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1 Introduction

1.1 Purpose of this document

A Sulphur Dioxide Data Service has been set up by BIRA-IASB, in collaboration with KNMI and DLR, in the framework of the projects TEMIS and PROMOTE. This Service has two branches:
· Archive Service – http://www.oma.be/BIRA-IASB/Molecules/SO2archive/
· NRT Service – to be set up
This document describes the algorithm used to retrieve the data products of the Sulphur Dioxide Data Service. The latest version of this document can be found on the SO2 Archive Service website under “Documentation” at http://www.oma.be/BIRA-IASB/Molecules/SO2archive/info/ 
The Data and Service version history is given in section 2.1 of the Product Specification Document [PSD].

1.2 Acronyms and abbreviations

AMF

Air-Mass Factor

BIRA-IASB
Belgian Institute for Space Aeronomy

DLR

German Centre for Air and Space Research

DOAS
Differential Optical Absorption Spectroscopy
DU

Dobson Units
ESA

European Space Agency

HDF

Hierarchical Data Format

KNMI
Royal Netherlans Meteorological Institute
NOVAC
Network for Observation of Volcanic and Atmospheric Change
NRT

Near-real-time

PROMOTE
Protocol Monitoring for the GMES Service Element: Atmosphere
SCD

Slant Column Density

SO2

Sulphur Dioxide

SZA

Solar Zenith Angle

TEMIS
Trophospheric Emission Monitoring Internet Service
VCD

Vertical Column Density

1.3 Applicable documents
[ADD]
Algorithm Description Document: BIRA_SO2_ADD_v08r1.doc
[PSD]
Product Specification Document: BIRA_SO2_PSD_v08r1.doc
1.4 Credits
The SO2 Data Service is set up and distributed as part of the following projects:

       TEMIS -- Tropospheric Emission Monitoring Internet Service 
                      http://www.temis.nl/
       PROMOTE -- Protocol Monitoring for the GMES Service Element
                              http://www.gse-promote.org/
by the Belgian Institute for Space Aeronomy (BIRA-IASB, Brussels, Belgium) in collaboration with DLR (Oberpfaffenhofen, Germany) and KNMI (De Bilt, The Netherlands).

BIRA-IASB

       Jos van Geffen, Michel Van Roozendael

       Isabelle De Smedt, Caroline Fayt, Nicolas Theys  
DLR

       Pieter Valks  

KNMI

       Ronald van der A

We would furthermore like to thank the following people for discussions, suggestions, information and other help:

ESA-ESRIN 
       Claus Zehner  

Météo France / Toulouse VAAC
       Philippe Husson, Patrick Josse  

RT Soluctions, Inc.
       Rob Spurr  

UK Met. Office / London VAAC
       Sarah Watkin, Marie Doutriaux-Boucher
2 The SO2 slant column density
Sulphur dioxide (SO2) slant column densities are the basis of the SO2 Data Service. This Service has two branches:
· Archive Service – http://www.oma.be/BIRA-IASB/Molecules/SO2archive/
· NRT Service – to be set up
The Service provides global data files and maps (daily, 3-daily composite and monthly average maps). Higher resolution maps over pre-defined regions known for SO2 emission from anthropogenic pollution or from volcanic activity are provided as well.
For a description of the data product, as well as of the data and service version history, see the Product Specification Document [PSD].
2.1 SO2 slant column retrieval
The SO2 slant column density, usually given in Dobson Units (DU), are retrieved from UV measurements made by satellite based instruments, such as SCIAMACHY (in the nadir-viewing mode) on ENVISAT and GOME on ERS-2. The retrieval method applied is a Differential Optical Absorption Spectroscopy (DOAS) technique. The basis of the retrieval code is the WinDOAS program, which runs under Windows. The program was converted to LinDOAS to run under Linux for the SO2 warning service.

The retrieval of the SO2 slant column is done from the spectrum in the wavelength range 315-326 nm, where SO2 shows clear absorption features. In the same wavelength range, however, there is also absorption by ozone (O3). The retrieval must therefore take both SO2 and O3 into account. There is, so to say, an "interference" of the two absorption signals when matching the measured spectrum with the absorption cross sections of SO2 and ozone. 

Figure 1 shows the cross sections of SO2 (red) and Ozone (blue) in the wavelength range used for the SO2 slant column retrieval.
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Figure 1.

The result of this "interference" is that when concentrations of SO2 are low, the retrieval may give negative SO2 slant column values, with an error of the same magnitude. This then represents the SO2 background level, i.e. the apparent SO2 absorption in the absence of emissions of SO2. The negative values are, of course, not physical, but due to the fact that it is currently not possible to retrieve SO2 independently from ozone.
For low Solar Zenith Angles (SZAs), i.e. at low and mid latitudes, the SO2 background level is of the order of 1 Dobson Unit (DU) and emissions of SO2 (by pollution or volcano eruptions) will be visible against this background.
For higher SZAs, however, there is a problem. The higher the SZA, the longer the slant path is along which the retrieval takes place. Because of the vertical and horizontal distribution of ozone in the atmosphere (with a strong concentration in the lower stratosphere, the "ozone layer") a longer slant path means a larger relative absorption by ozone. For SO2 this is much less the case, as SO2 emissions generally show a rather limited distribution horizontally and vertically.
Effectively this means that at higher SZAs the "interference" between the SO2 and O3 absorption results in more negative SO2 slant column values, with large errors. This effect is corrected for by the background correction which is applied to the slant column data.
2.2 Background correction of the SO2 slant column
A background correction is applied to the SO2 slant columns retrieved with DOAS. There are two reasons to apply such a correction:
· The DOAS retrieval requires the use of a reference spectrum. For this a measurement is used from a location thought to be free of SO2, but it can lead to an offset in the SO2 slant column.

· At higher Solar Zenith Angels the "interference" between the SO2 and ozone absorption – mentioned in section 2.1 – results in more negative SO2 slant column values, with large errors.
Note

The background correction described in this section is still under development. Details of it may change in the near future, as more data is gathered to investigate the details of the correction.

Figure 2 shows an example of the monthly average of the SO2 slant column as function of the SZA for October 2004 over all data (green), of only the Northern hemisphere (blue) and of only the Southern hemisphere (red). The decrease of the average SO2 slant column at higher SZA is due to the increase in ozone absorption along the slant path with increasing SZA.
From Figure 2 it is not only clear that the retrieved SO2 slant columns decrease strongly at high SZA. But also that there is a difference between the Northern and Southern hemisphere here. The reason for this is that the ozone concentrations near the South Pole are much lower than near the North pole due to the presence of the "ozone hole" above Antarctica in this month. Hence, it is necessary to correct the two hemispheres separately.
The monthly average SO2 slant column represents the background level of SO2 in the retrieval: on average, there will be not much SO2 in the atmosphere, as SO2 emissions are highly localised and SO2 has a short lifetime in the atmosphere. Consequently, the average can be used to compensate for the effect of increasing ozone absorption with increasing SZA and for the offset caused by the use of the reference.
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Figure 2
For individual measurements a correction is needed not only for this background signal but also for the noise in the signal. The correction is determined by an 8-degree polynomial fit through the "average plus sigma" monthly average as function of SZA (the red line in the graph below), and this value is then subtracted from the retrieved slant column to provide the real SO2 slant column value in DU. This is necessary, especially at high SZA: if the correction is based on just the "average", the corrected results might show false SO2 signals due to the large standard deviation of the averaging.
Figure 3 shows the average the SO2 slant column and the 1-sigma error on it as function of the SZA at the Northern hemisphere for October 2004 (green), a fit through the "average plus sigma" data (red) and a fit through the data using a SZA-dependent function (blue) for the Northern Hemisphere. Figure 4 shows the same for the Southern Hemisphere.
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Figure 3
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Figure 4
The fit through the "average plus sigma" data (red in the graph above) is useful for correcting the data for maps showing individual measurements. When creating maps of monthly (or longer) averages, however, this correction would not do, as both the correction and the averaging would average the noise in the signal, notably at low SZA. On the other hand, applying a correction based on just the average of the data would lead to an over-estimation at high SZA, hence the correction at high SZA should be larger.

For these reasons, the data used for making monthly (and longer) averages is corrected with a function that depends on the SZA, correcting for just the average at low SZA and correcting almost for "average plus sigma" at high SZA (blue in Figures 3 and 4).
As can be seen from Figures 3 and 4, the really high SZAs may cause problems and mis-interpretation of the SO2 slant column results. For this reason, the analysis and plotting of the data is limited to SZA = 85 degrees. It should be noted, however, that values between 75 and 85 degrees SZA may not be fully reliable.
2.3 Reference spectra
The slant column retrieval algorithm requires a reference spectrum without the presence of absorption features of the trace gas to be retrieved, since the DOAS method is based on the difference in absorption in two spectra. For the SO2 slant column retrieval a reference spectrum without any SO2 absorption must therefore be selected. A good geographic region to do this is around the equator above the Pacific or Indian ocean, as there are no sources of SO2 located there. As instrument characteristics may vary over time, it is necessary to regularly update the reference spectrum with time.
For the retrieval for the Volcanic & Air Quality Services, a new reference spectrum is selected in principle once every month at around the middle of the month, depending on availability of the data, from a measurement south-west of the southern tip of India, at about 65 degrees East and just below the equator.
Since the reference spectrum changes every month, the correction for the SO2 background levels (section 2.2) is determined for each month separately.
In the off-line processing of a given month for the Archive Service, the reference spectrum and the background correction are determined from the data of that month. For the Near-real-time SO2 Service processing, selecting a reference spectrum from the current month is, of course, not possible. For that reason the near-real-time services uses the reference spectrum and background correction of the previous month. Once all data of the month is alvailable, the month is reprocessed for the Archive Service, using an appropriate reference spectrum.
3 The SO2 vertical column density
This chapter describes the meaning of a slant column and a vertical column density and how the first is converted to the second.
3.1 Slant Column and Vertical Column Densities
Nadir-viewing satellite based instruments, such as GOME and SCIAMACHY, measures the sunlight scattered in the atmosphere and reflected by the surface of the Earth, as function of the wavelength of the light. In other words: the instruments measure earthshine spectra. Comparing such a spectrum with the spectrum of the sunlight itself provides information on the distribution and concentration of trace gases, such as ozone and SO2, because these gases absorb or scatter part of the incoming sunlight. (Instead of using the solar spectrum for this comparison, one can also use an earthshine spectrum from a part of the atmosphere free of the trace gases under study – this is the approach described in section 2.3 and applied in the SO2 Data Service.)
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Figure 5
Figure 5 shows schematically the paths of sunlight reaching the satellite through the atmosphere, reflected by the earths surface and scattered in the atmosphere. Shown as thick red lines is the slant path of incoming sunlight through the earths atmosphere to the satellite, associated with the footpoint F, the point on the earths surface the satellite is looking at. A part of the light reaching the satellite is reflected by the earths surface, another part is scattered higher in the atmosphere. The thick blue line represents the "vertical column" at footpoint F.
As the light follows these paths, part of the fotons is absorbed by the trace gases in the atmosphere. The spectrum of the light measured by the satellite (the sum, as it where, of the thick red lines in the graph) thus provides information on the trace gases along the entire light path. In other words, the total density of a given gas, such as SO2, is the concentration of this gas along the entire path. This is usually called the slant column density (SCD) associated with footpoint F, the point on the earths surface the satellite is looking at.
The SCD clearly does not provide the total concentration right above footpoint F, i.e. along the blue line in the graph. The total concentration along this line is called the vertical column density (VCD). It is this VCD that provides the most useful and directly interpretable information on the distribution and concentration of trace gases. It is therefore desirable to convert the SCD in the VCD.
As can be seen from the graph above, the VCD (along the blue line) is usually smaller than the SCD (along the red lines). The ratio between these two column densities:
AMF = SCD / VCD
is called the Air-Mass Factor. The value of the AMF depends on the length of the light path, the vertical distribution of absorbing trace gases in the atmosphere, the reflectivity (albedo) of the earths surface, etc. The length of the light path depends on the position of the Sun (expressed in the Solar Zenith Angle, SZA) and the angle under which the satellite is looking at the atmosphere. The AMF is pre-calculated for a variety of these quantities and applied to the SCD to find the VCD at footpoint F.

Figure 6 shows a schematic representation of the slant path (thick red lines) of incoming sunlight through the earths atmosphere to the satellite, associated with the footpoint F, the point on the earths surface the satellite is looking at, in the presence of clouds. These clouds partly shield the satellite's view of the atmosphere above footpoint F.
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Figure 6
If there are clouds in the atmosphere, things become more complicated. Clouds namely reflect (and scatter) incoming sunlight and thus effectively shield all that is going on below the clouds from the satellite's view. Clearly, the satellite measurements provide an SCD which contains only information on the atmosphere above the clouds. To find the real VCD at footpoint F, for example of SO2, in such situations, an "effective" AMF is computed, taking the cloud fraction (which gives the percentage of the cloud cover) into account. In the presence of clouds the VCD is clearly less accurate than the VCD derived under clear-sky conditions.
There are two approaches possible to convert the SO2 slant column density, retrieved with a DOAS technique, into a vertical column density. Both of these approaches, which are discussed briefly in the following sections, use an air-mass factor (AMF):

· The use of a radiative transfer model to determine look-up tables.

· The use of a chemistry transport model, driven by up-to-date meteorological fields.
Note
The AMF and VCD have not been implemented in the Services yet.
3.2 Air Mass Factor using a Radiative Transfer Model
There are two approaches taken to convert the SO2 slant column density, retrieved with a DOAS technique, into a vertical column density. Both approaches use an air-mass factor (AMF). This pages describes the determination of the air-mass-factor using an off-line radiative transfer model to pre-calculate look-up tables.
The value of the AMF depends on the length of the light path, the vertical distribution of absorbing trace gas in the atmosphere, the reflectivity (albedo) of the earths surface, etc. The length of the light path depends on the position of the Sun (expressed in the Solar Zenith Angle, SZA) and the angle under which the satellite is looking at the atmosphere. For the vertical distribution a-priori information on the SO2 profile is used, based on realistic concentrations.

If there are clouds in the atmosphere, things become more complicated. Clouds namely reflect (and scatter) incoming sunlight and thus effectively shield all that is going on below the clouds from the satellite's view. Clearly, the satellite measurements provide an SCD which contains only information on the atmosphere above the clouds. To treat this situation, an "effective" AMF is computed, taking the cloud fraction (which gives the percentage of the cloud cover) into account. In the presence of clouds the VCD is clearly less accurate than the VCD derived under clear-sky conditions.
The AMF is pre-calculated in the form of a look-up table with a set of entries: the time of the year, the viewing geometry, the SZA, the surface albedo, the cloud fraction and cloud top pressure, etc. Depending on the value of the SCD of SO2, a likely a-priori SO2 profile is chosen and an AMF is interpolated from the look-up table.

3.3 Air Mass Factor using a Chemistry Transport Model
There are two approaches taken to convert the SO2 slant column density, retrieved with a DOAS technique, into a vertical column density. Both approaches use an Air-Mass Factor (AMF). This page describes the use of a chemistry transport model to obtain this air mass factor.

In this approach the retrieval of Vertical Column SO2 will be based on a combined retrieval/modelling approach which is similar to the approach for CH2O. The main motivation for this new approach is to improve the accuracy of the retrieval. A chemistry-transport model (TM4), driven by high-quality meteorological fields from ECMWF, will provide best-guess profiles of SO2, based on the latest emission inventories, atmospheric transport, photochemistry and wet/dry removal processes.
These model forecast fields will be collocated with the satellite (GOME, SCIAMACHY, OMI) observations, and the radiative transfer modelling in the retrieval will be performed based on the model trace gas profile and temperature profiles. The retrieval is coupled to cloud top height and cloud fraction retrievals derived from the satellite data, and the retrieval will be coupled to high quality albedo maps.
4 Near-real-time service
[Intro]
4.1 Criteria for warnings of exceptional SO2 emissions

[Work in progress.]

5 Another chapter
SCIAVALIG defined a list of quality criteria for SCIAMACHY products (http://www.sciamachy-validation.org/products/criteria.html). For the Algorithm Document these are reproduced below – some of these points needs to be addressed in a future version of this document

Algorithm Document

“The retrieval algorithm for the product is well described, i.e., mathematical methods, assumptions, input data, and auxiliary data are all listed and properly referenced. The AD is available to the users. It should either contain all details about the used algorithm or it should refer to the documentation in which these details can be found. However, it is not enough to only refer to other documentation, at least a few sentences per section should be given in the AD so that the user has an overview of the algorithm specifics from this document alone. The table of contents should include:”
1. Forward model

“The level of detail depends on what can be found in the literature. In general, the user should be able to understand the characteristics of the product, its limitations regarding accuracy, precision, and resolution for all possible situations. E.g., if an RTM is used which is fully described in a paper, the details need not be in the AD. However, specific adaptations and assumptions regarding, e.g., geometry, scattering, clouds, aerosols, atmospheric constituents, etc, which are not in the paper, should be addressed in the AD.”
2. Inversion procedure

3. Auxiliary data

“The actual data bases used can also be given in the Product Specification Document. Here it should be clear what data is taken from other sources as input to the retrieval.”
4. Sensitivity and error analysis

5. Algorithm validation

“This section should demonstrate that the algorithm works in a simulated situation and/or when comparing to other algorithms or models and/or when applying the algorithm to other instruments. This section can be combined with the 'Sensitivity and error analysis' section.”
6. Recommendations for product validation

“Recommendations can be given on the kind of validation measurements (e.g. instruments, locations, season, time-difference, special events), on the use of models, and on what issues should be addressed (e.g. difference between cloudy and cloud-free retrievals, dependence on solar zenith angle, aerosol load, surface albedo.”
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· [More to come]
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