospheric parame-
ters from GOME measurements. It is based on a finite difference approach, and in the next
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 radiation
fields. The direct beam term requires a transmittance calculation through the atmosphere, plus a
description of the surface reflecting property. For the diffuse field, the integro-differential equa-

tion of radiative transfer for the intensity fiel(z, Q)  at heighind solid angl€2 can be writ-
ten in the general form [R2]:

udgzl (z,Q) = —€(2)1(z,Q) + fﬁO‘(Z)IP(Z, Q, Q) (z, Q)dQ'+ a(2)¢(z Q) (37)

Here,e(z) ando(z) are the extinction and scattering coefficients, and the integral represents the

multiple scatter contribution with phase functiéz Q, Q') ¢(z Q) is the source function,
which contains the direct single scatter contribution and the singly scattered light from surface
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 the phase
function in Legendre polynomials in the scattering angle cosine. Using the definition of scatter

angle in terms of zenith and relative azimuth angleso} , and by means of the completeness
relation between associated and full Legendre polynomials, it is possible to determine the azimuth
dependence in a Fourier cosine series:

(Z @) = 3 (2-0y)In(z H)cosne (38)

m=0
Working with Fourier componentk,(z, p) , we then discretise  with Gaussian quadratures,
replacingJ’udu by the sumz Hw . The height derivative in equation (37) is computed as a
finite difference [R2][R3]. These two assumptions allow the RT equation to be expressed as a
matrix algebra equatio®,|,, = S,  for each Fourier compohgnt , sourcegerm , and matrix

operatorQ,, . The formal solution may be found by matrix substitution, and this is one of the

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

The advantage of the matrix formulation is that the equagigh,, = S, can be linearised about

the solution [R7]. The linearisation is able to deliver a whole field of weighting functions (that is,
responses of the radiation field at different heights to small changes in selected atmospheric con-
stituent variables) with little additional effort. This is in contrast to all other RT solution methods,
which require extensive perturbation calculations for weighting function evaluation. Output of
weighting functions depends on which atmospheric parameters are allowed to vary. To date, the
set of weighting functions for surface albedo variation, trace species concentration variation,
molecular scattering, aerosol extinction and scattering, and temperature shift.
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From databases of pressure, temperature and trace species concentrations, aerosol loading and
optical properties, surface data sets and trace gas absorption properties, simulations across the
GOME spectrum from 240 to 790 nm have been performed. For,theb@nd, both line-by-line
calculations and exponential sum-fitted approximations (also known as correlated-k) have been
done [M. Buchwitz, GOME and SCIAMACHY Working Session 7, April 1998]. Rotational
Raman scattering has been introduced into the model to investigate the Ring effect [R6]. Clouds
have been incorporated into the model both in a quasi-exact layer treatment, and in an approxima-
tion assuming a bi-directionally reflecting cloud-top as the lower boundary of the atmosphere
[R5]. GOMETRAN has also been used as the forward model in the optimal estimation retrieval of
O5 profiles for a selection of scenarios [P4][P10]. The original formulation [R4] was for plane-

parallel atmospheres; later versions have incorporated a ray-tracing calculation for the attenuation
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 excellent
agreement. In the context of GOME study work [G6], some comparisons have also been made
with other RT models, including the Monte-Carlo code used for AMF calculations at Heidelberg
(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 factors to
be applied to the single scattering AMF values calculated from scratch as part of GDP DOAS
code. In fact the quantities stored were fitted coefficients for the correction factors, assuming pol-
ynomial dependence on the solar and line-of-sight zenith angles [G3]zFttreQook-up classi-

fication allowed for some 6 surface albedo values from 0.02 to 0.9, 9 lower boundary heights
from O to 10 km, some 8 latitude zones, 2 aerosol types (land/sea), and 24 coefficients covering

the two zenith angle dependencies. For a given viewing geor(ietyy,, @) , the AMFs are

recovered as polynomials i, apd , and interpolation takes care @f the values and all the
other quantities.

In the updated GDP (and this will also apply to SCIAMACHY), AMFs fgra@d NG, will be

generated completely from GOMETRAN-calculated look-up tables. Rather than catalogue the
actual AMF values, it is more convenient to store Fourier components of the intensities (as in
equation (38) above); this takes care of the azimuth dependence explicitly when recovering the
AMFs. (This is important in distinguishing the east, centre and west forward pixel scan geome-
try]). One would need also to store the number of Fourier azimuth harmonics required for an
accurate result from the Fourier series (an accuracy parameter governs the series convergence).

AMFs may then be restored from the definitidMF = In(l,,5.¢ l1ota)” Tvert and interpo-
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 suppose
that the climatology for trace species g depends on a set of paratlﬁpq'els 1, M , Which have

error covariance matri;; . Then the variance is:

150 (39)

var(A) = Z%CQA
ii

where
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(40)
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There is no dependence I%gas on because this intensity was computed with the tgace gas
excluded. If GOMETRAN takes a concentration profpi¢z) as input, for height levels
z,1 = 1, ...N, then the intensity derivatives have a direct expression in terms of GOMETRAN
weighting function outputV; = p;0l/dp;

Wotay - \_N_'?El (41)

o P oV

i=1

The NRT look-up table of AMFs will not be broken down into Fourier components of Intensity. In
the interests of simplicity and to provide continuity with GDP, the NRT table will contain actual
AMF values computed for a number of solar zenith angles, line-of-sight-zenith angles, azimuth
angles, a number of lower boundary heights, a number of surface albedos, and for all profiles
present in the climatology. Due to the need for early specification, there will be no incorporation
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 model
can be taken over for SCIAMACHY applications. The extension to SCIAMACHY is more a
guestion of ensuring that the radiative transfer code can take suitable inputs for wavelengths out
to 2400 nm. To this end, the GDP database of aerosol optical properties has been extended in
wavelength [A9]. Additional trace species number mixing ratio profiles are required for those
absorbing onlyy in the infrared channels (CO£N,O and CQ have been prepared so far). The

original spectral database of spectral albedos was prepared for GOME and SCIAMACHY [G3].
The databases of cloud optical properties and cloud-top reflectances have also been extended (T.
Kurosu, private communication, 1998) to 2.5 microns.

The largest extension to the model has been the incorporation of line-by-line absorption coeffi-
cients in the GOMETRAN code. It is more convenient to maintain the line-by-line code sepa-
rately from the GOMETRAN scattering code. Required sets of absorption coefficients pre-
calculated using LBL at temperatures and pressures are then regarded as input to the RT model.
An alternative approach using the correlated-k (exponential sum-fitted) method for transmittance
involves the creation of a comprehensive data set of pre-calculated sum-fitted coefficients that
could be used directly with GOMETRAN. This has been accomplished with tdeb@nd (M.

Buchwitz, GOME and SCIAMACHY Working Sessions 7, April 1998) and there are plans to
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 of Air
Mass Factors (UVAS algorithm) and Rayleigh Correction Factors (AAIA) will be generated off-
line by GOMETRAN. These tables and their derivations are described elsewhere in this docu-
ment.

The description of a forward simulation radiative transfer model for SCIAMACHY limb scatter
scenarios is a major new development and is treated separately in this document in section 5.3
below.
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5.2 MODTRAN and DISORT

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

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

DISORT has been assimilated to MODTRAN (versions 3.0 and higher), to ensure that the latter
now has an adequate multiple scatter formalism. MODTRAN is a moderate resolution radiative
transfer model with an extensive band model capability [R10]. It has replaced LOWTRAN in
recent years, and is a widely-used standard. A major development for MODTRAN in 1998 will be
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 view-

ing mode. Trace gas transmittances must be computed in a curved refracting atmosphere, both for
the line-of-sight path and also for the solar path. Aerosol extinction must also be computed along
these paths. The forward model must account for molecular (Rayleigh) and aerosol scattering,
both single and multiple, including scattered light from the lowest layers of the atmosphere. This
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 past and
existing limb scatter remote sensing experiments, the approach has been to use a quasi-analytic
single scattering model, and deal with multiple scattering in the form of correction factors. For the
SOLSE/LORE experiment, the target speciesjs@he UV/visible, and weighting functions are

calculated according to:
I
Wms = WSSEE]‘ + Tr:—jg (42)

The single scatter results, aWd,  come from the quasi-exact single scattering model (see for

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

are computed using a state-of-the-art fully spherical model [R15]. This model is too slow for
retrieval purposes, but it has been used to correct simulations for nadir-mode total column retriev-
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 scat-
tering atmospheric source terms at level n in the atmosphere may be written schematically as:

S = 30,5 &, (43)

Here,+ refers to upwards and downward scattered light, is the solar flux at the top of the
atmosphere,, is the cumulative transmittance along the solar patffand are the single scat-
ter albedos. In terms of the total limb path extinctiyn  , the molecular and aerosol scattering
coefficientsog,, , and,e, , , and the phase functi%y(@ﬁ ) B}gg(@ﬁ ) dependent

on the scatter angl@ﬁ Q* may be written:

+ +
 _ PRa)K@n )GRay n+ I:)Aer(en )GAer, n

n Bn

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

Q

(44)
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6 Input/Output Requirements

This section is intended as a reference for the I/O requirements of the SGP_12 algorithms.
Detailed definitions and product formatting can be found in the appropriate documents ([A10].
for the off-line, and [A9] for the NRT). Here we shall list the main physical content of the input
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 processing.
Detector measurements are always accompanied by PMD information (there are 7 PMDs for
SCIAMACHY), and geolocation. Each detector spectrum contains an index to a set of spectral
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 precision

» PMD sub-pixel measurements corresponding to these scan spectra

* Viewing geometry information (solar and line-of-sight zenith/azimuth angles at start/middle/
end of integration time, earth radius, satellite height, sub-satellite position, scan mirror posi-
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-ordi-
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 algorithms
in SCIAMACHY level 1 to 2 parameters. At the time of writing, a detailed parameter list for the
Initialisation File has been drawn up for the NRT level 1 to 2 processor, but not so far for the off-
line algorithms. Many of the parameter choices are for test purposes only, but until we have opti-
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 windows

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

For each fit, we must specify the geophysical parameters to be derived from the fitting, whether
they are volume mixing ratios (profile retrieval), total column amounts (nadir column fitting),
cloud variables (PCCA, RCFA), closure parameters (polynomial coefficients in UVAS and IAS),
shift and squeeze parameters (DOAS), etc. For retrieval algorithms involving non-linear fitting
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 which
reference spectra will be included in the fit, and what will be the options on smoothing, convolu-
tion, shift/squeeze limits for these reference spectra. Will we be using multiple scattering look-up
corrections in the UV/visible limb profile algorithms, or will we run that algorithm in single scat-
tering mode only? Will we include the AMF error computation in the UV/visible computation?
There are many decisions to be made on algorithm control and it is vitally important to keep the
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 geophysi-
cal scenario being processed. In order to use them in SGP level 1 to 2 processing, it is necessary to
have dedicated auxiliary processing exterior to the main processing. The most obvious example is
the generation of up-to-date atmospheric profiles to be used as first guessaagrdidrin limb
temperature/pressure profile retrieval, and as accurate and representative reference values in
height-resolved nadir profile retrieval. Such data would come normally from numerical weather
prediction model output (ECMWF analysis fields, for example). An ancillary processor would
have to assimilate this output on a regular basis and generate the necessary inputs for level 1 to 2
on an operational basis.

Another important source is GQrolume mixing ratio data. This is required for a number of
applications in the infrared using G@bsorption to retrieve atmospheric information. Though the

gas is uniformly mixed up to mesospheric levels, and the mean annual VMR is accurately known,
there are seasonal and hemispheric variations. These variations can be as large as 5%, and are
linked to the cycle of photosynthesis. The timing of the well-known @ffake varies considera-

bly from year to year in the northern hemisphere for example. Clearly it is expedient to use assim-
ilated data from an established source to ensure that those SCIAMACHY retrieval algorithms
based on known CQevels receive input information that is accurate in space and time. A second

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 algo-
rithms described in this version of the ATBD. Most of the geophysical parameters listed below
come from the cloud and aerosol algorithms described in section 3.1 on page 21. The equivalent
Lambertian reflecting height from the G@adir infrared fit (section 3.3 on page 42) is included

here. Some climatology (ground pressure and albedo) is helpful for referencing the retrieved
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 CQ equivalent Lambertian reflecting surface, plus error

* Flag describing cloud output (which way through the algorithms!)
» Absorbing aerosol index (AAl)

» 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. Given that
UVAS and IAS algorithms are both variants on the least-squares fitting, it is possible to define a
generic nadir column product comprising one data set per retrieved trace gas species. Each such
data set will have a main product value, which will be the total vertical column amount of the
trace gas, plus the retrieved error on this quantity.

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

centrations on a specified retrieval grid. Besides the usual solution variance/covariance and sin-
gle-number diagnostic output, it is useful to generate two additional quantities for this product.
These are (i) the averaging kernel for thep@ofile entries (discounting the other fitted parame-

ters), and (ii) the improvement in the profile entries overathmiori. With the additional con-

straint imposed by the use afpriori, the fitting functional has two parts (see section 3.4 on
page 50, equation (32), and it is often useful to output partial RMS and chi-square values for these
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 present stage
of development, we confine the output to profiles of VMR, profiles of pressure and temperature
on a fixed grid. The precision (relative error in %) for each retrieved quantity will be generated;
cross-correlation values are not considered in the first version. The flag controlling output will
give some indication of the retrieval strategy. Occultation products will be similar, but they will
be specified on a different vertical grid. The issue of classification by window against molecule
could be avoided by defining the limb product to include all VMR profiles and the associated
limb-derived self-consistent P-T profiles. This has been done here in the following generic list.

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

The detailed results file should contain all pertinetérmediateoutput from an algorithm. In
particular it is here that spectral output should be made available for verification purposes - this
would include the vector of measured backscatter intensities, the vector of simulated intensities,
the rest spectrum, and various fitted and reference optical densities, etc. Additional AMF output is
also valuable (UVAS only). For algorithms using optimal estimation it is possible to output a
number of additional diagnostics (contribution functions, averaging kernels, etc.). There should
also be an option to include detailed output at each iteration of any iterative fitting process (this
would not only include the spectral data, but also ongoing values of the state vector of parameters
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, there are
three classifications for reference data climatology, look-up tables, and orbit-processed data. This
list is the current baseline.

6.3.1 Climatology and Spectroscopic Databases

* (UVlisible) Cross sections for{ONO,, BrO, OCIO, SQ, CIO, H,CO, NG;, 0,-O,

» (Near infrared) Line spectroscopic data for, 8,0, CO, NO, CH,, CO,

* 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, VMRs3;foN@,, BrO, OCIO,
SO, CIO, H,CO, NG;, H,O, CO, NO, CH, and CQ. A priori profiles G;, 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 fog @MF at 325 nm and for NOAMF at 437.5 nm, plus
climatology derivatives. Alternatively - complete AMF databases for these two species (NRT).

+ Ratios of multiple scatter intensities to single scatter intensities for use in §MMR profile
retrieval (TBD).

* Intensity and weighting function look-up table for nadirf@ofile retrieval (suggested).

6.3.3 Orbit pre-processed data sets

» For each wavelength registration, pre-computed slit function quantities to be used in all convo-
lutions anticipated for all retrieval applications.

+ Others TBD.
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7 Appendices

7.1 Convolution

The formal definition of the convolution &(X)  with slit functi@q X is defined as:
X+ A
_ 1 _ .
Yo(X) = A J’ Y(X)S(x— X)dx (45)
X—A

The slit function is assumed symmetric about the central wavelength, and the band2gass is
Although the slit function is parameterised as an analytic function of wavelength, in general the
spectrumY(x) is not analytic, and is specified on a wavele(xh . The integral is then

replaced by the trapezoidal sum:

> Y(X) BB (% =X ) X
Ky

k=

YC(Xi) = K, (46)
> Salx; =) Lxy

a is the vector of parameters determining the analytic shape of the slit fursijon. are the inter-
vals in wavelength space given by:
dX = X r1— X DX, = X, =X, g O = X — X g (47)
The number of points runs froky kg ; these depend on the wavelength .We{dejote as
the incoming wavelength grid. We will be convoluting to a group of wavelefgths (the out-
going wavelength grid), and we use symbal§) ky(d) to indicate this dependence on the

outgoing wavelengths. In general we will not have regularly spaced wavelength grids, and this
means the summation integrals must be done from first principles. The slit function shape is also

dependent orx; , so we writgi) to indicate the wavelength dependence of the slit function
parameters. The slit function expressions are given in terms of pixel digignce , rather than
wavelength distance. The relation between these two is the pixel sgRCk)g , Which also
changes with wavelength across any channel. K, = p; R(%)

The rangek, (i) t&,(i) depends dn |, the half-width slit band-pass (in pixel numbers). In fact,

the range ok-values must lie betweex), ., = X —AR(%)  ang, e, = X +AR(X) . Ingen-

eral the spectrum to be convoluted is a large array with many points and a fine resolution in wave-
length space. The s¢i',} must include and extend beyond the;bet . It is clear that the

extreme wavelength®, e, exi = X3 —AR(X) @k ppep exi = Xy T AR(XY) must lie inside
the se{ X} .Herex; and; are the first and last wavelengths to which the convolution will be
done. For eacl; we must not only trawl through the{ sg} to find the summation limits
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k,(i) andk,(i) , but also extract the correct pixel resolufirx) and the correct vector of slit

parameterg(i) from the slit function database.

We write the convolution a¥ (x;) = ZY(Xk)Qi(x'k) where the sum is betwlegn) and

K,(i). The quantitie;(x,) are then just normalised slit function values, and can be pre-com-

puted independently of any spectrifithat needs convolution. This slit function pre-computation
should be done at the beginning of any orbit for each of the wavelength calibrations to be encoun-
tered during that orbit. The convolution itself is then just a simple summation with a minimum

number of operations. Considerable time can be saved by pre-computing the v&jax|gs ,
and knowing the range of values over which the summation can be done. More time can be saved
in the set-up by starting the search for the ofiggt + 1) with the already-found kydlje

instead of starting &, = 1  for each point.

At the time of writing, there are some preliminary measurements of SCIAMACHY slit functions.
We must wait until the calibration is completed before a proper data base of slit function parame-
ters can be compiled. In any case, it may be sufficient to assume the shape is known, and try to fit
for one or more of the slit function parameters (main candidate for this would be the half-width).
In the IAS prototype development, a Gaussian f@(x) = exp[—0.693x/ w)?] has been
adopted. Herey is the full width half maximum. Another possibility is the simple hyperbolic

function used in GDP, namel§y( X = aé/(x4 +a?) . All slit functions are expressed in terms of
pixel numbers from the centre; all should have unit area.
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