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1. INTRODUCTION

1.1 Purpose

This document is the Algorithm Theoretical Baseline Document for the GOME Total
Ozone retrieval algorithm TOGOMI.

1.2 Scope
This ATBD details the TOGOMI retrieval algorithm used to derive total ozone columns

from the GOME level-1 product.

1.3 Glossary

1.3.1 Acronyms

AMF Air-Mass Factor

ATBD Algorithm Theoretical Basis Document

B&P Bass and Paur

DAK Doubling Adding KNMI

DOAS Differential Optical Absorption Spectroscopy
DLR Deutsches Zentrum fiir Luft- und Raumfahrt
ECMWF European Centre for Medium-range Weather Forecast
ERS European Remote Sensing Satellite

ESA European Space Agency

FM Flight Model

FRESCO Fast Retrieval Scheme for Cloud Observables
FWHM Full Width Half Maximum

GAW Global Atmospheric Watch

GDP GOME Data Processor

GOME Global Ozone Monitoring Instrument

GSAG GOME Science Advisory Group

KNMI Royal Netherlands Meteorological Institute
LUT Look Up Table

OMI Ozone Monitoring Instrument

PSC Polar Stratospheric Clouds

RTM Radiative Transfer Model

SZA Solar Zenith Angle

TOAR Top-Of-the-Atmosphere Reflectance
TOGOMI Total Ozone algorithm for GOME using the OMI algorithm

TOMS Total Ozone Mapping Spectrometer




. TOGOMI REF  : TOGOMI/KNMI/ATBD/001
2o Algorithm Theoretical Basis :DSASEEE (1)12 11-2003
KNMI Document PO
PAGE :2
uv Ultra Violet
VIS Visible
WMO World Meteorological Organisation
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2. BACKGROUND

2.1 Overview

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. 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 ECMWEF 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].

The estimated accuracy of the total column ozone is 2-3%. For the slant column density
the expected accuracy is better than 2%. The new GOME total ozone columns will be
validated against co-located ground based measurements and compared with the GDP V3
ozone columns and TOMS total ozone measurements.

2.2 Product description

The TOGOMI total ozone product is derived from the GOME level 1 data as produced
by the GDP. To improve the wavelength calibration and polarisation correction of the
level-1 spectra and to correct for the degradation of the GOME instrument, the GomeCal
program is applied to the GDP-level-1 files. This is described in Section 3.1.
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The main products of the new GOME total ozone algorithm are the ozone vertical
column density and the ozone slant column density. The vertical column density is the
amount of ozone along a vertical path from the ground to the top-of-the-atmosphere. 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
concept is described in more detail in Section 3.2. Compared to the vertical column
density, very little a priori information is needed to derive the slant column density. As it
is a concise representation of the measured radiance spectrum, people from the data
assimilation community have expressed a need for the slant column density [Eskes et al.,
2001].

The ozone vertical column product should meet the accuracy requirements for ozone
trend analyses: satellite instruments should be able to detect a change of 1% in the ozone
column over a period of 10 years [WMO, 1999, 2003]. This means that a (relative)
accuracy of the ozone vertical column density of 2% is desired [Levelt, 2000]. As the
slant column density is one of the parts needed to derive the vertical column density, the
accuracy of the slant column density needs to be higher than that for the vertical column
density.
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3. ALGORITHM DESCRIPTION

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.

3.1 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 1/100™ 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
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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:

* aradiometric calibration
* acorrection 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 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.

3.2.1 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, p is the top-of-the-atmosphere reflectance, 1 is the Earth radiance, Ais the
wavelength, 6, is the solar zenith angle; 6 is the viewing zenith angle; ¢—g, is the relative
Sun-satellite azimuth angle; Fy(A) is the extraterrestrial solar irradiance per unit area of
the atmosphere, 0p;(4) is the ozone absorption cross section, N; the ozone slant column
density and P(4) 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.

GOME 08-DEC-2000 10:54:58.423; 52.20°N, 4.99°E

0.044 T T T T T T T T T T T
- |— GOME .
— DOAS Fit
0.042 —|— HP Filter ]

0.040 - /\\ ]
0.038[— / —

0.036 1 I 1 I 1 I 1 I 1 I 1
331 332 333 334 335 336 337

Sun Normalized Radiance [sr'1]

Wavelength [nm]

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 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 is inelastic, resulting in a shift in the photon wavelength up to 2 nm. The most
pronounced consequence on the diffuse radiation field is that the solar Fraunhofer lines
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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:

meas ' Ig[f )\’
I“JTS(M%,(?») exp[—Nf Ujl(l)]+M%()exp[—Ns Ao (A)] [3-2]
Fy™(A) F,(A) F{™(4)

Here, P,(1) and B,,(A) are low degree polynomials of the wavelength, representing the
overall wavelength dependence due to scattering, o (1) is the effective absorption cross

section of the trace gas for elastic scattering, I

wng(A) 18 the commonly used Ring

spectrum due to Fraunhofer lines in the solar irradiance. Furthermore,

A0 (R) = (1, 07 (R) + 1 OS () (i + 14y) » [3-3]

with o7(4) and o (A) effective cross sections involving high-resolution solar spectrum
and the Raman spectrum, see de Haan [2003] for further details; u, is the cosine of the
solar zenith angle and u is the cosine of the viewing angle. Equation [3-2] has been

derived starting with two simplifications: (i) 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.

3.2.3 Instrumental Errors

The TOGOMI algorithm uses corrected GDP level 1-data of the backscattered Earth
radiance and the solar irradiance as input (see section 3.1). 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].
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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 cals

p(2,6,,0,¢ —,) = {RHS Eq.[3.2]} + ¢,/ Fy (A). [3-4]

Note that in the last term of equation [3-4] Fy(A) 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.

3.2.4 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:

' The behavior of the fit parameter ¢, 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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[p(2)0, (T(2),1)dz
(M) = )
0, () fp =y [3-5]

where p(z) is the ozone concentration at altitude z, here determined from the ozone
profile climatology from Logan, Labow & McPeters, as used in the TOMS v8 total ozone
algorithm, and [p(z)dz is the corresponding vertical ozone column. 7(z) is the ECMWF
temperature at altitude z (the new ECMWF model provides temperatures for 60 vertical
levels), and c,3(7(2),A) is the temperature dependent ozone absorption cross-section. The
resulting effective cross-section 6,3, 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].

3.2.5 Fit window

In this section we describe the fit window choice 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 ~1.5% [ Veefkind, 2000b]. Both
the wide and narrow fit windows will be implemented in the TOGOMI algorithm.
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3.2.6 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 3.2.4, 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:

2 _ N ymeas()\'i) - ysim ()",) ’
X ) E( gmeas()\’i) ) ’

[3-6]

i=1

where, Vi.qs(A;) is the measured TOAR, yn(A) is the simulated TOAR radiance as given
by Eq. [3-4] and &,..5(A;) is the precision of the measured TOAR. The fit window is
between A; and Ay.

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.

3.3 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, N,, and the vertical column density, N, , i.e.,

M

z|z

[3-7]

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, M, =sec(6) +sec(f) . To eliminate most of

the geometrical effects, it is convenient to introduce an effective AMF, M., defined as

M,=—. [3-8]
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3.3.1 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.

model radiative GOME slant column air mass factor
> transfer g

atmosphere simulator " density fit s M= N;/N,

model
\ /

/ 4 vertical column
density

/ N,=N,/M

real > slant column /

atmosphere GOME ™ density fit

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.
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3.3.2 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., 2000]. 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.

3.3.3 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 NO, 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] (see also section 3.4).
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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 (N,=225 DU), an average ozone profile (N,=375
DU), and the ozone profile with the largest vertical columns density
(Nv=575 DU). Two additional ozone profiles with N,=275 DU and N,=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.
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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.

3.4 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.

3.4.1 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.
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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 3.3. 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.

3.4.2 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:

M=wM, +(1-w)M

cloudy

[3-9]

clear >

where w is the weighting factor, M., is the AMF for a cloudy pixel and M., 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:

<1 ) >
W= ﬁ Lloudy(pc) , [3-10]
<[>

where f, is the cloud fraction, </.,.q(p.)> is the average radiance over the fit window for
a pixel that is fully covered with a cloud that is located at pressure p., and </> 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.

3.4.3 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 Logan, Labow & McPeters 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




TOGOMI REF  : TOGOMI/KNMI/ATBD/001

‘Mt ' -
sese Algorithm Theoretical Basis :DSASEEE 1(1)'1211 2003
KNMI Document on
PAGE :20

case for the AMF, the ghost column will also be determined by interpolation to the
latitude and date of the measurement.

3.4.4 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 &, is given by:

N, =——, [3-11]

where N; is the slant column density and M, is the AMF for clear atmosphere.

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

N =2 +N_, [3-12]

t g
cloudy

where N, is ghost column density. For a partly cloudy pixel the total vertical column
density is given by:

cloudy ) g

t M 2

N, +w-M N

N [3-13]

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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4. ERROR ANALYSIS

In this section a preliminary error analysis for the TOGOMI total ozone product is
presented. This error analysis has originally been done for the OMI ozone DOAS product
using simulated spectra [Veefkind et al., 2001], and has been updated for the GOME
instrument. The sensitivity of the product is tested for the following sources of error:

e forward models errors
* apriori errors
* instrument errors.

As already discussed in Chapter 3, there are three main steps in the DOAS algorithm:
computation of the slant column density, computation of the AMF, and cloud correction.
The sensitivity of these steps to the various errors is very different. Therefore, the error
sensitivity of the main steps is treated separately in Sections 4.1, 4.2 and 4.3. All errors
are combined in Section 4.4, to obtain the error sensitivity of the end product. Finally, in
Section 4.5 we will focus on errors for some exceptional cases, such as desert dust,
biomass burning, and polar stratospheric clouds.

4.1 Slant column density

The slant column density fits an analytical function to the measured Sun normalized
radiance spectrum. Before applying this fit, the effective spectral resolution of the GOME
spectra is reduced by applying a low pass filter and the measured GOME solar irradiance
spectrum has to be interpolated to the wavelength grid of the radiance spectra. Besides
the GOME spectra, reference spectra of ozone are used in the fit.

4.1.1.1 Forward model errors

The forward model that is used is the analytical function that is fitted to the measured
radiance spectrum. The absorption by BrO, SO,, and NO, are ignored in this fit. The
effect of neglecting these gases in the slant column density fit was tested by fitting
simulated spectra with low and high concentrations of these gases. These test show that
the error due to neglecting BrO, SO, and NO, is generally less than 0.5%, and is mainly
caused by variations in BrO and NO,.

4.1.1.2 A priori errors

The a priori information that is used are reference spectra of the ozone cross section and
the Ring effect. The effective spectral resolution of the reference spectra is reduced by
applying a low pass filter. Therefore, the effective slit function is known very accurately,
as it is determined by the low pass filtering. The ozone cross section is temperature
dependent, so an effective temperature of ozone is assumed.
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The accuracy of the ozone cross sections is estimated to be ~2% [Bass and Paur, 1986;
Orphal, 2002]. Therefore, the error in the slant column density is estimated to be ~2%
[Van Roozendael et al., 2002]. The DOAS technique only uses the spectral features over
a fit window, and is thus insensitive to errors in the absolute absorption cross section due
to for example offsets.

The temperature dependency of the ozone cross section in the current GOME fit-window
(10 nm wide, centered around 330 nm) is about 3%/10 K. Due to the use of an effective
ozone cross-section based on ECMWF temperatures (see section 3.2.4), the expected
error in the slant column density is estimated to be less than 0.5%. When using the 5 nm
wide fit-window centered around 334.1 nm, which is optimized such that the temperature
dependence is minimal, the resulting error in the slant column density is expected to be
less than 0.3%.

4.1.1.3 Instrument errors
There are different instrument effects that have to be considered:
* radiometric noise
* radiometric additive factor
* radiometric multiplicative factor
* spectral structure
* spectral calibration error
* gspectral stability

The radiometric noise of GOME in the 325-340 nm range is better than 1000. For the
proposed fit windows the expected error in the slant column density due to radiometric
noise is less than 1%. As discussed in Section 3.2.3, a radiometric additive factor (offset)
in the radiance measurement that is constant over the entire fit window is accounted for
in the DOAS fit function. This is not the case for the solar irradiance measurements, but
offsets in the solar irradiance spectrum can easily be corrected for, since the solar
irradiance can be measured with a high signal-to-noise and there are several other
instruments that can be used for comparison. Hence, the error in the slant column due to
additive errors is expected to be negligible. Section 3.2.3 discusses the effect of
multiplicative errors (scale factors) that are constant over the fit window. The DOAS fit
function can deal with this kind of error, so no effect on the slant column density is
expected.

The DOAS method is sensitive to errors in the spectral calibration. The spectral
calibration of the GOME level-1 spectra is improved with the GomeCal package, using
the Fraunhofer lines in the solar irradiance and Earth radiance spectra, as described in
section 3.1. Using this method, the spectral calibration uncertainty is estimated to be less
than 1/100™ of a pixel, corresponding to about 0.001 nm for the DOAS fitting window.
The error in the slant column density due to a spectral calibration error of 1/100™ of a
pixel is less than 0.5%.
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Due to temperature variations of the GOME instrument, the wavelength grid varies over
an orbit. Therefore, the wavelength grid of the earth radiances differs from that of the
solar irradiances. The maximum shift between the Earth radiances and solar irradiances
(the spectral stability) is less than 1/10™ of a pixel. To determine the slant column
density, the radiance and irradiance are brought onto the same wavelength grid, which
involves interpolation. The effect of spectral stability was tested by shifting the
wavelength grid of the solar irradiance, and is estimated to be less than 0.25% for a
spectral stability of 1/10™ of a pixel.

4.2 Air mass factor (AMF)

The AMEF is determined for clear and cloud covered pixels by interpolating in a pre-
calculated look-up table, as described in Section 3.3. The following is a summary of
errors in computing the AMF.

4.2.1.1 Forward model errors

In the radiative transfer model calculations that are performed to construct the AMF
look-up-table, scattering and absorption by aerosol particles is ignored. For boundary
layer aerosol, the error in the AMF for normal aerosol loads is estimated to be 0.2%. The
effect of absorbing aerosol layers at higher altitude, for example desert dust or smoke
layers, is larger. These cases are discussed in Section 4.5.

Clouds are represented in the forward model calculations by Lambert surfaces with an
albedo of 0.8. As shown by Koelemeijer and Stammes [1999] and Koelemeijer [2001],
this approximation results in differences of the order of 1% for the AMF for ozone as
compared to more sophisticated cloud models. It is clear that this error only occurs when
computing the AMF for the cloud covered part of the pixel.

4.2.1.2 A priori errors

The a priori information that is used to determine the AMF for the cloud free part of the
pixels is the surface reflectivity and the ozone profile. For the cloud covered part of the
pixel the cloud pressure and the ozone profile is used.

The sensitivity of the AMF on the ozone profile was estimated from latitudinal and
seasonal variations of the AMF as computed for the Logan, Labow & McPeters ozone
climatology. Using the relation between the AMF and the slant column density in a
similar way as discussed in Section 3.3, the error in the AMF can be estimated. The
results show that the sensitivity of the AMF on the ozone profile increases with the
geometrical AMF. The maximum error in the AMF due to the ozone profile is estimated
as 2%, whereas the average error is estimated to be less than 0.5%.

For the cloud free part of the pixel, the AMF depends on the surface reflectivity. The
seasonal variation of the surface reflectivity in the UV is on average 0.03. Assuming that
the accuracy of the surface reflectivity is of this order, the resulting error in the AMF is
less than 0.3%.
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The sensitivity of the AMF for a cloud covered pixel was estimated from the variations in
the AMF as a function of the cloud pressure. For clouds at an altitude of 1 km altitude an
error of 100 hPa in the cloud pressure results in a 0.6% error in the AMF. For clouds at
10 km altitude this error has increased to 3%. The average error is estimated as 1%.

For a cloud free pixel, the total error in the AMF is estimated to be 0.6%, for a cloudy
pixel the error is estimated to be 1.5%.

4.3 Cloud correction

In the cloud correction step, the amount of ozone below the cloud (ghost column) is
calculated using an ozone profile climatology and the cloud pressure. The a priori error in
the ozone profile climatology was estimated by looking at the standard deviations at each
level, as supplied as part of the climatology. This error in the ghost column is estimated
to be 25%. The error in the ghost column due to an error of 100 hPa in the cloud pressure
is of the order 4 DU. For typical conditions, the total error in the ghost column is
estimated to be 40%.

4.4 Error Budget

The error estimate for the total vertical column density is derived from the error estimates
of the slant column density, the AMF, and ghost column. The error in the slant column
density is about 2.3%. The expected accuracy of the AMF depends on the cloud fraction.
The accuracy of the cloud fraction is expected to be better than 0.1 [Koelemeijer et al.,
2002]. This results in an error in the AMF of the order 0.8%. The total error in the AMF
is 1.0% for a cloud free pixel, for a cloudy pixel this is 1.7%. For a partly cloudy pixel an
error of 1.4% is expected.

For a cloud free pixel the vertical column density is computed by dividing the slant
column density by the AMF. The total error of the vertical column density for this case is
2.5%. For a cloud covered pixel this error increases to 3.3%, due to the uncertainty in the
ghost column. For partly cloudy pixels, the error will be in between the value for the
clear and cloudy case, and is estimated to be 2.8%.




TOGOMI REF  : TOGOMI/KNMI/ATBD/001

‘t’
sese Algorithm Theoretical Basis :DSASEEE i (1)'1211 2003
KNMI Document Coe
PAGE :25

Table 4.1. Error estimates for the TOGOMI total ozone product.

Source Total Error [%)] Relative Error
[%]
Slant Column Density
Other trace gases 0.5
Absorption cross section 2
Instrument response function 0.1
Atmospheric temperature <0.5 <0.5
Instrument signal-to-noise <1 <1
Instrument spectral calibration 0.5
Instrument spectral stability 0.25

Air mass factor

Aerosols 0.2 0.2
Clouds 1 1
Ozone profile 0.5 0.5
Surface reflectivity 0.3

Cloud pressure 1

Cloud fraction 0.8 0.8

Cloud Correction

ghost column 40 40

Vertical Column Density

Clear 2.5 1.2
Partly Cloudy 2.8 1.7
Cloudy 33 2.2

For determining trends in ozone, the relative errors are important. The relative errors are
defined as errors that can vary for two measurements for the same location for two
successive days. This criterion was used to determine which of the errors in Table 4.1 are
relative errors. For some error sources, like for example the spectral calibration, it is quite
arbitrary to what extent this error of relative nature. For these arbitrary cases, the error
was marked to be fully of relative nature, making the budget for relative errors in Table
4.1 a conservative estimate. As can be seen in Table 4.1, the relative error of the vertical
column density is 1.2% for a cloud-free pixel, 2.2% for a cloudy pixel and 1.7% for a
partly cloudy pixel. Thus, for cloudy conditions, the relative error is dominated by errors
related to clouds.
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4.5 Exceptional Cases

In some exceptional cases the error in the ozone column can be considerably larger than
the errors in the error budget (Section 4.4). Here, the effect of desert dust aerosols,
biomass burning, polar stratospheric clouds, and large solar zenith angles are discussed.

4.5.1.1 Desert Dust

Desert dust can be transported in elevated layers over thousands of kilometers away from
the source region. This situation is frequently observed over the equatorial Atlantic
during late summer and fall. Scattering and absorption by these desert dust aerosols
change the radiative properties of the atmosphere, and thus affect the AMF. To quantify
the effect of ignoring these aerosols in the AMF calculations, retrievals were performed
on simulated spectra with and without desert dust. Simulated spectra were generated for
desert dust layers at 2.5 and 3.5 km altitude. The optical thickness of these layers was
1.0, and the single scattering albedo was 0.8. These calculations show that the effect of
ignoring desert dust aerosols yields an underestimation of the ozone vertical column
density of 0.4 to 0.8% for the layer at 2.5 km, and 0.9 to 1.4% for the layer at 3.5 km.

4.5.1.2 Biomass Burning

Biomass burning and forest fires are an important source of absorbing aerosols. However,
besides increased column amounts of absorbing aerosols, biomass burning also causes
increased amounts of tropospheric ozone. Both the presence of absorbing aerosols and
the increased tropospheric ozone levels will cause an underestimation of the vertical
column density of ozone. To estimate both effects, simulations were performed with
biomass burning aerosols and increased ozone concentrations in the lowest three
kilometers of the atmosphere. Aerosols with a single scattering albedo of 0.9 and an
optical thickness of 1.0 were assumed. Tropospheric ozone levels were increased with 20
DU. These simulations show that each effect causes an underestimation of the ozone
vertical column density of about 4%. The combined effect of having both absorbing
aerosols and increased ozone levels gives an underestimation of 8-9%.

4.5.1.3 Polar Stratospheric Clouds

The effect of polar stratospheric clouds (PSCs) depends strongly on the optical thickness
of the PSC layer and on the PSC layer altitude. Also, the effect increases with increasing
solar zenith angle. To quantify the effect of PSCs on the retrieval of the total ozone
column, a study was conducted that tested different PSC types at two altitudes [ Veefkind,
2002]. These altitudes were chosen just below and just above the ozone maximum. The
results of this study show that for the most frequently observed type of PSCs (Type 1),
which are characterized by a typical optical thickness of 0.01, the maximum error in the
ozone column is less than 3 %. It is noted that approximately 90 % of all PSCs are of
Type 1. For Type 11 PSCs, which have a typical optical thickness of 0.04, the maximum
error is 11 % and on average the error is less than 0.5 %. The errors are largest for PSCs
of Type 111, which have a typical optical thickness of 0.4. For this type the error can be as
larger as 40 %, but on average the error is still below 5 %. Also, it is noted that less than
1 % of all PSCs are of Type III.
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4.5.1.4 Large Solar Zenith Angles

Large solar zenith angles (>80°) are especially important for observing ozone hole
conditions. The error in the ozone vertical column density is larger than for normal
geometries due to the following effects:

Decreased instrument single-to-noise
Large variations in the ozone profiles
Large temperature variations

Decreased sensitivity for tropospheric ozone

Errors in the radiative transfer models due to spherical effects of the atmosphere.

Although none of the effects listed above will dominate, the combination of all these
effects will lead to larger errors for high solar zenith angles than for normal Sun/satellite
geometries. As a first order estimate, we expect the errors in the ozone vertical column
density to increase to 5%. Various GOME and TOMS total ozone studies show that these
errors increase with solar zenith angle, and are of the order 5-10% [Lambert et al.,1999,
Van Roozendael et al., 2002].
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5. VALIDATION

The GOME total ozone data generated by the algorithm will be validated against Brewer
and Dobson ground-based measurements, GDP V3 ozone columns, and TOMS total
ozone, using the set of 2257 GOME orbits that have been used in the GDP 3.0 delta
validation campaign [Lambert, 2002]. This selection ensures an analysis of total ozone
product quality for a range of observing conditions (solar zenith angle, surface albedo,
ozone vertical column, cloud fraction and cloud top height, temperature profile) and
atmospheric circumstances (seasonal variations, meridian structure, winter-spring polar
photochemistry/ozone depletion and midnight sun). The orbits cover the periods 1996
through 2001 to assess the long-term stability of the product.

The new GOME vertical ozone columns will be compared with the GDP V3 total ozone
columns for all data in all orbits. The differences/improvements with respect to the GDP
data are studied for each processing step separately (SCD, AMF, cloud information).

A validation exercise will be conducted against co-located ground based measurements
of 140 Dobson, Brewer and M-124 ground based stations (http://lap.physics.auth.gr/
o3safval/stationstat.htm). The results will be thoroughly analyzed, particularly focusing
on the solar zenith angle (SZA) and seasonal dependence of the deviations between
GOME and station measurement.

Comparison with EP-TOMS total ozone measurements. EPTOMS Level 3 total ozone
data is available through (ftp://jwocky.gsfc.nasa.gov ) on a 1.00 x 1.25 degree grid.. For
all GOME ground pixels in the validation set a corresponding TOMS value is derived by
nearest-neighbour. The differences will be studied as a function of latitude and season.

Possible unsatisfactory validation results will be traced back to algorithm settings in the
GOME processing SW system. If deemed necessary, the GOME ozone column algorithm
will be improved.




