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1. Introduction

1.1 Purpose and scope

The Data User Programme (DUP) is an optional programme of ESA which aims at supporting Industry, Research Laboratories, User Communities as well as European and National Decision Makers to bridge the gap that exists between research at the level of pilot projects and the operational and sustainable provision of Earth Observation products at information level.

TEMIS is a project (started September 2002) in response to an Invitation To Tender from ESA in the context of ESA's Data User Programme. The aim of the project is the delivery of tropospheric trace gas concentrations, and aerosol and UV products, derived from observations of the nadir-viewing satellite instruments GOME and SCIAMACHY.

This document contains the specifications of the products for TEMIS. The current version is part of the final deliverables of the implementation phase of TEMIS.

1.2 Document overview

Section 1 contains the introduction and applicable documents. Section 2 presents an overview of the service and section 3 and 4 give detailed descriptions of the algorithms and products of the service.

1.3 Definitions, acronyms and abbreviations

	AMF
	Air-Mass Factor

	AOD
	Aerosol Optical Depth

	ATSR
	Along Track Scanning Radiometer

	AATSR
	Advanced Along Track Scanning Radiometer

	ASCAR
	Algorithm Survey and Critical Analysis Report

	BIRA-IASB
	Belgian Institute for Space Aeronomy

	BrO
	Bromine Oxide

	CCD
	Convective Cloud Differential 

	CH2O
	Formaldehyde

	CH4
	Methane

	CO
	Carbon Monoxide

	DLR
	German Aerospace Centre

	DOAS
	Differential Optical Absorption Spectrometry

	DUP
	Data User Programme

	ENVISAT
	Environmental Satellite

	ERS
	European Remote Sensing Satellite

	ESA
	European Space Agency

	ESRIN
	European Space Research Institute

	EU
	European Union

	EUMETSAT
	European Organisation for the Exploitation of Meteorological Satellites

	FD
	Fast Delivery service

	FRESCO
	Fast Retrieval Scheme for Cloud Observables

	GIBP
	GOME Image Browse Product

	GOFAP
	GOME Ozone Fast Delivery and value-Added Products 

	GOME
	Global Ozone Monitoring Instrument

	IR
	Infrared

	ISAC
	Institute of Atmospheric and Climate Sciences ( formerly ISAO )

	ISCCP
	International Satellite Cloud Climatology Project

	KNMI
	Royal Netherlands Meteorological Institute

	LIDORT
	Linearized Discrete Ordinate RTM

	LUT
	Look-Up Table

	METEOSAT
	Meteorological Satellite

	MIPAS
	Michelson Interferometer for Passive Atmospheric Sounding 

	MOPITT
	Measurements Of Pollution In The Troposphere

	MMI
	Man Machine Interface

	NDSC
	Network for the Detection of Stratospheric Change

	NO
	Nitrogen Oxide

	NO2
	Nitrogen Dioxide

	NOx
	Nitrogen Oxides (NO+NO2)

	NOAA
	National Oceanic and Atmospheric Administration

	NRT
	Near-Real Time

	O3
	Ozone

	OClO
	Chlorine Dioxide

	PSD
	Product Specification Document

	RIVM
	National Institute of Public Health and the Environment

	RTM
	Radiative Transfer Model

	SCIAMACHY
	SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY

	SDD
	Service Definition Document

	SDP
	Service Development Document

	SO2
	Sulphur Dioxide

	SSD
	System Specification Document

	SUM
	Software User Manual

	TBC
	To Be Confirmed

	TBD
	To Be Defined

	TEMIS
	Tropospheric Emission Monitoring Internet Service

	TOA
	Top Of Atmosphere

	TOMS
	Total Ozone Mapping Spectrometer

	USD
	User Specification Document

	URD
	User Requirements Document

	UV
	Ultra Violet


1.4 Applicable Documents

	AD-1
	Data User Programme II period 1st call For Proposal ref:EEM-AEP/DUP/CFP2001

	AD-2
	User Specifcation Document, v1.4, TEM/USD/005, May 2002

	AD-3
	User Requirement Document, v2.0, TEM/URD/006, October 2002

	AD-4
	Algorithm Survey and Critical Analysis Report, v1.2, TEM/ASCAR/003, May 2002


2. Support to Montreal Protocol Monitoring service

The aim of this service is to support users involved in monitoring the Montreal protocol. 

The Montreal Protocol is an international treaty governing the protection of stratospheric ozone, originally signed in 1987 and substantially amended in 1990 and 1992.

The Montreal Protocol on Substances That Deplete the Ozone Layer, as it is called in full, and its amendments are international treaties requiring that countries end production of ozone-depleting substances (such as CFCs and halons). To assist in reaching this goal, several international organisations report on the science of ozone depletion, implement projects to help move away from ozone-depleting substances, and provide a forum for policy discussions. 

The service supplies tropospheric products of the following trace gases :

· Total Ozone (O3), which is the main tracegas of the Montreal Protocol. It also is an important greenhouse gas. In this context the total ozone of troposphere and stratosphere is delivered instead of the tropospheric column.

· Bromonoxide (BrO), which is one of the key trace gases responsible for ozone depletion in the troposphere.

The data products, images and reading routines can be found on the web-site www.temis.nl. The validation of these products is presented in the Service Quality Assessment Report.

3. Total Ozone Column

3.1 Introduction

The current operational GOME total ozone algorithm (GDP) has been developed by DLR (under ESA responsibility) and is based on the Differential Optical Absorption Spectroscopy (DOAS) method [Spurr et al., 2002; Burrows et al., 1999a] that has been widely used to measure trace gases from ground. The GOME-DOAS algorithm consists of three steps. First, the reference differential absorption spectrum of ozone is fitted to the measured Earth radiance spectrum and solar irradiance spectrum, to obtain the slant column density. In the second step the slant column density is translated into the vertical column density using the so-called air mass factor (AMF). The third step consists of a correction for the screening of ozone below clouds.

The accuracy of the GOME ozone columns of the latest GDP version 3 is significantly improved compared to the previous version. However, preliminary geophysical validation results indicate that a solar zenith angle and seasonal dependent error persists. Since the current DOAS approach in the GDP might not lead to further major improvements, a new improved GOME total ozone retrieval algorithm is necessary.

The new GOME algorithm TOGOMI is based on the total ozone DOAS algorithm developed for the OMI instrument [Veefkind and De Haan, 2001]. This resolves various limitations of the current operational GOME algorithm (GDP v3). With respect to total ozone column retrieval using the DOAS method, the OMI and GOME instruments are very similar. Therefore, an adaptation of the OMI total ozone algorithm to the GOME instrument is very well possible. The main improvements of the new algorithm are: (i) treatment of the atmospheric temperature sensitivity by using effective ozone cross-sections calculated from ECMWF temperature profiles, and by selecting a narrow spectral fit window to reduce the temperature sensitivity, (ii) improvements in the calculation of the air mass factor, using the so-called empirical approach and (iii) using the Fast Retrieval Scheme for Clouds from the Oxygen A-band (FRESCO) algorithm for the cloud correction. Improvements in the total ozone product are also achieved by improving the GOME level-1 product (the Earth radiance and solar irradiance spectra) with the GomeCal program [Van Geffen et al., 2003a]. 

3.2 Description of method and implementation

The TOGOMI total ozone algorithm consists of four steps. First, the GomeCal package is applied to the GDP-level-1 files to improve the accuracy of the measured Earth radiance and solar irradiance spectrum. In the second step, the DOAS method is used to fit the reference differential absorption spectrum of ozone to the measured Earth radiance spectrum and solar irradiance spectrum, to obtain the slant column density. In the third step the slant column density is translated into the vertical column density using the so-called air mass factor (AMF). The fourth step consists of a correction for cloud effects. In this section we describe each of these retrieval steps, including the physical background, as well as assumptions and a priori information used.

3.2.1 Improvement of GOME level-1 spectra

The input for the new TOGOMI algorithm is based on the GOME level-1 product as produced by the GDP, but with several improvements. To improve the wavelength calibration of the Earth radiance and solar irradiance spectra, the GomeCal package is applied to the GDP level-1 files [Van Geffen, 2003a]. In addition to a wavelength re-calibration, GomeCal applies an improved polarisation correction to the GDP level-1 spectra and a radiometric correction, which includes a correction for the degradation of the GOME instrument.

The standard wavelength calibration of the GDP uses spectral lines of an onboard PrCr/Ne hollow cathode lamp to correct for shifts in the wavelengths associated with the detector pixels, for example caused by temperature effects, with respect to a pre-flight calibration. This calibration is not accurate enough for the retrieval of the DOAS total ozone product. A new calibration method, developed by Van Geffen [2003b], uses as reference spectrum a high-resolution solar spectrum, with irradiance values given at 0.01 nm intervals.

To be able to fit the observations with this reference spectrum, i.e. with the Fraunhofer lines in the solar spectrum, the reference spectrum is convolved with the GOME slit function and subsequently integrated over the spectral bins of the detector. The location and width of these bins are allowed to vary along the detector: both a shift and a squeeze are applied to the measurements (the GDP calibration method with the lamp lines applies only a shift), where the GDP's wavelength grid serves as the initial guess. The improved wavelength grid is found with a tailor-made chi-square minimisation. The method provides a calibration accuracy of 0.001 nm or better above 290 nm, corresponding to about 1/100th of a pixel for the DOAS fitting window. The calibration can be applied to a user specified wavelength window, thus optimising the calibration for subsequent retrieval purposes.

When extracting the GDP level-1 spectra, a polarisation correction can be applied, based on a theoretical value at 300 nm (UV) and polarisation measurements in 100 nm wide windows around 350, 500 and 700 nm. This correction, however, appears to be insufficient, in particular in the UV range. Schutgens and Stammes [2002] developed an improved polarisation correction which replaces the GDP's correction. The new polarisation correction is based on a parametrisation of the UV Earthshine polarisation between 290 and 330 nm, as function of solar zenith angle, viewing geometry, scene albedo and total ozone colum. For wavelengths above 330 nm the method supplies the same polarisation correction as the GDP.

The calibration of the absolute (ir)radiances in the GDP level-1 spectra appears to be insufficiently accurate. Additionally, it has been observed that the GOME instrument shows a degradation, notably since 1998. This degradation is time and wavelength dependent, and the measured earthshine radiances degrade differently from the solar irradiance spectra. The degradation is only partly corrected for when extracting GDP level-1 spectra. In the GOME instrument, Peltier elements are used for cooling the detector. There is some interference of the Peltier cooler conduct signals on the detector signals, for which a correction is included in the standard calibration of the GDP, but this correction does not remove all interference effects. 

For these reasons, a radiometric correction procedure was made by Van der A [2001] consisting of three parts which can be applied independently, in addition to the corrections of the GDP extractor: 

· a radiometric calibration

· a correction for the degradation of the instrument

· a correction to remove residual effects of the interference of the Peltier cooler signals

The first two corrections apply to wavelengths between 265 and 390 nm and correction data are available up to 1 July 2001; for dates after that, the correction of 1 July 2001 is used (the lack of good measured solar spectra severly hinders determining correction data after 1 July 2001).
3.2.2 Slant Column Density

The first step in the ozone DOAS algorithm is to determine the slant column density. The slant column density is the amount of ozone along an average path that the photons travel from the Sun, through the atmosphere, to the satellite sensor. The slant column density is determined by fitting an analytical function to the measured Earth radiance and solar irradiance data. This fit is applied to data taken in a certain wavelength range, called the fit window. A polynomial function, which serves as a high-pass filter, is applied to account for scattering and absorption that vary gradually with the wavelength, e.g., scattering by molecules, aerosols, and clouds. The slant column density is derived from the filtered data, which contains spectral features of ozone in the fit window. Figure 3.1 shows a DOAS fit applied to GOME level-1 data.

3.2.2.1 Basic concept

A nadir-viewing instrument like GOME measures the radiance reflected by the Earth and the atmosphere. For spectral ranges where ozone causes the dominant spectral absorption features, the top-of-the-atmosphere reflectance (TOAR) can be approximated by: 
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where  is the top-of-the-atmosphere reflectance, I is the Earth radiance, is the wavelength,  is the solar zenith angle;  is the viewing zenith angle; (( is the relative Sun-satellite azimuth angle; F0() is the extraterrestrial solar irradiance per unit area of the atmosphere, O3() is the ozone absorption cross section, Ns the ozone slant column density and P() is a low order polynomial that acts as high-pass filter.

Equation [3-1] holds for optically tin absorbers and is inspired by the well-known Lambert-Beer law and photon path distributions [Van de Hulst, 1980]. Numerical experiments using radiative transfer calculations (excluding Raman scattering, see next Section) have shown that for ozone absorption in the Earth atmosphere, equation [3-1] is an accurate approximation for wavelengths longer than approximately 320 nm.
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Figure 3.1 DOAS fit applied to GOME data measured over western Europe on December 8, 2000. The spectral resolution of the GOME data was decreased by a low pass filter to avoid undersampling. The black line shows the Sun normalized radiance measured by GOME, the red line shows the DOAS fit of the measured data. The blue line shows the high-pass filter that was used in the fit.

3.2.2.2 Ring effect: Raman scattering

One of the assumptions underlying Equation [3-1] is that scattering on air molecules is elastic. This is, however, not completely true. About 4% of all scattering events on air molecules are inelastic, resulting in a shift in the photon wavelength upto 2 nm. The most pronounced consequence on the diffuse radiation field is that the solar Fraunhofer lines are smeared-out. However, the atmospheric absorption structures are influenced as well, resulting in more-shallow line depths. This has an immediate effect on DOAS trace gas retrievals in case Raman scattering is not taken into account, leading to too-small columns. This error amounts to several percent, motivating a proper treatment of this effect.

We follow the approach introduced by de Haan [2003] to deal with Raman scattering in the ozone column retrieval. Equation [3-1] is adjusted to account for Raman scattering by adding a term corresponding to inelastic scattered radiation:
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Here, 
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 is the commonly used Ring spectrum due to Fraunhofer lines in the solar irradiance. Furthermore, 
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 effective cross sections involving high-resolution solar spectrum and the Raman spectrum, see de Haan [2003] for further details; 
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 is the cosine of the solar zenith angle and 
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 is the cosine of the viewing angle. Equation [3-2] has been derived starting with two simplifications: (1) the absorber is situated complete above the scattering layer, and (ii), observed radiation is scattered only once (elastic or inelastic). In this situation an algebraic solution for the radiance can be found. Both simplifications are then subsequently left and the resulting implications for the solution are carefully evaluated. 

3.2.2.3 Instrumental Errors

The TOGOMI algorithm uses corrected GDP level 1-data of the backscattered Earth radiance and the solar irradiance as input. These data contains random and systematic errors. However, DOAS is not affected by systematic errors unless they produce structures that are correlated with ozone absorption spectrum. 

For GOME, most of the optical path is the same for the Earth radiance and solar irradiance measurements. Dividing the measured Earth radiance by the measured solar irradiance will lead to a cancellation of errors due to components that are in the optical paths of both the radiance and irradiance measurement. The radiometric accuracy of the TOAR is therefore higher than for the separate radiance or irradiance measurement [Levelt et. al, 2000]. 

The DOAS method is insensitive to radiometric calibration errors that are multiplicative and constant with wavelength. However, the method is sensitive to additive radiometric errors (offsets). Offsets in the Earth radiance can be accounted for by adding a fit parameter ca
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Note that in the last term of equation [3-4] F0(() is the solar irradiance measured by GOME.

If the GOME radiance or irradiance data show radiometric errors with spectral structure in the DOAS fit window, it depends on the spectral features whether a correction can be made. If the spectral feature is weak, well characterized and doesn’t interfere with the ozone absorption cross section, it may be possible to account for it in the fit. In this case, the spectral structure of the error is fitted in the DOAS equation using an extra fitting parameter. Errors that interfere with the ozone absorption cross section cannot be corrected for. If this happens, another fit window should be used that does not show such an interference.

3.2.2.4 Ozone absorption cross-section and temperature dependence

The accuracy of the slant column retrieval depends on the accuracy and suitability of the laboratory absorption cross-section data used in the DOAS fit. Ozone absorption cross-sections have been measured as a function of wavelength and temperature. For the TOGOMI algorithm, two well-established data sets of ozone absorption cross-sections are considered: the GOME Flight Model (FM98) and Bass and Paur  (B&P) cross-sections. The FM98 cross-sections have been measured at 5 different temperatures during the pre-flight calibration using the GOME flight model [Burrows et al., 1999b]. The B&P cross-sections [Bass and Paur, 1986] have been measured at high resolution (better than 0.025nm) and have been recently recommended as a standard for use in remote-sensing applications [Orphal, 2002].

The study of the accuracy of GDP v3 total ozone product by Van Roozendael et al., [2002] shows the importance of the cross-section quality and the treatment of the temperature dependence in the DOAS fit. This study indicates that the use of FM98 cross-sections results in a high quality and stable DOAS fit when applying a fixed shift of +0.017 nm to the cross-sections. To account for the temperature dependence, an effective ozone absorption cross-section is calculated using daily temperature analyses (or forecast) from the European Centre for Medium-Range Weather Forecasts (ECMWF) model:
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where ρ(z) is the ozone concentration at altitude z, here determined from an ozone profile climatology from Fortuin and Kelder [1998], and ∫ρ(z)dz is the corresponding vertical ozone column. T(z) is the ECMWF temperature at altitude z (the new ECMWF model provides temperatures for 60 vertical levels), and σo3(T(z),λ) is the temperature dependent ozone absorption cross-section. The resulting efective cross-section σo3,eff  is used in equation [3-4] to calculate the ozone slant column density. 

To avoid problems due to the uncertainty in the GOME slit function and the GOME undersampling, the effective spectral resolution of the GOME spectra and the cross-sections is reduced by applying a low pass filter. An advantage of this procedure is that the effective slit function is known very accurately, as it is determined by the low pass filtering. For ozone retrieval in the Huggins band, an effective slit function with a FWHM up to 0.6 nm can be used [Burrows et al., 2002].

3.2.2.5 Fit window

In this section we describe the fit window choise for the TOGOMI algorithm. Detailed studies were performed to select suitable fit windows for ozone with respect to the following [Veefkind, 2000a,b,c]:

· Temperature profile

· Instrument signal-to-noise

· Ozone profile

· Other trace gases

· Ring effect.

The conclusions of these studies are that the main drivers for the fit window choise are the sensitivity of the slant column density to atmospheric temperature and to instrument signal-to-noise. The temperature sensitivity is small for narrow fit windows in distinct wavelength regions. On the other hand, the effect of signal-to-noise is less for wider fit windows. The current GOME ozone fitting window, as used in the GDP v3, is 10 nm wide, centered around 330 nm. This is a temperature sensitive fit window with a high s/n ratio. In the TOGOMI algorithm, the temperature sensitivity is taken into account by using an effective ozone cross-section, as described in the previous section. 

A good compromise between temperature dependence and signal-to-noise was found to be a 5 nm wide window centered around 334.1 nm. Although the differential absorption of ozone is smaller compared to the current GOME window, the effects of the instrument signal-to-noise on the slant column density are still below 1% [Veefkind, 2000b]. Both the wide and narrow fit windows are implemented in the TOGOMI algorithm.

3.2.2.6 Fit Method

The slant column density is determined by fitting equation [3-4] to the measured TOAR for the fit window. As described in Section 3.2.2.4, first the effective spectral resolution of the TOAR and the cross-sections is reduced by applying a low pass filter. Then, the fit is performed using a least squares fitting procedure, which minimizes the merit function given by: 
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where, ymeas(i) is the measured TOAR, ysim(i) is the simulated TOAR radiance as given by Eq. [3-4] and meas(i) is the precision of the measured TOAR. The fit window is between 1 and N.

The simulated TOAR (Eq. [3-4]) is a non-linear function of the fit parameters. Therefore, a non-linear fit routine should be applied. A modified Levenberg-Marquardt method [More, 1978], as adapted from the SLATEC mathematical library [Fong et al., 1993], is used for the non-linear fitting. Information on the quality of the fit is derived from the covariance matrix. The variance of the fitted parameters, as well as the correlation between them, is also obtained from the covariance matrix.

3.2.3 Air Mass Factor (AMF)

In the ozone DOAS algorithm, the air mass factor is used to translate the slant column density into a vertical column density.  The air mass factor M is defined as the ratio of the slant column density, Ns, and the vertical column density, Nv,, i.e., 
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The DOAS fit results in one slant column density for the entire fit window. From the definition of the AMF (Eq. [3-7]) it is clear that there is also one AMF for a fit window.

The AMF depends on the Sun-satellite geometry, as well on the “state of the atmosphere”. With the latter it is meant that AMF depends on the ozone profile, on clouds and aerosol properties, on surface reflectivity properties etc.. Often, the AMF will vary approximately as the geometrical AMF, 
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3.2.3.1 Computation

The AMF can be determined using a radiative transfer model and a GOME simulator. The radiative transfer model produces radiances for a model atmosphere. The GOME simulator is used to produce spectra with the resolution and sampling of GOME. We determine the slant column density by fitting DOAS to these spectra and divide by the known vertical column density to determine the airmass factor. The advantage of this procedure is that exactly the same DOAS fit is applied to the synthetic GOME spectra and to the measured GOME spectra. If the model atmosphere is representative of the ‘real’ atmosphere, this may lead to a cancellation of certain errors. 
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Figure 3.2 Schematic of the empirical DOAS method for GOME.
The AMF depends, among other parameters, on the ozone profile. The ozone profiles in the atmosphere vary strongly, resulting in changes of several percent in the effective air mass factor, depending on the Sun-satellite geometry. To reduce the uncertainty in the AMF due to the ozone profile, a slant column density dependent AMF is used. To derive a relation between the slant column density and the AMF, a set of ozone profiles is used that cover the natural variability of the ozone profile for a given location and time period. For each of these profiles the AMF is calculated for a given Sun/satellite geometry and surface properties. This procedure is illustrated in Figure 3.3. The top panel shows a set of ozone profiles that are representative for 55°N for December. These profiles are taken from the ozone profile climatology from Logan, Labow & McPeters as used in the TOMS V8 total ozone algorithm. This climatology contains 3 (at low-latitudes) to 10 (at high-latitudes) column classified ozone profiles per 10° latitude band for each month. The bottom panel of Figure 3.3 shows the effective AMF for each of the profiles, plotted as a function of slant column density. As can be seen in Figure 3.3, the effective AMF varies almost linearly with the slant column density. This is used in the TOGOMI algorithm, by making the effective AMF a linear function of the slant column density determined in the DOAS fit, as indicated in the bottom panel. This method thus reduces the uncertainty in the AMF due to ozone profile changes with respect to the climatology. The algorithm uses a look-up-table (LUT) of effective AMFs. By using a look-up-table, no radiative transfer calculations have to be done on-line, which results in better performance.

3.2.3.2 Radiative transfer model

The radiative transfer model used for the simulations of spectra and, consequently, for the calculation of the AMFs (see Fig. 3.2) is the Doubling-Adding-KNMI (DAK) model [De Haan et al., 1987; Stammes et al., 1989; and Stammes et al., 2001]. Single scattering properties of aerosol particles and PSCs are calculated with a Mie scattering code [De Rooij and Van der Stap, 1984] that generates coefficients for the expansion in generalized spherical functions. These functions can directly be read by the DAK code making efficient calculations for polarized light possible. Note that the T-matrix code for non-spherical particles of Mishchenko produces similar output in terms of generalized spherical functions, which makes calculations for non-spherical particles straightforward (see e.g. Mishchenko and Travis [1998]). The code has the advantage that it is fast for cloudy atmospheres, is well suited for polarized radiative transfer calculations and is very accurate for relatively simple atmospheric models such as homogeneous cloud layers. Recently, the DAK model has been extended so that a (quasi) spherical geometry can be used.  Note that a change in code will only affect the look up tables and does not change the algorithm itself, which means that the code can be replaced at a relatively late moment.

3.2.3.3 Look-up-Table

The look-up-table contains the effective AMFs as function of Sun-satellite geometry, surface reflectivity, surface pressures and ozone profile. As mentioned above, the ozone profiles are taken from the Logan, Labow & McPeters climatology. Besides ozone, molecular scattering and absorption by NO2 and BrO are accounted for in the radiative transfer calculations. Clouds are represented by Lambertian surfaces with an albedo 0.8, as recommended by Koelemeijer and Stammes [1999].

[image: image27.png]
Figure 3.3. Top panel: Five ozone profiles from the Logan, Labow & McPeters climatology [see Bhartia and Wellemeyer, 2002] for 55°N for December. The thick lines denote the ozone profiles with the smallest vertical columns density (Nv=225 DU), an average ozone profile (Nv=375 DU), and the ozone profile with the largest vertical columns density (Nv=575 DU). Two additional ozone profiles with Nv=275 DU and Nv=475 DU are also plotted. Bottom panel: Effective AMF computed for the five ozone profiles shown in the top panel, plotted as a function of the slant column density. The effective AMFs have been calculated for a solar zenith angle of 75° and a surface albedo of 0.05, using the 325-335 nm DOAS fit-window.

Table 3.1.
Specification of the air mass factor look-up-table dimensions.

	Dimension name
	Min. value
	Max. value
	Number of entries

	Solar zenith angle
	0°
	89.25°
	11

	Viewing zenith angle
	0°
	89.25°
	11

	Relative azimuth angle
	0°
	180°
	7

	Surface reflectivity
	0
	1.0
	5

	Surface pressure
	126 hPa
	1013 hPa
	4

	Latitude
	-90°
	+90°
	18

	Month
	1
	12
	12

	Ozone profile
	na
	na
	3


The AMF is obtained by interpolation in the look-up table. In Table 3.1 the dimensions of the look-up table are presented, as well as the foreseen number of entries for each dimension. The inputs that are needed for the interpolation in this look-up table are taken from the following sources. The solar and viewing zenith angles are taken from the GOME level-1 data. The surface reflectivity is determined from a monthly climatology determined by GOME [Koelemeijer et al., 2003]. The surface pressure will be determined from the terrain height, as contained in the level-1 data. The AMF look-up tables will also be interpolated to the latitude and the date of the measurement. Interpolation between the mean and perturbed ozone profiles is done using the method outlined above, using the slant column density as input.

3.2.4 Cloud Correction

In case of a cloudy or partly cloudy pixel, part of the ozone column is covered by clouds. Therefore, a cloud correction is needed, which is described in this section. First we describe the FRESCO cloud algorithm, then the computation of the AMF for a partly cloudy pixel, followed by a description of the correction for the so-called ghost column. Finally, we discuss the computation of the total vertical column density. 

3.2.4.1 FRESCO cloud algorithm

To determine the AMF for cloudy conditions, the cloud fraction and cloud pressure are needed, which are derived with the Fast Retrieval Scheme for Clouds from the Oxygen A-band (FRESCO) method [Koelemeijer et al., 2001, 2002]. The retrieval is based on a non-linear least squares fitting of the reflectivity spectrum measured by GOME to a simulated spectrum in the range 758-766 nm, and solving for cloud fraction and cloud top pressure. The cloud model represents clouds by Lambertian surfaces or with a BRDF based on Doubling-Adding and Mie calculations. The cloud fraction is derived assuming a cloud albedo of 0.8, corresponding to an optically thick cloud, and this should therefore be regarded as an effective cloud fraction. This cloud albedo choice has been optimised for ozone air mass factor calculations in the UV, when a ghost-column is added to the derived vertical column density to correct for ozone below the cloud, as described below. In the FRESCO method, it is assumed that the absorption below the cloud may be neglected, which can be justified for optically thick clouds. Choosing a high cloud albedo of 0.8 ensures that the model assumptions are internally consistent. The cloud top pressure is derived from the depth of the oxygen A-band, which depends on the absorption optical thickness above the cloud.

This FRESCO cloud model considers all clouds to be thick, single layer clouds. Partly cloudy pixels are treated as the weighted sum of a clear and a cloudy pixel. Pixels that are fully covered with thin clouds are represented by partly cloudy pixels with a thick cloud. Using this cloud model, the AMFs for fully cloudy conditions are determined using the method described in section 3.2.3. The offline calculated AMFs are stored in a look-up-table. This look-up-table has the same dimensions as listed in Table 3.1, with the difference that the surface pressure is replaced by the cloud pressure and there is a single value of 0.8 used for the albedo of the clouds.

3.2.4.2 Air Mass Factor for Partly Cloudy Conditions

Partly cloudy pixels are treated as the weighted sum of a clear and a cloudy pixel. In good approximation, the AMF of a partly cloudy pixel is the area and radiance weighted sum of the AMF of a clear and a cloudy pixel:
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where w is the weighting factor, Mcloudy is the AMF for a cloudy pixel and Mclear is the AMF for a clear pixel. The AMFs for clear and cloudy conditions are taken from the look-up-tables described above. The weighting factor w in Eq. [3-9] is the fraction of the photons that originates from the cloudy part of the pixel [Martin et al., 2002] and can be expressed as:
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where fc is the cloud fraction, <Icloudy(pc)> is the average radiance over the fit window for a pixel that is fully covered with a cloud that is located at pressure pc, and <I> is the average measured radiance for the pixel. The cloud weighting factor w is calculated offline as function of Sun/satellite geometry, surface albedo and pressure, and cloud fraction and pressure, and stored in a look-up-table.

3.2.4.3 Ghost Column

The cloud model treats a cloud as an opaque Lambertian surface of albedo 0.8. The amount of ozone below this surface is called the “ghost column”. It is computed by integrating the ozone profile from the surface to the cloud pressure. The profiles are taken from the Fortuin and Kelder [1998] climatology. Using the standard deviations provided in this climatology, the ghost column is made a function of the slant column density, in a similar way as the AMF is a function of the slant column density. As is the case for the AMF, the ghost column will also be determined by interpolation to the latitude and date of the measurement.

3.2.4.4 Total Vertical Column Density

For the computation of the total vertical column density, three cases can be distinguished: 

· cloud-free pixels

· cloud covered pixel

· partly cloudy pixels.

For a cloud free pixel the total vertical column density Nt is given by :
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where Ns is the slant column density and Mclear is the AMF for clear atmosphere.

For a cloudy pixel the total vertical column density is given by: 


[image: image23.wmf]g

cloudy

s

t

N

M

N

N

+

=

,
[3-12]

where Ng is ghost column density. For a partly cloudy pixel the total vertical column density is given by: 
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where the AMF, M, is determined according to equation [3-9]. For a cloud-free scene, Eq. [3-13] reduces to Eq. [3-11], and for fully cloudy pixels it reduces to Eq. [3-12].
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Detailed product description


Product Specification Table (ASCII) TOGOMI ozone product

	Dataset name
	Data type
	Position
	Unit
	Description

	Date 
	string
	1-12
	-
	UTC date in format (DD-MMM-YYYY)

	Time
	string
	14-25
	-
	UTC time in format (YY:MM:SS.sss)

	Pixel type
	integer
	27-28
	-
	pixel type (0=east,1=centre,2=west)

	Swath type
	integer
	29-30
	-
	swath type (1=960km, 2=240km, 3=nadir static)

	Latitude 1
	float
	31-37
	degree
	Latitude of corner point 1 of the ground pixel

	Latitude 2
	float
	38-44
	degree
	Latitude of corner point 2 of the ground pixel

	Latitude 3
	float
	45-51
	degree
	Latitude of corner point 3 of the ground pixel

	Latitude 4
	float
	52-58
	degree
	Latitude of corner point 4 of the ground pixel

	Latitude 5
	float
	59-65
	degree
	Latitude of center coordinate of the ground pixel

	Longitude 1
	float
	66-72
	degree
	Longitude of corner point 1 of the ground pixel

	Longitude 2
	float
	73-79
	degree
	Longitude of corner point 2 of the ground pixel

	Longitude 3
	float
	80-86
	degree
	Longitude of corner point 3 of the ground pixel

	Longitude 4
	float
	87-93
	degree
	Longitude of corner point 4 of the ground pixel

	Longitude 5
	float
	94-100
	degree
	Longitude of center coordinate of ground pixel

	SZA
	float
	101-106
	degree
	solar zenith angle

	SCD
	float
	107-113
	DU
	slant ozone column density

	Error in SCD 
	float
	114-120
	DU
	uncertainty in slant ozone column

	effTemp
	float
	121-127 
	(C
	Effective ozone temperature

	VCD
	float
	128-134
	DU
	vertical ozone column density

	Error in VCD
	float
	135-141
	DU
	uncertainty in vertical ozone column

	cloud fraction
	float
	142-146
	-
	cloud-fraction as derived with FRESCO

	cloud-height
	float
	147-152
	km
	cloud top height as derived with FRESCO

	AMF-clear
	float
	153-158
	-
	clear-sky AMF

	AMF-cloud
	float
	159-164
	-
	cloudy AMF (cloud-albedo=0.8)

	Ghost column
	float
	165-170
	DU
	ghost ozone column below the cloud


* 
A decription of the states for nominal operations can be found on the web-site :

http://atmos.af.op.dlr.de/projects/scops/states_description/states_description_actual.html


Product Specification Table (ASCII) TOSOMI ozone product

	Dataset name
	Data type
	Position
	Unit
	Description

	Date
	string
	1-8
	-
	Date in format (YYYYMMDD)

	Time
	string
	9-19
	-
	UTC time in format (_hhmmss.sss)

	Longitude 1
	integer
	18-26
	0.01·degree
	Longitude of corner point 1 of the ground pixel

	Latitude 1
	integer
	27-33
	0.01·degree
	Latitude of corner point 1 of the ground pixel

	Longitude 2
	integer
	34-40
	0.01·degree
	Longitude of corner point 2 of the ground pixel

	Latitude 2
	integer
	41-47
	0.01·degree
	Latitude of corner point 2 of the ground pixel

	Longitude 3
	integer
	48-54
	0.01·degree
	Longitude of corner point 3 of the ground pixel

	Latitude 3
	integer
	55-61
	0.01·degree
	Latitude of corner point 3 of the ground pixel

	Longitude 4
	integer
	62-68
	0.01·degree
	Longitude of corner point 4 of the ground pixel

	Latitude 4
	integer
	69-75
	0.01·degree
	Latitude of corner point 4 of the ground pixel

	Longitude 5
	integer
	76-82
	0.01·degree
	Longitude of center coordinate of ground pixel

	Latitude 5
	integer
	83-89
	0.01·degree
	Latitude of center coordinate of the ground pixel

	Pixel subtype
	integer
	90-92
	-
	StateID ( for backscan-pixels: stateID + 50 )  *

	Total ozone column
	integer
	93-96
	DU
	total vertical ozone column

	Error
	integer
	97-100
	DU
	(minimum) error in the ozone column

	Raw ozone column
	integer
	101-104
	DU
	vertical ozone column above cloud-top

	Slant ozone column
	integer
	105-109
	DU
	total slant ozone column

	SZA
	integer
	110-114
	0.01·degree
	solar zenith angle at the Earth’s surface

	VZA
	integer
	115-120
	0.01·degree
	viewing zenith angle at the Earth’s surface

	cloud fraction
	integer
	121-124
	%
	cloud-fraction as derived with FRESCO

	cloud-top pressure
	integer
	125-129
	mb
	cloud top pressure as derived with FRESCO

	AMF
	float
	130-136
	-
	clear-sky AMF

	AMF-cloud
	float
	137-143
	-
	cloudy AMF (cloud-albedo=0.8)

	Radiance weight cld.
	integer
	144-147
	%
	radiance weight of cloudy part of pixel

	Ghost column
	integer
	148-151
	DU
	ghost ozone column below the cloud


* 
A decription of the states for nominal operations can be found on the web-site :

http://atmos.af.op.dlr.de/projects/scops/states_description/states_description_actual.html

4. Tropospheric Bromine Monoxide

Bromine monoxide (BrO) is a key trace species in the ozone chemistry because of its large efficiency as catalyst of the ozone destruction. The bromine trend is dominated by anthropogenic emissions of methyl bromide and halons, of which the worldwide production and consumption are controlled in the fully amended and adjusted Montreal Protocol. Although long-term surface observations of organic sources have shown evidence for stabilization and even decline of the total tropospheric bromine burden in recent years, the inorganic bromine trend is still positive at stratospheric altitudes. 

In addition to playing a major role in the chemical control of stratospheric ozone, BrO has been also identified as an important trace gas in the chemistry of the troposphere. Produced in massive amounts in the polar boundary layer during the so-called "polar spring bromine explosion events", BrO has a strong impact on the tropospheric chemistry, being responsible for complete removal of the ozone within hours or days. Furthermore, there is accumulating evidence for BrO being also present in the global free-troposphere at the level of 1-2 pptv. Recent model calculations [Von Glasow et al., 2004] have revealed that, in this range of mixing ratios, BrO strongly impacts the chemical budget of tropospheric ozone through mechanisms that are usually completely neglected by current global tropospheric chemistry models.

The aim of the Bromine Monoxide Monitoring Service of TEMIS is to derive and distribute total and tropospheric BrO columns according to methods described in the present document. The resulting product consists of data files and images derived from measurements by the GOME and SCIAMACHY instruments. The images and data files are available via the TEMIS website at http://www.temis.nl 
4.1 General description of the method

The technique used to retrieve total slant columns of bromine monoxide from GOME and SCIAMACHY   measurements is the Differential Optical Absorption Spectroscopy (DOAS). For GOME, the inversion is performed in the 344.7-359 nm spectral range and basically follows the recommendations issued in (Aliwell et al., 2002). The description of the bromine monoxide slant column product from GOME is described in (Van Roozendael et al., 1999). Attempts to apply the GOME BrO settings to SCIAMACHY rapidly proved to be unsuccessful, mainly due to polarisation features not corrected for in the currently distributed Level-1 data. To overcome these problems, a new UV-shifted fitting interval (336-351.5 nm) has been adopted. More details on the DOAS procedure applied can be found in De Smedt et al. (2004).

The tropospheric algorithm is based on a residual method, according to the structure schematically described in Figure 1. The tropospheric contribution is obtained by substracting a stratospheric slant column from the total slant column densities. The stratospheric BrO correction is derived from estimates of the stratospheric vertical column multiplied by an appropriate air mass factor. Given the identified presence of a global background of BrO in the troposphere, the stratospheric column cannot be derived easily from satellite observations themselves and has to be estimated by other means. The approach followed is to use the 3D-chemical transport model SLIMCAT output (Chipperfield et al, 2002) as a stratospheric BrO reference. Modeled stratospheric BrO profiles are integrated from the tropopause determined from ECMWF data (Reichler et al., 2003).
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Figure 4.1 Schematic description of the tropospheric BrO algorithm
Tropospheric air mass factors, which take into account the surface altitude, ground albedo, cloud fraction and cloud top height, are applied to residual tropospheric SCDs to give tropospheric vertical column densities.

The surface albedo at 335 nm is evaluated using the monthly database from Koelemeijer. Based on spectral measurements, the FRESCO algorithm (Koelemeijer et al., 2001) produce cloud top height and cloud fraction estimates which are used to weight the AMFs for partly cloudy pixels.

For thin absorbers, the AMF depends on the profile linearly:
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where Prof(z) is the normalized atmospheric profile and w(z) is the so-called weighting function (expressed in cm). Look-up-tables of BrO weighting functions have been calculated for gridded values of the different parameters using an adapted version of the multiple-scattering radiative transfer model PS-DISORT (A. Kylling). The weighting functions have to be applied to appropriate tropospheric BrO profiles. Given the current lack of knowledge about the behaviour of BrO content in the troposphere, we use as representative BrO profile a gaussian distribution with a maximum at 6 km high and a full width half maximum of 2 km. This shape is consistent with the free-tropopsheric BrO vertical distribution measured by Fitzenberger et al. (2000). A special case is considered for polar regions with high albedo. If the retrieved tropospheric vertical column exceeds a certain threshold, we assume it is because of emissions at the surface level. In this case a different tropospheric BrO profile is considered which is choosen as more representative of surface emissions (constant concentration in a 2 km wide layer placed at the ground).

More details on the tropospheric algorithm applied can be found in (Theys et al., 2004).
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4.2 Detailed product description

The Bromine monoxide products are released through the TEMIS website in the form of images and ASCII files.

4.2.1 GOME BrO total vertical column 

The BrO Level-2 Product consists in a collection of ASCII files resulting from the BrO evaluation of GOME orbits. These data are archived as monthly zipped files, available through safe ftp access to ftp.oma.be in the subdirectory Level2. The name of the files corresponds to the composed GOME data filenames: YMMDDHHM . bro (where Y: last digit of the year, MM: month of the year, DD: day of the month, HH: hour of the day, M: first digit of the minutes).

Product Specification Table:

	Dataset name
	Data type
	Unit 
	Description

	Date and Time
	string
	-
	UTC time in format (YYYYMMDDhhmmss)

	Orbit number
	integer
	-
	Orbit number

	Pixel number
	integer
	-
	Pixel number

	Pixel type
	integer
	-
	Pixel type (0=east,1=center, 2=west)

	Longitude 1
	float
	degree
	Longitude of corner point 1 of the ground pixel

	Longitude 2
	float
	degree
	Longitude of corner point 2 of the ground pixel

	Longitude 3
	float
	degree
	Longitude of corner point 3 of the ground pixel

	Longitude 4
	float
	degree
	Longitude of corner point 4 of the ground pixel

	Latitude 1
	float
	degree
	Latitude of corner point 1 of the ground pixel

	Latitude 2
	float
	degree
	Latitude of corner point 2 of the ground pixel

	Latitude 3
	float
	degree
	Latitude of corner point 3 of the ground pixel

	Latitude 4
	float
	degree
	Latitude of corner point 4 of the ground pixel

	SZA
	float
	degree
	Solar zenith angle

	BrO VCD
	float
	1e13 molec/cm²
	BrO total vertical column using a standard AMF

	BrO SCD 
	float
	1e13 molec/cm²
	BrO slant column amount

	BrO SCD error
	float
	1e13 molec/cm²
	Standard deviation on BrO slant column amount


The BrO level-3 Products complete the BrO level-2 Product with a collection of maps (monthly, composite 3-days and daily maps) in three available projections (Northern hemisphere, Southern hemisphere and global projection). The length of the individual pixels and the sphericity of the earth are taken into account to distribute and weight the BrO Vertical Columns in the different graticules of the grid crossed by the pixel (resolution : 0.5° in latitude, 1° in longitude).

GOME BrO Vertical Columns daily means are available in ASCII files for some locations known for carrying on BrO measurements. Pixels falling in a maximum radius of 200 km around the stations are used to calculate daily means. Slant pixels are excluded. A selection on the RMS of the DOAS fit is also performed.
Product Specification Table:

	Dataset name
	Data type
	Unit 
	Description

	Year
	integer
	-
	Year

	Month
	integer
	-
	Month

	Day
	integer
	-
	Day

	CDay
	float
	-
	Fractional day number

	lat
	float
	degree
	Mean latitude of the center of the ground pixels

	long
	float
	degree
	Mean longitude of the center of the ground pixels

	dist
	float
	km
	Mean distance to the station

	SZA
	float
	degree
	Solar zenith angle

	BrOSCD
	float
	molec/cm²
	BrO slant column densities

	BrOVCD
	float
	molec/cm²
	BrO total vertical column densities using a standard AMF


4.2.2 SCIAMACHY BrO total vertical column 

The BrO Level-2 Product consists in a collection of ASCII files resulting from the BrO evaluation of SCIAMACHY measurements for each day. These data are archived as monthly zipped files, available through safe ftp access to ftp.oma.be in the subdirectory Level2. The daily filenames corresponds to : SCIABrOYYYYMMDD.ASC (where YYYY: year, MM: month of the year, DD: day of the month)

Product Specification Table:

	Dataset name
	Data type
	Unit 
	Description

	Date and Time
	string
	-
	UTC time in format (YYYYMMDDhhmmss.mmm)

	Longitude 1
	float
	degree
	Longitude of corner point 1 of the ground pixel

	Longitude 2
	float
	degree
	Longitude of corner point 2 of the ground pixel

	Longitude 3
	float
	degree
	Longitude of corner point 3 of the ground pixel

	Longitude 4
	float
	degree
	Longitude of corner point 4 of the ground pixel

	Latitude 1
	float
	degree
	Latitude of corner point 1 of the ground pixel

	Latitude 2
	float
	degree
	Latitude of corner point 2 of the ground pixel

	Latitude 3
	float
	degree
	Latitude of corner point 3 of the ground pixel

	Latitude 4
	float
	degree
	Latitude of corner point 4 of the ground pixel

	SZA
	float
	degree
	Solar zenith angle

	LOS
	float
	degree
	Line-of-sight viewing angle

	VCD
	float
	1e13 molec/cm²
	BrO total vertical column using a standard AMF

	SCD
	float
	1e13 molec/cm²
	BrO slant column amount

	SCDE
	float
	1e13 molec/cm²
	Standard deviation on BrO slant column amount


The BrO level-3 Products (total vertical columns) complete the BrO level-2 Product with a collection of maps (monthly, composite 3-days and daily maps) in three available projections (Northern hemisphere, Southern hemisphere and global projection). The length of the individual pixels and the sphericity of the earth are taken into account to distribute and weight the BrO Vertical Columns in the different graticules of the grid crossed by the pixel (resolution : 0.5° in latitude, 0.5° in longitude).

SCIAMACHY BrO Vertical Columns daily means are available in ASCII files for some locations known for carrying on BrO measurements. Pixels falling in a maximum radius of 200 km around the stations are used to calculate daily means. Slant pixels are excluded. A selection on the RMS of the DOAS fit is also performed.
Product Specification Table:

	Dataset name
	Data type
	Unit 
	Description

	Year
	integer
	-
	Year

	Month
	integer
	-
	Month

	Day
	integer
	-
	Day

	CDay
	float
	-
	Fractional day number

	lat
	float
	degree
	Mean latitude of the center of the ground pixels

	long
	float
	degree
	Mean longitude of the center of the ground pixels

	dist
	float
	km
	Mean distance to the station

	SZA
	float
	degree
	Solar zenith angle

	BrOSCD
	float
	molec/cm²
	BrO slant column densities

	BrOVCD
	float
	molec/cm²
	BrO total vertical column densities using a standard AMF








� The behavior of the fit parameter ca over the lifetime of GOME may be used to monitor the long term stability of the instrument. It is not possible to add a fit parameter to account for offsets in the measured solar irradiance, because this results in an unstable fit. However, the solar irradiance is well known and the expected offset in the solar irradiance measurements is small
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